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SUMMARY

Histone H2B monoubiquitination (H2Bub1) is centrally involved in gene regulation. The
deubiquitination module (DUBmM) of the SAGA complex is a major regulator of global H2Bub1
levels, and components of this DUBm are linked to both neurodegenerative diseases and cancer.
Unexpectedly, we find that ablation of USP22, the enzymatic center of the DUBm, leads to a
reduction, rather than an increase, in global H2bub1 levels. In contrast, depletion of non-enzymatic
components, ATXN7L3 or ENY?2, results in increased H2Bub1l. These observations led us to
discover two new H2Bubl1 DUBs, USP27X and USP51, which function independently of SAGA
and which compete with USP22 for ATXN7L3 and ENY2 for activity. Like USP22, USP51 and
USP27X are required for normal cell proliferation, and their depletion suppresses tumor growth.
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Our results reveal that ATXN7L3 and ENY2 orchestrate activities of multiple deubiquitinating

enzymes and that imbalances in these activities likely potentiate human diseases including cancer.
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Aberrations in levels of histone ubiquitination are associated with serious human afflictions,
including developmental abnormalities, neurodegenerative diseases, and cancers (Weake and
Workman, 2008). Monoubiquitination of H2B (H2Bub1) is conserved in all eukaryotes and

is associated with gene activity (Minsky et al., 2008; Smith and Shilatifard, 2010). Cycles of

H2B ubiquitination and deubiquitination at the 5’ ends of genes are important for

transcription initiation (Henry et al., 2003). H2Bub1 is quite dynamic, as it disappears only
minutes after transcription is blocked, whereas other modifications are more stable (Bonnet

et al., 2014; Fuchs et al., 2014).

The deubiquitination module (DUBmM) in SAGA is an important regulator of H2Bub1l levels
in yeast (at K123), fly, and mammalian cells (at K120) (Henry et al., 2003; Lang et al., 2011,
Mohan et al., 2014; Weake et al., 2008). The SAGA DUB module is highly conserved both

in subunit composition and structural organization (Kohler et al., 2010; Lee et al., 2011;

Samara et al., 2010; Weake et al., 2008; Zhang et al., 2008b; Zhao et al., 2008), The

deubiquitinating enzyme USP22 (Ubp8 in yeast) closely associates with two adapter

proteins, ATXN7L3 and ENY?2 (Sgfll and Susl in yeast, respectively) (Lan et al., 2015;
Zhang et al., 2008b; Zhao et al., 2008), and a fourth protein, ATXN7 (Sgf73), anchors the

DUB module to the larger SAGA complex. Proper structural organization of the entire

module is crucial for DUB activity (Kohler et al., 2008; Kohler et al., 2010; Lan et al., 2015;

Lang et al., 2011; Samara et al., 2010).
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USP22 was originally described as part of an 11 gene ‘death from cancer signature’ that
defines tumors with a cancer stem cell phenotype including aggressive growth, metastasis,
and resistance to therapy (Glinsky, 2006). Several reports indicate that USP22
overexpression is linked to unfavorable outcomes in multiple types of cancers (He et al.,
2015; Liang et al., 2014; Ning et al., 2012; Zhang et al., 2011). However, the mechanisms
underlying USP22 overexpression in different malignancies and molecular links between
histone deubiquitination and aggressive tumor growth are still not clear.

Here we report that in mammalian cells, depletion of USP22 leads to a surprising reduction,
rather than the expected increase, in global H2Bub1 levels. Moreover, we discovered that
ATXN7L3 and ENY2 cooperate with two other deubiquitinating enzymes, USP27X and
USP51, to regulate global levels of H2B K120ubl. These new ubiquitin specific proteases
(USPs) form catalytically active DUB modules that are independent of the SAGA complex.
Furthermore, USP27X and USP51 activities are regulated by ATXN7L3 and ENY?2 in the
same manner as USP22, and the three deubiquitinating enzymes compete for these adapter
proteins within cells. Importantly, ablation of USP27X or USP51 impacts cell proliferation
and tumor growth, as does ablation of USP22. Our results demonstrate that ATXN7L3 and
ENY?2 act as master regulators of multiple H2B K120ub1 DUBs.

Loss of ATXN7L3 or ENY2, but Not USP22, Increases H2Bub1 Levels

To investigate how different components of the mammalian SAGA DUBmM regulate USP22
activity in vivo, we generated a series of 293T cell lines where each of the DUBmM members,
including USP22, ATXN7L3, ENY2, and the linker protein ATXN7, were depleted
individually by shRNA. Immunoblot analyses of whole cell lysates (WCL) confirmed high
efficiency of silencing for each of these factors (Figure 1A). We then monitored levels of
H2B monoubiquitination at K120 (hereafter H2Bub1) by immunoblot as a readout of
DUBM activity (Bonnet et al., 2014; Ingvarsdottir et al., 2005; Kohler et al., 2006; Lang et
al., 2011; Mohan et al., 2014; Weake et al., 2008) (Figure 1B). As expected, depletion of
ATXN7L3 or ENY2 led to a major increase (~5-6 fold) in H2Bub1 levels (Figure 1B, top
panel; compare lane 1 to lanes 4 and 5). H2Aub1 levels were also slightly increased in
ATXN7L3 or ENY2 depleted cells, as previously reported (Lang et al., 2011)(Figure 1C top
panel). Surprisingly, ablation of USP22 or ATXN?7 reproducibly led to a mild reduction of
global H2Bub1 levels (Figure 1B, top panel compare lane 1 to lanes 2 and 3), indicating that
loss of the adapter proteins has a greater effect on H2B deubiquitination than does loss of the
catalytic subunit. These effects are not due to variation in expression of the H2B E3 ligases
RNF20 and RNF40, as immunoblots show no detectable changes in levels of these proteins
(Figure 1A). Additionally, the different levels of H2Bubl in USP22 and ATXN7L3 or ENY?2
knockdown (KD) cells are not due to changes in cell cycle distribution, since global H2Bub1
levels showed very little fluctuation through the cell cycle, except for a short period during
M-phase (Figure S1A and B). Depletion of each SAGA DUBmM component led to only a
slight increase in G1 phase cells (Figure 1D and E). We confirmed our results in the breast
cancer cell line MDA-MB-231, and again found greater effects on H2Bub1 levels upon loss
of ATXN7L3 and ENY?2 than upon loss of USP22 (Figure S1C).
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Depletion of ENY?2 led to significant reduction of ATXN7L3 protein levels (Figure 1A,
lanes 4 and 5), consistent with a previous report (Umlauf et al., 2013). ATXN7L3 levels
were restored upon stable expression of exogenous FLAG-tagged ENY?2 after depletion of
endogenous ENY2 using ShRNA specifically targeting the endogenous transcript (Figure 1F,
compare lanes 3 and 6). Furthermore, ENY2 depletion reduced levels of exogenous
ATXNT7L3 (Figure 1G, H), indicating ENY2 affects ATXN7L3 stability post transcription.
These results show that ATXN7L3 is tightly regulated by ENY2 interaction and suggest that
no free ATXN7L3 exists in mammalian cells.

ATXN7L3 and ENY2 associate with USP27X and USP51

The strong effects of ATXN7L3 and ENY2 loss on H2B deubiquitination suggest these
adaptors may facilitate the function of additional H2B DUBs. To test this possibility, we
affinity purified ATXN7L3 interacting proteins from 293T cells that stably express low
levels of FLAG- and V5-tagged ATXN7L3 (Figure 2A). As expected, the majority of the
interacting proteins identified by mass spectrometry were components of SAGA (Figure
2B). In addition, several proteins not known to be part of SAGA were identified, including
two additional USP proteins, USP27X and USP51.

We generated polyclonal antibodies to USP27X and USP51 and after validating their
specificity (Figures S3, S4), used these antibodies to confirm that both USP27X and USP51
co-purify with FLAG-HA-ATXN7L3 (Fig 2C). We further verified interactions between the
endogenous proteins by immunoprecipitating ATXN7L3 from nuclear extracts (NE) and
then immunoblotting for USP27X or USP51 (Figure 2D).

USP27X and USP51 Structure and Expression

Our USP51 specific antibody detects an ~80 kDa protein, matching the predicted size of
USP51 (Uniprot: Q70EK9). However, the USP27X protein we detect is ~22 kDa larger than
the predicted 50 kDa protein (Uniprot: AGNNY8) (Figure 2C), suggesting that USP27X may
utilize an alternative translation start site upstream of the predicted ATG. Although no
upstream, in frame ATG is present in USP27X, a ~72 kDa protein could be translated from
an upstream CTG. Precedence exists for use of CTG as an initiation codon (Fritsch et al.,
2012; Wegrzyn et al., 2008). To test this possibility, we cloned a region spanning the
USP27X locus (Figure 2E) and performed in vitro transcription-translation reactions in the
presence of 35S-labeled methionine. We observed a ~72 kDa 3°S-labeled protein when the
wild type locus was used as template, but did not detect any protein product when the
predicted CTG start codon was changed to CTC (Figure 2F). We never detected a 50 kDa
protein in vitro (by translation) or in vivo (by immunaoblot).

Comparison of the 636 amino acid (aa) sequence in this longer form of USP27X (Figure
S2G) with the sequences of USP22 and USP51 revealed significant homology, including
more than 82% identity between USP22 and USP27X and more than 70% identity between
USP22 and USP51 based on ClustalW?2 analyzes (Figure 2G). Further, Pfam analysis of
protein domain structures (Finn et al., 2014) confirmed that in addition to the catalytic UCH
domain, both USP27X and USP51 have an N-terminal Znf-UBP domain highly similar to
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that found in USP22, which is critical for USP22 interaction with ATXN7L3 and ENY2 and
deubiquitination activity (Figure 2G and S2G) (Zhao et al., 2008).

To determine whether USP27X and USP51 are widely expressed, we performed
immunoblots on lysates from three different cancer cell lines (neuroblastoma derived SH-
SY5Y, colon cancer HCT116, and triple negative breast cancer MDA-MB-231), human ES
cells (H1), and primary human astrocytes (Fig 2H). These USPs were clearly present in all
lysates, albeit at varying levels, indicating that USP27X and USP51 are expressed in many
tissue and cell types.

The nuclear localization signal (NLS) found in USP22 (Xiong et al., 2014) is conserved in
USP51, and a highly similar sequence is found in USP27X (Figure 21, top panel). We
confirmed that VV5-tagged USP51 and USP27X are largely nuclear, and co-staining confirms
co-localization with endogenous ATXN7L3 (Figure 21, bottom panel). Predominantly
nuclear localization was further confirmed in live cells, using USP27X or USP51 fusions
with GFP or mCherry respectively (Figure S5).

USP27X and USP51 Require ATXN7L3 and ENY2 for DUB Activity

The high degree of homology with USP22 and physical association with ATXN7L3 and
ENY?2 predict that USP27X and USP51 are also DUBs. To test this idea, we expressed wild
type (WT) or mutant forms of USP22, USP27X and USP51 in which a conserved cysteine
required for activity in USP22 is changed to serine in 293T cells (Figure 3A and B).
Immunoblots revealed substantial reductions in global H2Bub1 levels in cells expressing
WT USP22, USP27X or USP51 relative to cells transfected with an empty vector (Figure
3C, compare lane 1 to lanes 2, 3 and 4), indicating these proteins are indeed DUBs.
Moreover, expression of catalytically dead proteins led to sizable increases in global levels
of H2Bub1 (Figure 3C, compare lane 1 to lanes 5, 6 and 7), reflecting dominant negative
effects of the mutant DUBs on H2B deubiquitination. Notably, co-expression of all three
DUBs (either WT or mutant) did not further change H2Bub1 levels, compared to single
DUB expression (Figure 3C, compare lanes 2-4 to lane 8 and lanes 5-7 to lane 9), suggesting
that levels of the adapter proteins required for the activity of these DUBs may be limited in
these cells.

To further confirm that USP27X and USP51 are active DUBs, we expressed and purified
recombinant forms of these proteins from insect cells (Figure 3D). In vitro DUB reactions
using purified histones (Figure S3) or Ubiquitin-AMC (Figure 3E) as substrates indicated
that neither USP27X nor USP51 were active in isolation. However, when co-expressed and
co-purified with ATXN7L3 and ENY2 (Figure 3D), USP27X and USP51 form stable,
stoichiometric complexes with these proteins (Figure 3D). Moreover, these recombinant
DUB modules exhibited robust deubiquitination activity using Ubiquitin-AMC as a
substrate, (Figure 3E), whereas no or background activity levels were detected when the
DUB modules were reconstituted with catalytically dead versions of the USPs.

We next tested the activity of the USP27X or USP51 containing DUB modules towards
nucleosomal H2Bub1. We purified nucleosomes expressing FLAG- and V5-tagged H2B
(Figure 3F) as substrates, and again found that both USP27X and USP51 DUB modules
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showed strong activity towards H2Bubl (Figure 3G, lanes 3 and 6), whereas the individual
proteins or DUB modules reconstituted with mutant USPs had no detectable activity (Figure
3G, lanes 2 and 5 and lanes 4 and 7). Similar results were obtained using free histones as
substrate (Figure S3). As was previously shown for the USP22 DUBm (Zhang et al., 2008g;
Zhao et al., 2008), both USP27X and USP51 DUBmM also deubiquitinated nucleosomal or
free H2Aubl (Figures 3G and S3A and B).

USP27X and USP51 Do Not Associate with SAGA

Since USP27X and USP51 are highly similar to USP22, and their activity is regulated by
ATXN7L3 and ENY2, we reasoned that these DUBs might be part of alternative SAGA
assemblies (Figure 4A). To explore this possibility, we purified the SAGA complex using
FLAG- and HA-tagged GCN5 from 293T cells, and then probed the purified fractions using
antibodies for known SAGA components, USP27X, or USP51. Immunablots verified
successful isolation of SAGA, as TRRAP, ATXN7, ATXN7L3 and USP22 were all present
in the GCN5 pull downs (Figure 4B). However, neither USP27X nor USP51 were present,
even though all three USPs are well expressed in these cells (Figure 4B, input lanes). We
obtained very similar results upon isolation of SAGA through FLAG-tagged USP22 or
FLAG-HA-tagged SPT3 from HeLaS3 cells (Figure S4A and B).

We also performed immunoprecipitations for FLAG-V5 tagged USP27X or USP51 from
nuclear extracts and probed for SAGA components. As expected, ATXN7L3 and ENY?2
associated with USP27X and USP51, but no other SAGA components, such as GCN5 or
TAF10, were observed in the immunoprecipitations (Figure 4C, lanes 5 and 6). To determine
whether USP22 blocks association of USP27X and USP51 with SAGA, we isolated GCN5-
associated proteins after ShRNA-mediated depletion of USP22 (Figure 4D, lanes 2 and 3 and
5and 6). Again, no USP27X or USP51 was found associated with GCNS5, indicating these
DUBs are not part of SAGA.

USP22, USP27X, and USP51 Compete for Association with ATXN7L3 and ENY2

Since all three USPs require ATXN7L3 and ENY?2 for activity, they might compete for these
factors. To test this possibility, we immunoprecipitated endogenous ATXN7L3 from whole
cell lysates of WT or Usp22 knockout (KO) mouse embryonic stem cells (mES cells) and
assessed amounts of USP27X in the precipitated fractions (Figure 4E). We detected a
substantial increase (~5 fold) in amounts of USP27X associated with ATXN7L3 in Usp22
KO cells relative to WT cells (Figure 4E, compare lanes 5 and 6). The differences in the
amounts of USP27X associated with ATXN7L3 in WT and KO cells are not due to global
changes in USP27X expression upon USP22 depletion (Figure 4E, compare lanes 1 and 2,
long exposure). Similar results were obtained by comparing levels of ATXN7L3 co-
immunoprecipitated with USP27X from control or USP22 stably depleted cells (Figure
S4C). MudPIT analysis confirmed a ~5.5 fold increase of USP27X association with
ATXN7L3 and a ~4 fold increase in USP51 association with ATXN7L3 upon depletion of
USP22 (Figure S4D). Altogether, these results indicate that the three USPs compete for
limiting amounts of ATXN7L3 within cells.
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To further test if these DUBs compete for adapter binding, we separately expressed and
purified all three USPs and ATXN7L3 from insect cells (Figure S4E) and performed
competitive binding assays in vitro. As shown in Figure 4F, we found that association of
USP22 and ATXN7L3 was greatly impaired upon addition of increasing amounts of
USP27X (compare lane 7 to 8, 9 and10). Very similar results were obtained when USP51
was used as a competitor to USP22 (Figure S4F). These results demonstrate directly that the
three USPs compete for adapter binding and likely explain the enhanced DUB activity
observed upon USP22 or USP27X ablation (Figure 1B and S4G, top panels), as loss of one
USP would free more ATXN7L3 and ENY2 for association with the others. Consistent with
this idea, simultaneous depletion of USP22 and USP51 in USP27X KO HCT116 cells
(Figure 4G) increased global H2Bub1 (Figure 4G, compare lanes 3 and 4) as was observed
upon depletion of ATXN7L3 or ENY?2 (Figure 1C).

USP27X and USP51 Associate with a Similar Spectrum of Proteins

To further assess if ATXN7L3 and ENY?2 are stable components of USP27X and USP51
containing complexes, we performed gel filtration experiments. Immunoblots revealed that
both USP27X and USP51 form tight complexes with ATXN7L3 and ENY?2 that elute in
fractions 13 to 15, corresponding to complexes of approximately 600-kDa, much smaller
than the 2-MDa SAGA complex but larger than a tripartite, 150-kDa DUBm alone (Figure
5A and B).

To identify proteins that associate with USP27X and USP51, we performed MudPIT
analyses on FLAG- and V5-tagged USP27X or USP51 affinity purified fractions from 293T
nuclear extracts (Figure 5C). As expected, ATXN7L3 and ENY2 were identified among the
top interacting proteins for both USP27X and USP51 (Fig 5D). Consistent with our findings
above, apart from ATXN7L3 and ENY?2, DDB1 was the only protein in these purifications
that was previously reported to associate with SAGA (Martinez et al., 2001). A protein
related to ATXN7L3, ATXN7L3B, was also identified as a highly abundant protein in these
purifications. ATXN7L3B is highly homologous to the N-terminal portion of ATXN7L3 that
interacts physically with ENY2, but it lacks the C-terminal ZnF domain, which appears to be
crucial for the histone deubiquitination function of ATXN7L3 (Lang et al., 2011). A number
of proteins identified in one or both purifications, such as RBM39 (CAPER«) and TRIM28,
function in transcriptional regulation and RNA processing (Dowhan et al., 2005; Friedman et
al., 1996). Other proteins that co-purified with USP27X and USP51 with high
reproducibility are involved in DNA repair and replication (Figure 5D).

Ablation of USP22, USP27X, or USP51 Affects H2Bub1 Distribution and Regulation of Gene

Expression

As H2Bubl plays important roles in the regulation of gene expression, we investigated how
depletion of the three DUBs impacts genome wide distribution of this epigenetic mark. To
do this, we performed chromatin immunoprecipitation-sequencing (ChIP-seq) to compare
H2Bub1 profiles in control MCF7 cells or cells depleted for USP22, USP27X, USP51 or
ATXNT7L3. As expected, depletion of each individual USP led to subtle decreases in global
H2Bubl, whereas ATXN7L3 reduction led to a robust increase of global H2Bub1 levels
(Figure 6A). Interestingly, ChlP-seq analyses revealed no significant changes in the
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distribution of H2Bub1 across the genome in ATXN7L3 depleted samples compared to
control samples, despite the global increase of H2Bubl in the depleted cells (Figure 6A).
These results are in line with previously published data (Bonnet et al., 2014) describing
ATXNT7L3 as a global facilitator for H2B deubiquitination throughout the entire transcribed
genome. Comparison of the profiles of H2Bub1 in the individual USP depleted cells
revealed differential H2Bub1 enrichment over certain loci (examples in Figure 6C).
Consistent with the global decreases in H2Bub1 observed by immunoblot, ChIP-Seq
analyses uncovered more loci depleted of H2Bubl than increased (Figure 6B, and tables S1-
S3). Again, no significant redistribution of H2Bub1 enrichments was found in the DUB
depleted cells relative to control cells, suggesting that these DUB modules may all
contribute to maintenance of proper levels of H2Bub1 across the genome.

Because H2Bub1 was previously shown to play an important role in regulation of #OXand
WNT gene expression (Mohan et al., 2010; Zhu et al., 2005), and our ChIP-seq analysis
revealed reduced H2Bub1 enrichment over some of these genes in USP depleted cells
(Figure 6C), we sought to further examine how fluctuations in H2Bub1 enrichment at
HOXB3, HOXD10, and WINT5A might alter their expression. gPCR experiments confirmed
~2-4 fold decreases in amounts of H2Bub1 at these loci in USP22 or USP27X depleted cells
and a milder decrease in USP51 KD cells, whereas ATXN7L3 ablation led to ~2 fold
increase (Figure 6D). These results suggest that the three DUBs can at least partially
compensate for each other at these genes and that ablation of one USP likely allows
increased activity of the others. Expression analyses (QRT-PCR) of HOXAY, 10, 11, HOXB3
and 4, or HOXD10, 11, 13, as well as WINT5A, revealed that all of these genes are down-
regulated upon ablation of each USP or ATXN7L3 (Figure 6E), suggesting that dynamic
H2B ubiquitination and deubiquitination are required for accurate expression of these loci.

To more fully identify genes or pathways misregulated upon depletion of USP22, USP27X,
or USP51, we performed RNA-sequencing (RNA-seq) of RNA purified from shUSP22,
shUSP27X, and shUSP51, or shControl treated MCF7 cells. The expression of ~8-10% of
all expressed genes was significantly altered upon depletion of each individual USP (Figure
6F and tables S4, S5, and S6). These analyses revealed a substantial overlap of altered genes
between the depletion of each of the three USPs, including 340 commonly affected genes (p-
value 1.1e-130 by Fisher’s exact test) in USP27X and USP51 depleted cells, 283 (p-value
3.3e-34) commonly affected genes in USP22 and USP27X depleted cells, 249 commonly
affected genes (p-value 1.1e-74) in USP22 and USP51 depleted cells, and 137 commonly
altered genes in all three USP depletions (~10% of all altered genes) (Figure 6G). GO
analyses revealed that axon guidance, ephrin receptor and Wnt/p-catenin signaling are
among the top 10 most altered pathways in each USP-depleted cell line (Figure S6A). These
results are in good agreement with the discovery that loss of function of Nonstop or Sgf1l
(the fly orthologs of USP22 and ATXN7L3 respectively) cause photoreceptor axon-targeting
defects in Drosophila (Weake et al., 2008). We also performed hierarchical clustering on
differentially expressed genes in shUSP27X, shUSP51 or shUSP22 cells vs shControl cells,
using log2 ratios, and then divided the genes into 10 groups, according to the dendogram
(Figure S6B and Table S7), and performed a pathway analysis on each group. Genes
associated with hepatic stellate cell activation, endocytic pathways, and actin based motility,
as well as genes associated with DNA repair showed the most differential expression
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between USP22, USP27X, and USP51 depleted samples. Overall these data suggest that
each USP may have some specific targets, but also that ablation of any one of the USPs
influences pathways controlled by the other two.

USP27X and USP51 Are Required for Tumor Growth in a Mouse Xenograft Model

The above studies also indicated that USP27X depletion impacts expression of genes
involved in cell growth and cell cycle regulation (Figure S7), so we examined the
proliferation of MCF7 breast cancer cells depleted for either USP27X or USP51. Equal
numbers of cells expressing ShRNAs that specifically target USP27X or USP51, but not
USP22 (Figure 7A), or expressing control shRNA, were seeded and monitored for
proliferation by cell counts 72 hours later. Depletion of either USP27X or USP51
significantly impacted MCF7 proliferation (Figure 7B). To further confirm the specificity of
these effects, we performed rescue experiments using cell lines that stably express ShRNA-
immune constructs bearing either WT or catalytically dead (C285S) FLAG-tagged USP27X
(Figure 7C). Expression of WT-USP27X on its own led to slightly increased proliferation,
whereas expression of the C285S mutant led to slightly reduced proliferation. Importantly,
expression of WT, but not mutant USP27X, prevented the proliferation defects caused by
depletion of endogenous USP27X (Figure 7D). Together, these data clearly demonstrate that
USP27X and USP51 are required for normal cellular proliferation.

Because USP22is overexpressed in several highly aggressive cancers (Glinsky, 2006; Ji et
al., 2015; Schrecengost et al., 2014), we next asked if depletion of USP27X impacts tumor
formation and progression in a mouse xenograft model. USP27X depleted or control MB-
MDA-231 cells were injected subcutaneously into immune-compromised mice (Figure 7E,
F). Injection of control cells bearing non-targeting ShRNA led to formation of tumors with
an average mass of 600 mg by 30 days after injection, as expected. Injection of USP27X
depleted cells, however, led to formation of significantly smaller tumors (Figure 7F, G). Very
similar results were obtained using different ShRNA vectors targeting USP27X (Figure S7),
confirming reproducibility of these effects.

The reduced tumor burden upon depletion of USP27X prompted us to search the The Cancer
Genome Atlas (TCGA\) database to see if altered expression of USP27X or USP51 is
associated with certain cancer phenotypes. We did not uncover any specific patterns for
USP27X or USP51, but strikingly, increased expression of ENY2 or ATXN7L3 strongly
correlates with the increased breast cancer incidence (Figure 7H). Taken together with
previous findings by others that USP22 is overexpressed in many cancers and our findings
that ATXN7L3 and ENY2 levels are normally limiting in cells, these results suggest that
imbalances in the activities of USP22, USP27X and USP51 may directly impact cancer
development and progression.

DISCUSSION

Global defects in H2Bub1 deubiquitination observed upon ATXN7L3 silencing previously
led to the conclusion that SAGA is the major regulator of H2Bub1 in mammalian cells
(Bonnet et al., 2014; Lang et al., 2011). Our results now reveal that in addition to USP22,
ATXN7L3 and ENY?2 activate two previously uncharacterized deubiquitinating enzymes,
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USP27X and USP51, which are not part of SAGA. Our work demonstrates that depletion of
USP22, USP27X, or USP51 alone leads to a reduction in global H2Bub1 levels and that
only simultaneous depletion of all three DUBs increases bulk levels of H2Bubl. Moreover,
our work indicates that these three USPs compete for limiting amounts of ATXN7L3 and
ENY?2 in cells, and that imbalances in one USP affects activities of the others by changing
availability of the adapter proteins.

Our ChlP-seq analyses revealed that ablation of each individual DUB had no apparent effect
on the overall distribution of H2Bubl across the genome, but rather caused differences in the
enrichment of this mark over certain loci, which in turn correlated with changes in gene
expression. H2Bub1 is reduced, rather than increased, at the majority of the altered loci.
Substantial overlap in loci affected by USP22 and USP27X depletion (712 out of 1619 loci)
suggests that these DUBs can at least partially compensate for, and likely compete with,
each other in regulation of these genes. Although no data are available for the absolute
amounts of USP27X and USP51 protein present in cells, a recent report indicates that
USP22 is two times more abundant than ATXN7L3 in HelLa cells (Hein et al., 2015), further
indicating that ATXN7L3 and ENY?2 are likely limiting for H2Bub1 deubiquitination.

Although two H2B deubiquitinating enzymes also exist in yeast, Ubp8 and Ubp10, only
Ubp8 is part of SAGA and associates with ATXN7L3 and ENY2 orthologs (Sgfl11 and
Susl). Ablation of either Ubp8 or Ubp10 alone results in major increases in bulk levels of
H2Bub1, in contrast to the slight decreases seen upon deletion of USP22, USP27X, or
USP51 in mammalian cells. These results suggest that Ubp8 and Ubp10 likely target
different pools of H2B for deubiquitination in yeast and that they do not compensate for one
another. The same may also be true in flies, as deletion of the SAGA associated USP22
homolog Nonstop leads to a major increase in H2Bub1l levels (Weake et al., 2008). Why the
USP22 family is expanded in mammalian cells is not yet clear.

MudPIT analyses revealed that USP27X and USP51 are incorporated into very similar
complexes. The interacting partners of these DUBs suggest that they likely function in
transcriptional regulation, RNA processing, and DNA replication and repair. Interestingly,
one of the USP27X and USP51 associated proteins, C1QBP, was originally described as a
mitochondrial protein (Dedio et al., 1998). Several recent studies, however, indicate
C1QBP1 has important functions outside of the mitochondria in RNA splicing and in rRNA
processing (Yoshikawa et al., 2011). Fibrillarin, a partner of CLQBP in rRNA processing,
was also present in the USP27X and USP51 purifications. Therefore, these DUBs may be
important for proper rRNA expression and processing.

Currently, we do not know how USP27X or USP51 is targeted to chromatin. The zinc finger
domain of ATXN7L3 may help direct these USPs to chromatin, as this domain mediates
association of the SAGA DUBmM with nucleosomes in vitro (Lang et al., 2011) and in yeast
(Koehler et al., 2014; Morgan et al., 2016).

USP22 overexpression is associated with highly aggressive cancers, and our data indicate
that USP27X also contributes to tumor growth. Our finding that depletion of each of the
three USPs significantly alters the expression of many genes involved in adhesion and cell
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motility raises the possibility that USP27X and USP51 also play roles in controlling cell
migration, as does USP22 (Nonstop) (Glinsky, 2006; Weake et al., 2008). Due to the lack of
ChIP grade antibodies, we have not yet been able to define loci directly bound by USP27X,
USP51, or USP22, so we cannot specify genes and pathways directly governed by these
DUBs. USP27X and USP51 may also target non-histone substrates important for normal cell
identity, growth, or behavior, as previously reported for USP22 (Atanassov and Dent, 2011;
Atanassov et al., 2009; Lin et al., 2012). Interestingly, mutations in the USP27X locus were
recently described as a primary cause of intellectual disabilities in humans (Hu et al., 2015).
Additional work is needed to define the molecular basis of these defects.

Our data emphasize the importance of balance between the three ATXN7L3 and ENY?2
associated DUBs (Figure 71). Given that USP27X ablation limits growth of xenograft tumors
and that ENY2 is highly overexpressed in many cancers, the consequences of USP22
overexpression must be evaluated in terms of possible effects on ENY2 and ATXN7L3
availability and downstream impacts on USP27X and USP51 activity.

EXPERIMENTAL PROCEDURES

In vitro Deubiquitination Assays

Nucleosomes, purified histones, or ubiquitin-AMC were used as substrates of USP27X or
USP51 DUB modules isolated from Sf21 insect cells in in vitro assays as previously
described in (Lan et al., 2015).

Gel filtration and Mass Spectrometry

FL-V5-USP27X and FL-V5-USP51 interacting proteins were affinity purified using the
FLAG epitope from 293T whole cell lysates, and the eluted complexes were loaded onto a
Superose 6 column and fractionated by size as described (Mohan et al., 2014).

Mass spectrometry and MudPIT analyses were done as in (Byrum et al., 2012; Washburn et
al., 2001)

More detailed experimental procedures used in this work are presented in the supplemental
information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. USP22 loss does not lead to H2B deubiquitination defects in mammalian cells
A) Immunoblots to demonstrate efficient silencing of the SAGA DUBmM components in

293T cells. (B and C) Depletion of ATXN7L3 and ENY2, but not USP22 or ATXN?7, leads
to a robust increase of bulk H2Bubl and a moderate increase of H2Aubl levels; compare
lanes 4 and 5to 1, 2 and 3. (D) Depletion of each SAGA DUBmM component leads to a mild
increase in the proportion of G1-phase cells as indicated by DNA content. (E) Cell cycle
distribution percentages. (F) Depletion of ENY2 severely impacts steady state levels of
ATXN7L3 (compare lanes 2 and 3). This effect can be rescued by expression of exogenous
ENY2 (compare lanes 3 and 6). (G) ENY?2 is required for stability of exogenous ATXN7L3.
(H) Efficiency of ENY2 silencing in panel G.
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Figure 2. ATXN7L3 interacts with USP27X and USP51
(A) Schematic of tandem FLAG-V5 affinity purification. (B) FL-V5-ATXN7L3 associated

proteins identified by mass spectrometry. (C) Silver stain and immunoblot analyses to
confirm interactions of ATXN7L3 with USP27X and USP51. Bands corresponding to
USP27X and USP51 are indicated by black lines. (D) Immunoprecipitations of nuclear
extracts (NE) using an a ATXN7L3 antibody or rabbit IgG followed by immunoblots for
USP27X or USP51. Input represents 5% of the NE. (E) Schematic representation of the
human USP27X locus. ATG indicates the predicted translation start site of human USP27X
protein (ABNNY8) and CTG indicates the experimentally discovered start site. (F)
Autoradiograph of 35S-labeled, /n vitro translated hUSP27X. The arrow indicates expected
size of the translated protein. (G) Protein domain organization in USP22, USP27X and
USP51. The sequence identity between USP22 and USP27X and between USP22 and
USP51 human proteins is indicated with the brackets on the right, and the percentage
identity between the ZnF-UBP domains is indicated by brackets on the left. (H) Whole cell
lysates (WCL) from the indicated cell lines were immunoblotted using USP27X and USP51
specific antibodies. f-actin; loading control. (I) USP27X and USP51 display predominantly
nuclear localization. The KRRK NLS sequence in USP22 is 100% conserved in USP51 and
is highly similar in USP27X (top panel). USP27X-FL-V5 or USP51-FL-V5 expressing cells
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stained with aV5 antibody (red) and a ATXN7L3 antibody (green). Yellow indicates co-
localization. DAPI was used for nuclear counterstaining (blue). Scale bar = 15 pum.
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Figure 3. USP27X and USP51 exhibit DUB activity in vivo and in vitro

(A) Schematic of the catalytic domains of USP22, USP27X, and USP51. The asterisk
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indicates the catalytic cysteine (C185 for USP22, C285 for USP27X and C372 for USP51),
which was changed to serine (C/S) to generate catalytically dead mutants. (B) Protein levels
of expressed WT or mutant USP22, USP27X, and USP51 in 293T cells. (C) Expression of

the WT USPs reduces global levels of H2Bub1 in 293T cells, whereas expression of

catalytically dead USPs leads to H2Bubl increase. (D) Experimental scheme for purification
of USP27X- and USP51-containing DUB modules from insect cells (top), and colloidal
coomassie staining of purified complexes (bottom). (E) ATXN7L3 and ENY?2 are required

for USP27X and USP51 catalytic activity. USP27X or USP51 alone or together with

ATXN7L3 and ENY2 were purified from Sf21 cells for use in /n vitro DUB reactions using
Ubiquitin-AMC as a substrate. DUB activity was measured by the resultant fluorescence

intensity. To test catalytic activity towards H2Bub1, nucleosomes were purified from 293T
cells stably expressing FL-V5-H2B (F) and used in /n vitro DUB reactions (G).
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Figure 4. USP22, USP27X, and UPS51 compete for ATXN7L3 and ENY2
(A) Schematic representation of the SAGA complex. USP27X and USP51 are depicted as

possible substitutes of USP22. (B) USP27X and USP51 are not part of SAGA complex.
FLAG-HA-GCNS5 associated proteins were analyzed by immunoblot for TRRAP, ATXN?7,
USP22, and ATXN7L3 (confirming successful SAGA purification), and USP27X and
USP51. Asterisk indicates a nonspecific band. (C) FLAG- and V5-tagged USP27X and
USP51 co-immunoprecipitate ATXN7L3 and ENY2 but not GCN5 or TAF10. (D) Loss of
USP22 does not lead to USP27X or USP51 incorporation into SAGA as shown by
immunoblots of SAGA purified using FLAG-GCNS5. (E) Increased association of USP27X
with ATXN7L3 in Usp22 KO cells. Whole cell lysates from WT or Usp22 KO mES cells
were immunoprecipitated using an a ATXN7L3 antibody or rabbit 19gG, and purified
fractions were immunoblotted for USP27X. Blots were quantified using ImageJ software.
(F) USP22 and USP27X compete for ATXN7L3 binding. HA-USP22, HA-USP27X, and
FLAG-ATXN7L3 were mixed in /n vitro binding reactions with increasing amounts of HA-
USP27X (0.1, 0.5, and 1 relative to USP22 amounts, based on colloidal blue stained gel)
was added as a competition for USP22. USP22-ATXN7L3 or USP27X-ATXN7L3
complexes were precipitated with aFLAG (ATXN7L3) antibody. Amounts of recovered HA-
USP22 and HA-USP27X were assessed by aHA immunoblot and quantified using ImageJ
software (G) Simultaneous depletion of USP22, USP27X, and USP51 leads to increased
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global H2Bub1l in HCT116 cells. USP22 and USP51 were depleted in WT and USP27X KO
cells (bottom panels), and the H2Bub1 signal was normalized to total H2B (top panels).
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Figure 5. USP27X and USP51 Associated Proteins
(A) USP27X and (B) USP51 containing complexes were precipitated from 293T nuclear

extracts and fractionated by size on a Superose 6 column. Eluted fractions were probed for
ATXN7L3 and ENY2. (C) Profile of the FLAG and V5 purified USP27X and USP51
containing complexes after elution from a5 resin. Asterisks indicate the bait proteins. (D)
List of associated proteins identified by MudPIT. Presented are proteins identified in 3
independent experiments. Average cdNASF (Normalized Distributed Spectral Abundance
Factor) is shown for each protein in the purification.
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Figure 6. USP27X and USP51 are required for proper gene expression
(A) Global levels of H2Bubl upon depletion of USP22, USP27X, USP51, or ATXN7L3 in

MCEF7 cells, relative to total H2B. (B) H2Bubl1 ChiP-seq analyses identified differential
H2Bubl enrichment at several loci in USP22, USP27X, or USP51 KD cells, but not in
ATXN7L3 KD cells. MA plots indicate log2 fold change values (y-axis) against average
log2 cpm (counts per million) values (x-axis). The green dots represent differentially
enriched loci with FDR < 0.05. The red lines mark log2 fold change at 1 and -1. (C)
Genome browser tracks (IGV) showing H2Bubl signal over HOXD10, HOXD12, HOXB3
and WNT5A loci upon the indicated depletions in MCF7 cells. Dashes (A, B and C) below
the tracks indicate regions amplified in gPCR experiments in panel D. Scale on left (0-8)
indicates the height of normalized H2Bub1 signal (see supplementary methods). (D) ChIP-
gPCR of H2Bub1 levels at the indicated loci, upon depletion of USP22, USP27X, USP51, or
ATXNT7L3. Values (mean + SD of three independent experiments) are expressed as a
percentage of input. (E) Expression levels of WNT5A and the indicated HOX genes as
measured by gRT-PCR, normalized to levels in shControl cells (set to 1). Error bars
represent + SD of three independent experiments. (F) Altered gene expression in USP22,
USP27X, or USP51 depleted cells. MA plots indicate log2 fold change values (y-axis)
against average log2 cpm (counts per million) values (x-axis). The red dots represent genes
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with FDR < 0.05. The red lines mark log2 fold change at 1 and -1. (G) Venn diagram of
significantly altered genes upon depletion of each USP.
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Figure 7. USP27X and USP51 are required for xenograft tumor growth
(A) Immunoblots to demonstrate silencing efficiency of USP27X and USP51 in MCF7 cells

(B) Comparison of cell growth upon silencing of USP27X or USP51. 0.3x10° cells were
seeded and cells were recounted after 72h. Plots show averages of 3 independent
experiments. (C) Immunoblots comparing expression of WT and C285S mutant FLAG-V5-
USP27X. (D) Endogenous USP27X was depleted in MCF7 cells expressing WT or C285S
USP27X-V5-FL. Proliferation was measured by seeding of 0.3x10° cells each and then
recounting after 48h. (E) USP27X silencing efficiency in MDA-MB-231-Luc cells. (F)
USP27X is required for xenograft tumor growth. 1x10°> MDA-MB-231-Luc cells stably
expressing the indicated shRNA were injected into 8 week old NOD/SCID mice. The
weights of shUSP27X expressing and control tumors are presented in (G). (H) Significant
elevation of ATXN7L3 and ENY2 levels in breast cancer patients compared to healthy
controls. Plot was generated based on log2 change in gene expression (708 cancer patients
and 101 healthy individuals) per TCGA database. p-values in B, D, G and H are based on a
Student’s t-test. (I) Model for USP22, USP27X, and USP51 function in cells. All 3 USPs
require ATXN7L3 and ENY2 for activation, and in WT cells, these adapters are distributed
between the different DUB complexes. Depletion of ATXN7L3 and ENY2 abolishes the
activity of all 3 DUBs, leading to major increases in H2Bub1 levels. Depletion of individual
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USPs, however, leads to increased incorporation of ATXN7L3 and ENY2 into the remaining
DUB complexes, increasing their activity.
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