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Abstract

The SAGA coactivator complex is essential for eukaryotic transcrip-
tion and comprises four distinct modules, one of which contains
the ubiquitin hydrolase USP22. In yeast, the USP22 ortholog
deubiquitylates H2B, resulting in Pol Il Ser2 phosphorylation and
subsequent transcriptional elongation. In contrast to this H2B-
associated role in transcription, we report here that human USP22
contributes to the early stages of stimulus-responsive transcrip-
tion, where USP22 is required for pre-initiation complex (PIC)
stability. Specifically, USP22 maintains long-range enhancer—
promoter contacts and controls loading of Mediator tail and
general transcription factors (GTFs) onto promoters, with Mediator
core recruitment being USP22-independent. In addition, we iden-
tify Mediator tail subunits MED16 and MED24 and the Pol II
subunit RBP1 as potential non-histone substrates of USP22. Over-
all, these findings define a role for human SAGA within the earliest
steps of transcription.
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Introduction

Formation of the pre-initiation complex (PIC) is among the central
events in eukaryotic transcription. The PIC consists of ~45 proteins,
including the RNA polymerase II (Pol II) enzyme complex and the
general transcription factors (GTFs) TFIID, TFIIA, TFIIB, TFIIF,
TFIIE, and TFIIH (Duttke, 2015; Schilbach et al, 2017). At many loci,

additional multiprotein complexes participate in the early events of
transcription. These include the Mediator complex which, among
other functions, coordinates transmission of information between
activator-bound regulatory enhancers and the promoter-bound PIC
(Malik & Roeder, 2010; El Khattabi et al, 2019). These events and
the proteins involved exhibit remarkable evolutionary conservation.

Also critical to the regulation of transcription across eukaryotes
is the SAGA coactivator complex. SAGA is a 2MDa complex consist-
ing of approximately 20 proteins structurally divided into modules
with discrete biochemical functions (Grant et al, 1997; Roberts &
Winston, 1997; Grant et al, 1998; Ben-Shem et al, 2020; Cheon et al,
2020; Soffers & Workman, 2020; Grant et al, 2021; Helmlinger et al,
2021). As we and others have shown, these modules include an
activator-docking module comprising the TRRAP subunit, a core
module that mediates recruitment of TATA-binding protein (TBP)
(Sharov et al, 2017; Papai et al, 2020; Wang et al, 2020), an acetyl-
transferase module (HAT), and a deubiquitylase module (DUB)
(Brownell et al, 1996; McMahon et al, 1998; Henry et al, 2003;
Cornelio-Parra et al, 2021). The role of the acetyltransferase module
has been extensively studied, and its catalytic subunit GCN5/KAT2A
was the first KAT to be directly linked to transcription via acetyla-
tion of histones (Georgakopoulos & Thireos, 1992; Brownell et al,
1996; Grant et al, 1997), which leads to recruitment of the chro-
matin remodeler SWI/SNF (Chandy et al, 2006) and the super-
elongation complex (Gates et al, 2017). The DUB module of SAGA
was discovered more recently and has been less well characterized.
In yeast, the DUB module contains Ubp8p as its catalytic core, and
its removal of monoubiquitin from histone H2B at residue K123
(K120 in humans) mediates transcriptional elongation (Henry et al,
2003; Wyce et al, 2007). While most studies of yeast SAGA function
suggest that it is present primarily at stress-inducible genes (Base-
hoar et al, 2004; Huisinga & Pugh, 2004), more recent findings
suggest that SAGA and TFIID overlap in their activator function at
all Pol II-transcribed genes (Baptista et al, 2017; Warfield et al,

Progenra Inc., Malvern, PA, USA
Bioinformatics Facility, The Wistar Institute, Philadelphia, PA, USA

UprwWwN R

*Corresponding author. Tel: +1 215 503 9064; E-mail: steven.mcmahon@jefferson.edu

© 2021 The Authors. Published under the terms of the CC BY NC ND 4.0 license

Department of Biochemistry and Molecular Biology, Sidney Kimmel Medical College, Thomas Jefferson University, Philadelphia, PA, USA
Blood Cell Development and Function Program, Fox Chase Cancer Center, Philadelphia, PA, USA
Department of Cancer Biology, Sidney Kimmel Medical College and Sidney Kimmel Cancer Center, Thomas Jefferson University, Philadelphia, PA, USA

The EMBO Journal ~ 40: e102509 (2021 1 of 19


https://orcid.org/0000-0001-9192-4978
https://orcid.org/0000-0001-9192-4978
https://orcid.org/0000-0001-9192-4978
https://orcid.org/0000-0002-1301-890X
https://orcid.org/0000-0002-1301-890X
https://orcid.org/0000-0002-1301-890X
https://orcid.org/0000-0002-3405-1768
https://orcid.org/0000-0002-3405-1768
https://orcid.org/0000-0002-3405-1768

The EMBO Journal

2017; Donczew et al, 2020). These two complexes share subunits of
the TAF module and similar structural features therein (Wu et al,
2004; Bieniossek et al, 2013), yet SAGA exhibits unique capabilities
via its two enzymatic modules.

Additional layers of complexity have impaired our ability to
decipher the specific role of the human Ubp8p ortholog USP22
within SAGA (Zhang et al, 2008b; Zhao et al, 2008). In yeast, for
example, mutation or deletion of ATXN7 ortholog Sgf73 results in
increased ubiquitylation of histone H2B (Yan & Wolberger, 2015;
Hsu et al, 2019). However, in higher eukaryotes such as Droso-
phila, the DUB module can bind chromatin independently of
SAGA (Mohan et al, 2014; Li et al, 2017). Moreover, human
USP22 has numerous substrates beyond H2B, including another
subunit of the histone octamer, H2A (Zhang et al, 2008a), as well
as several non-histone substrates (Atanassov et al, 2009;
Atanassov & Dent, 2011; Gao et al, 2014; Gennaro et al, 2018).
Furthermore, most studies of the SAGA DUB module in humans
have manipulated the regulatory subunit ATXN7L3 rather than
USP22 directly (Lang et al, 2011; Bonnet et al, 2014). In Droso-
phila, biochemical defects associated with loss of ATXN7L3 were
initially interpreted as a loss of USP22 function. However, a recent
study from the Dent group demonstrated that ATXN7L3 forms
catalytic complexes with other DUBs beyond USP22 (Atanassov
et al, 2016). Since these other DUBs are not incorporated into
SAGA, phenotypes associated with ATXN7L3 include both SAGA-
dependent and SAGA-independent effects.

Given the prevalence of USP22 overexpression in aggressive
cancer phenotypes (Wang & Dent, 2014), efforts are underway to
target its catalytic activity. Understanding the precise contributions
of USP22 to transcription in humans is key to the rational design
and implementation of these strategies. Remarkably, genome-wide
studies of SAGA and USP22 in humans remain limited. As reported
here, direct analysis of events in the transcription cycle that are
regulated by USP22 reveals that it is indeed required for target gene
transcription in response to ER stress. This requirement of USP22
persists for the biological consequences of ER stress, including apop-
tosis. Comprehensive analysis of loci encoding ER stress response
genes unexpectedly revealed no correlation between a transcrip-
tional dependence upon USP22 and alterations in H2B ubiquityla-
tion levels. Instead, USP22 participates in the earliest events of PIC
formation, with the Mediator core module subunit MED1 the only
protein assessed whose binding to the promoter is not dependent on
USP22. Consistent with this, USP22 contributes to the stability of
long-range enhancer—promoter contacts at ER stress-activated target
genes. Moreover, a proteome-wide screen identified several PIC
subunits whose ubiquitylation inversely correlates with USP22
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activity. These findings demonstrate that human SAGA is indeed
required for stimulus-responsive transcription and reveal an unex-
pected role for USP22 in regulating PIC stability.

Results

SAGA and USP22 inducibly bind to the promoter region of ER
stress response genes

Several pieces of evidence in metazoans suggest that the DUB
module, which contains USP22 as its catalytic core, may have func-
tions outside H2B deubiquitylation and transcriptional elongation.
For example, in humans, USP22 has several well-characterized
substrates beyond H2B (Atanassov et al, 2009; Atanassov & Dent,
2011; Gao et al, 2014; Gennaro et al, 2018). In addition, the USP22
accessory proteins ATXN7L3 and ENY2 form alternative DUB
complexes with the USP22-related enzymes USP27X and USP51 in
humans (Atanassov et al, 2016), and neither of these DUBs have
apparent orthologs in yeast. These and other complexities of the
metazoan system have been a barrier to understanding the role of
the DUB module in human SAGA. In order to precisely define the
contributions of USP22 to the mammalian transcription cycle, we
utilized the ER stress response, a known SAGA-dependent transcrip-
tional program (Nagy et al, 2009), as a useful platform for these
studies.

We first defined the genome occupancy patterns for the two cata-
lytic SAGA modules during the human ER stress response by
performing ChIP-seq in HCT116 colorectal cancer cells for three
SAGA proteins: the KAT GCNS5, the DUB USP22, and the USP22
accessory factor ATXN7L3 (Fig EVIA-D). This analysis was
performed before and after treatment with Thapsigargin, whose
non-competitive inhibition of the sarco-endoplasmic reticulum Ca*"
ATPase (SERCA) pump proteins induces the ER stress response (Lyt-
ton et al, 1991; Furuya et al, 1994); to minimize secondary tran-
scriptional effects, we induced ER stress for 2 h only. The results of
this analysis showed distinct binding profiles of the three SAGA
members assessed, with little overlap between them (Fig EV1D).
GCNS and ATXN7L3 peaks were identified at over 1,500 and 4,000
loci each, respectively, while USP22 peaks numbered only in the
low hundreds. We therefore prioritized peaks likely to represent
SAGA complex binding by relaxing our criteria for a SAGA binding
event, identifying those shared by all three proteins in at least one
replicate and at least one condition. This modified peak calling
yielded 311 peaks shared between all three members, 293 of which
were associated with gene promoters, consistent with findings from

Figure 1. SAGA and USP22 inducibly bind to the promoter region of ER stress response genes.

HCT116 human colorectal adenocarcinoma cells were treated for 2 h with 100 nM Thapsigargin to induce ER stress. Cells were cross-linked, harvested, and subjected to

high-throughput ChIP-sequencing for SAGA members USP22, GCN5, and ATXN7L3.

A Genome browser images of ChIP-seq for SAGA proteins before and after induction of ER stress at ER stress response genes CHOP, ERP70, and GRP78. ATF4/Xbpls
binding sites are from publicly available datasets (GEO accessions GSE69304 and GSE49952).
B Heat map of USP22, GCNS5, and ATXN7L3 association at the TSS for 29 genes whose promoters undergo significant recruitment of USP22 following induction of ER

stress.

@ Mean ChIP-seq signal for USP22, GCN5, and ATXN7L3 surrounding gene promoters from (B). Nonparametric Mann-Whitney analysis of 7 bins (gray shade)

surrounding maximal peak in Thaps-treated conditions is reported.

D-F Linear regression analysis of SAGA member recruitment to target gene promoters following induction of ER stress.
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Drosophila where SAGA binds primarily to the TSS of genes (Li
et al, 2017). That GCN5 and ATXN7L3 are both members of non-
SAGA complexes (Wang et al, 2008; Atanassov et al, 2016) may
explain why they occupy more sites than USP22. We analyzed the
293 SAGA-bound promoters and found that 29 showed stress-
induced recruitment of SAGA (Figs 1A and B, and EVI,
Appendix Fig S1). Normalized ChIP-seq signals for the individual
SAGA subunits demonstrated inducible binding of GCNS5, USP22,
and ATXN7L3 after treatment (Fig 1C). While GCN5 demonstrated
slightly higher basal occupancy than the other two SAGA subunits
in untreated conditions, levels of induced binding were tightly corre-
lated between all three subunits (Fig 1D-F). These findings suggest
that recruitment of a fully assembled SAGA complex occurs at a
relatively restricted set of loci in humans.

Timothy J Stanek et al

USP22 is required for the biological consequences of ER stress

Having observed direct recruitment of USP22 to stress-induced
genes, we assessed the functional requirement for this recruit-
ment. Thapsigargin-mediated inhibition of SERCA is irreversible
and inevitably results in apoptosis (Lytton et al, 1991; Furuya
et al, 1994). Depletion studies demonstrated that full induction of
this apoptotic response requires USP22 (Fig2A and B,
Appendix Fig S3). Consistent with these results from Cas3/7 and
Annexin V staining, PARP and caspase 3 cleavage also were
impaired following depletion of USP22 (Fig 2C). These data
suggest that recruitment of USP22 to ER stress response gene
promoters is required for full functionality of the ER stress
response.
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Figure 2. USP22 is required for the biological consequences of ER stress.

0 12 24 36 48
100 nM Thaps (hrs)

A HCT116 cells were treated with 100 nM Thapsigargin for 24 h. Cells were stained with dye recognizing cleaved caspases 3 and 7 and imaged every 4 h. Scale
bar = 400 pm.

B Quantification of apoptotic populations as indicated by Cas3/7 fluorescence from (A). Three independent experiments are represented as mean + SEM, with
significance calculated by two-way ANOVA between conditions over time (f(3) = 50.530, P < 0.001); significant pairwise comparisons by Tukey’s HSD post hoc
assessment are indicated by *.

C Whole-cell lysates from the indicated time points were subjected to immunoblotting with the indicated antibodies.

Source data are available online for this figure.
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USP22 regulates transcription of ER stress response genes

Given the direct recruitment of USP22 to ER stress response genes
and its regulation of the biological response to ER stress, we interro-
gated the requirement of USP22 for the transcription of ER stress
response genes. In the presence of an ER stress stimulus, unfolded
proteins accumulate in the ER, leading to sequestration of GRP78, a
chaperone protein, from transmembrane proteins ATF6, PERK, and
IRE1, the latter two of which self-dimerize, autophosphorylate
(Sidrauski & Walter, 1997; Harding et al, 1999), and activate trans-
lation of ER stress transcription factors ATF4 and Xbpls, respec-
tively. ATFG6, itself a transcription factor, is cleaved from the ER
membrane and transits through the Golgi to the nucleus (Haze
et al, 1999), where in concert with ATF4 and Xbpls, it activates ER
stress response genes such as GRP78 and additional ER stress
response transcription factors such as CHOP (Yamamoto et al,
2007; Bergmann & Molinari, 2018). Ruling out an effect on
upstream signaling events, depletion of USP22 did not directly affect
activation of these transcription factors (Fig EV2A). Transcript
levels of the ATFG6 gene itself decreased without USP22, but its
initial ~activation as a transcription factor occurs post-
transcriptionally when the ATF6 protein is cleaved from ER
membrane and translocates to the nucleus via the Golgi (Haze et al,
1999). Although our antibody to ATF6 detected no cleaved isoform
following induction of ER stress with Thapsigargin, we also
observed no decrease in uncleaved ATF6 protein post-induction,
suggesting that in our system, this cleavage event does not occur in
response to Thapsigargin and therefore does not contribute to the
transcriptional defect observed upon loss of USP22 (Fig EV2B).
Moreover, binding of activators to target gene promoters and
enhancers, whose binding sites were determined by publicly avail-
able genome-wide binding profiles of ATF4 and Xbpls (Chen et al,
2014; Gowen et al, 2015), was also unaffected by loss of USP22 (Fig
EV2C and D). However, upregulation of ER stress response genes
CHOP and GRP78 was defective without USP22 (Fig 3A and
Appendix Fig S4A). Kinetic analysis revealed that defects in the
transcription of ER stress response genes following USP22 depletion
appeared permanent rather than simply delayed (Fig 3B and
Appendix Fig S4B). Moreover, immunoblotting for the GRP78 and
CHOP proteins reflects the patterns observed at the transcript level,
where the shUSP22 condition remains perpetually impaired in its
upregulation of these ER stress targets. Assessment of histone H2B
in whole-cell lysates showed reduced Ub-H2B levels, in line with
previous observations where alternate DUB complexes overcompen-
sate for loss of USP22 (Atanassov et al, 2016).

To ensure that the effects observed in the RNAi studies were
direct consequences of the absence of USP22, we rescued USP22
expression with a conditional, shRNA-resistant allele and largely
restored ER stress-induced upregulation of CHOP protein (Fig 3C)
and mRNA (Fig 3D). Of note, autophosphorylation of PERK and
PERK-mediated phosphorylation of translation factor EIF2a (p-)
EIF2a represents initial activation events of the ER stress response
that precede transcription of ER stress target genes and were probed
here as controls for successful stimulation (Fig 3C and Appendix Fig
S4A). Neither phosphorylation event, as observed by the shift in
PERK migration or the increase in p-EIF2a band intensity, was
affected by USP22 depletion, illustrating that the pre-transcriptional
response to stress is not impaired by loss of USP22. Furthermore,

© 2021 The Authors
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depletion of USP22 with several distinct shRNA constructs elicited
similar defects in the transcription of ER stress response genes
(Appendix Fig S4C and D). Collectively, these data confirm that
transcription of the ER stress response requires USP22.

USP22 is required for recruitment of Pol Il to ER stress response
genes independent of H2B deubiquitylation

Ubiquitylation of H2B has long been associated with elongating Pol
II (Xiao et al, 2005; Tanny et al, 2007). In yeast, H2B ubiquitylation
at actively transcribed genes occurs following loading and phospho-
rylation of Pol II at Ser5 of the carboxy-terminal domain (CTD), and
subsequent deubiquitylation by the USP22 ortholog Ubp8p is
required for optimal gene activation (Henry et al, 2003; Wyce et al,
2007). To assess whether H2B ubiquitylation status is the rate-
limiting factor controlled by USP22 as part of its role in transcription
in metazoans, we performed ChIP-seq for Pol II and Ub-H2B in
untreated and Thapsigargin-treated cells, with and without deple-
tion of USP22. By using changes in Pol II occupancy and Ub-H2B
levels in the gene body as a surrogate for transcriptional activity,
our analysis is sensitive to early transcription of target genes, where
these changes may precede detection of accumulated mRNA. To this
point, many genes that exhibit significant increases in Pol II binding
after stress induction were defined by previous studies as members
of the second wave of ER stress response transcription (Dombroski
et al, 2010; Bergmann et al, 2018), yet our ChIP-seq analyses identi-
fied them as target genes at just 2 h after stress induction. This
approach revealed 1,447 Thapsigargin-responsive genes as true
targets of the ER stress response transcriptional program based on
increased Pol II occupancy at the promoters and coding regions
(Figs 4A and EV3A). Depletion of USP22 impaired stress-induced
accumulation of Pol II at many ER stress response genes, both at the
promoters and throughout the coding regions (Fig4A and
Appendix Fig S2). Interestingly, ER stress-induced recruitment of
Pol II was sensitive to loss of USP22 at 283 genes that were either
directly bound by SAGA (“Bound” group, 28 genes, Fig 4B, upper
panel) or not bound by SAGA (“Unbound” group, 255 genes,
Fig 4C, upper panel); with the exception of XBP1, which was insen-
sitive to depletion of USP22, the 28 genes in the Bound group
are the same genes identified in Fig 1B. An additional 1,164 ER
stress-induced genes were insensitive to USP22 depletion (Fig EV3B).
Mean Pol II occupancy was markedly higher across the bound group
than the unbound group. It is noteworthy that ER stress-induced
recruitment of ATXN7L3 and GCN5 was unaffected by depletion
of USP22 (Fig EV3C and D). These data suggest that USP22 is
dispensable for stable recruitment of the SAGA complex to gene
promoters. However, the presence of USP22 is essential for maximal
transcription of these genes.

Depletion of USP22 impaired recruitment of Pol II to both USP22-
bound and USP22-unbound ER stress response genes. Given that in
yeast, deubiquitylation of histone H2B by the SAGA DUB module is
a necessary step in inducible transcription (Henry et al, 2003; Wyce
et al, 2007), depletion of USP22 should result in aberrant increases
in H2B ubiquitylation at USP22-sensitive genes. However, we
observed no such increases at any USP22-sensitive, stress-induced
genes, whether bound or unbound. Depletion of USP22 had no
effect on either basal or stress-induced levels of Ub-H2B at bound
genes (Fig 4B, middle panel) and instead reduced stress-induced
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Figure 3. USP22 regulates transcription of ER stress response genes.

A HCT116 cells were treated with 100 nM Thapsigargin for the indicated times in the presence or absence of shRNA targeting USP22. Cells were harvested, and whole-
cell lysate was subjected to immunoblotting with the indicated antibodies.

B Cells were treated as in (A), but over an extended series of time points. RNA was isolated and subjected to qRT—PCR against the indicated transcripts. Three
independent experiments are represented as mean + SEM.

C ATetracycline (Tet)-inducible, shRNA-resistant USP22 transgene was stably introduced into HCT116 cells. Cells were treated as in (A), with and without expression of
the transgene via Tet treatment. Whole-cell lysates were subjected to immunoblotting with the indicated antibodies.

D RNA was isolated from conditions described in (C) subjected to gqRT-PCR analysis against the CHOP mRNA. Three independent experiments are represented as
mean + SEM, with significance measured by Student’s t-test. ***P < 0.005.

Source data are available online for this figure.
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Figure 4. USP22 is required for recruitment of Pol Il to ER stress response genes independent of H2B deubiquitylation.

HCT116 cells were treated for 2 h with 100 nM Thapsigargin in the presence or absence of shRNA targeting USP22. Cells were cross-linked, harvested, and subjected to

high-throughput ChIP-sequencing for RNA Pol Il and Ub-H2B.

A Genome browser images of ChIP-seq for Pol Il and Ub-H2B before and after induction of ER stress, with and without USP22 knockdown, at ER stress response genes
CHOP, ERP70, and GRP78. ATF4/Xbp1ls binding sites are from publicly available datasets (GEO accessions GSE69304 and GSE49952).

B Metagene profiles for Pol Il (upper panel) and Ub-H2B (middle panel) ChiP-seq for USP22-dependent, USP22-bound genes. Nonparametric Mann-Whitney analyses of
7 bins (gray shade) surrounding TSS (TSS) and the midpoint of the profiles (Body) in Thaps-treated conditions are reported. mRNA analyses of select bound gene
transcripts are presented (lower panel). Three independent experiments are represented as mean £ SEM, with significance measured by Student’s t-test. *P < 0.05,

**P < 0.01, and ***P < 0.005.

C Metagene profiles for Pol Il (upper panel) and Ub-H2B (middle panel) ChIP-seq for USP22-dependent, USP22-unbound genes. Nonparametric Mann—-Whitney analyses
of 7 bins (gray shade) surrounding TSS (TSS) and the midpoint of the profiles (Body) in Thaps-treated conditions are reported. mRNA analysis of select unbound gene
transcripts are presented (lower panel). Three independent experiments are represented as mean £ SEM, with significance measured by Student’s t-test. **P < 0.01

and ***P < 0.005.

Ub-H2B levels at unbound genes (Fig 4C, middle panel). While
levels of Ub-H2B did not dramatically change upon USP22 deple-
tion, stress-induced recruitment of Pol II at both gene groups was
impaired. This implies a broad requirement for USP22 in stimulus-
responsive transcription, even without its direct binding to all
affected loci. While the defect in Pol II occupancy in USP22-depleted
cells is presumed to reflect a decrease level of transcription at these
loci, direct examination of individual mRNA levels for both bound
and unbound genes provided a direct confirmation (Fig 4B and C,
lower panels). Although these results do not exclude deubiquityla-
tion of H2B as a USP22-regulated event in metazoans, they suggest
it is not the rate-limiting step controlled by human USP22 in tran-
scription, as it is for Ubp8p in yeast (Wyce et al, 2007). Rather,
USP22 participates prior to or in conjunction with recruitment of Pol
1.

USP22 mediates PIC stability at ER stress response genes

Yeast Ubp8p removes monoubiquitin from H2B following phospho-
rylation of Ser5 of the Pol II CTD, allowing Ser2-mediated phospho-
rylation by Ctk1, which ultimately facilitates elongation (Wyce et al,
2007). Since our genome-wide analysis shows a USP22-dependent
effect on Pol II recruitment to stress-induced genes, we assessed the
requirement for USP22 in the phosphorylation of the Pol II CTD
during transcription. Using a set of tiling primer pairs that span the
CHOP locus (Fig 5A), we quantified changes in total Pol II as well as
the pSer5 and pSer2 isoforms of Pol II. In addition to impairing
stress-induced recruitment of total Pol II across the gene, depletion
of USP22 caused defects in both pSer5 Pol II and pSer2 Pol II
(Fig 5B). This is in contrast to prior studies in yeast and humans
where only pSer2 Pol II is affected by loss of Ubp8p or USP22,

Figure 5. USP22 mediates PIC stability at ER stress response genes.

respectively (Wyce et al, 2007; Chipumuro & Henriksen, 2012).
Stress-induced phosphorylation of Ser5 and Ser2 was also defective
at ERP70 and GRP78 in the absence of USP22 (Fig 5C). These data
suggest that within the ER stress transcriptional response, phospho-
rylation of both initiation- and elongation-linked sites in the Pol II
CTD is dependent on USP22.

In vitro, assembly of the PIC comprises a series of concerted
steps, the first of which is TFIID- or SAGA-mediated recruitment of
TATA-binding protein (TBP) (Weinzierl et al, 1993; Grant et al,
1998; Lee et al, 2000). This is followed by binding of Mediator and
TFIIB, Pol II and TFIIF, and ultimately TFIIH, whose CDK7 subunit
catalyzes phosphorylation of Pol II CTD at Ser5. In yeast, the DUB
module of SAGA acts post-PIC assembly to deubiquitylate H2B
(Wyce et al, 2007). However, in the human cells examined here,
USP22 aids the stable association of TBP, TFIIB, and TFIIF to stress-
induced gene promoters (Fig 5D-F). Additionally, recruitment of the
TFIID-specific subunit TAF7 subunit suggests that ER stress
response transcription factors simultaneously recruit SAGA and
TFIID for efficient transcription, at least at this early time point
(Fig 5G), which is consistent with previous studies (Donczew et al,
2020). Total protein levels of these general transcription factors
were unaffected by USP22 depletion, confirming that their decreased
occupancy at ER stress response genes was due specifically to
impaired recruitment (Fig SH). These findings implicate metazoan
USP22 in unexpectedly early steps in transcriptional activation.

Deubiquitylation of PIC components MED16, MED24, and RPB1 is
controlled by USP22

As deubiquitylation of Ub-H2B was not defective in USP22-depleted
cells, we employed an unbiased approach to identify additional

A Schematic of the CHOP locus. Black boxes indicate amplicons for subsequent ChIP-qPCR analysis.
B HCT116 cells were treated for 2 h with 100 nM Thapsigargin in the presence or absence of shRNA targeting USP22. Cells were cross-linked, harvested, and
subjected to ChIP-gPCR for total RNA Pol II, pSer5 Pol II, and pSer2 Pol Il at the loci across CHOP (indicated in (A)). Three independent experiments are represented

as mean + SEM.

C ChIP-gPCR for total RNA Pol Il, pSer5 Pol II, and pSer2 Pol Il at ERP70, GRP78, and a gene desert (Prom = gene promoter and Coding = downstream coding region
—see Appendix Table S1 for primer sequences). Three independent experiments are represented as mean + SEM. with significance measured by Student’s t-test.

*P < 0.05, **P < 0.01, and ***P < 0.005.

D-G Cells were treated as in (B) and subjected to ChIP-qPCR for TBP, TFIIB, TFIIF, and TAF7 at the indicated gene promoters. Three independent experiments are
represented as mean £ SEM, with significance measured by Student’s t-test. *P < 0.05 and ***P < 0.005.
H An aliquot of cells from (D-G) were harvested for whole-cell lysate and subjected to immunoblotting with the indicated antibodies.

Source data are available online for this figure.
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substrates of USP22. Using affinity purification and mass spectrome-
try, we quantified USP22-dependent changes in the ubiquitin-
modified proteome (Kim et al, 2011). We identified a number of
high-confidence, candidate non-histone proteins whose ubiquityla-
tion status was altered by loss of USP22, many of which are directly
involved in transcription. Primary among these were the Mediator
tail subunits MED16 and MED24 and the major Pol II subunit RPB1
(Figs 6A and EV4A). H2B was also identified in this screen

Timothy | Stanek et al

(Table EV1; see Dataset EV1 for complete dataset), but levels
decreased rather than increased in response to USP22 depletion,
consistent with previous observations (Atanassov et al, 2016).
Depletion of USP22 did not alter steady-state levels of MEDI16,
MED24, or Pol II (Figs 6B and EV4B), suggesting that their ubiquity-
lation status is not linked to proteasome-mediated degradation. To
confirm that changes in ubiquitylation of these candidates are
USP22-dependent, we utilized an independent method that relies on

A
Fold Change
Protein  shUSP22 : shLuc Site Peptide p-value
3.2 158 SGASSFGEKFSR 0.072
3.0 530 ILAMKASLCK 0.094
MED16 3.0 535 ASLCKLSPCTVTR 0.084
3.0 796 RLHLGACPTEECKACTR  0.001
2.4 817 TTAVKQWEQR 0.100
2.9 167 LEKTLSSTK 0.076
MED24
3.9 173 TLSSTKNR 0.038
K = ubiquitylated lysine
B
shUspP22: - + - + shUSP22:
shUSP22: - 4+ - 4+ - + 10 uM MG132: - - + + DUB Digest:
MED24 ‘. “4‘ MED24 |*= == = ==
MED16 - MED24
USP22 (& = (long)
USP22 |w= == @& - .
Actin | e s -
ORC2 —~ ~ nouts | MED24
nputs
. (shart)
B-Tubulin | = = -—
STeo £ .
& & &
S S &
$ £ S
s & N
QO

Ubi-Test

Figure 6. Deubiquitylation of PIC components MED16 and MED24 is controlled by USP22.

A High-throughput proteomic analysis of Mediator tail subunits MED16 and MED24 following depletion of USP22, with significance measured by Student’s t-test.

Specific ubiquitylated lysines detected are highlighted in red text.

B HCT116 cells were treated for 2 h with 200 nM Thapsigargin in the presence or absence of shRNA targeting USP22. Cells were harvested and fractionated, and

fractions were subjected to immunoblotting with the indicated antibodies.

C In vitro deubiquitylation UbiTest of endogenously ubiquitylated MED24. HCT116 cells were treated with MG132 in the presence or absence of shRNA targeting USP22.
Lysates were generated using buffer containing protease cocktail inhibitor, pan-DUB inhibitor PR619, and the JAMM protease inhibitor o-phenanthroline.
Ubiquitylated proteins were purified on ubiquitin-binding resin, and eluates were either undigested (lanes 1 and 2) or digested with USP2 to strip polyubiquitin (lanes
3 and 4) and reduce target proteins to unit length. Digestion reactions were subjected to immunoblotting with the indicated antibodies.

Source data are available online for this figure.
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purification of ubiquitylated proteins using tandem ubiquitin-
binding entities (Hjerpe et al, 2009). This analysis validated both
the Mediator tail MED24 and the Pol II subunit RPB1 as hyperubig-
uitylated in the absence of USP22 (Figs 6C and EV4C). Furthermore,
recombinantly expressed and purified human DUB module was
capable of directly deubiquitylating MED16, MED24, and Pol II in
an in vitro digestion reaction, as indicated by reduction of visible
streaking with MED16 and Pol II as well as increases in unit-length
protein (Fig EV4D). The appearance of higher molecular weight
bands in the DUB-digested conditions suggests the persistence of
ubiquitylated residues or other post-translational modifications
insensitive to DUB or USP22 activity.

USP22 is required for efficient recruitment of the Mediator tail
module to ER stress response gene promoters and enhancers

Mediator comprises 25-30 proteins in eukaryotes to form a 1.8 MDa
complex that bridges UAS/enhancer elements to the promoter-
bound PIC (Davis et al, 2002). This Mediator-regulated looping of
enhancer-promoter regions is essential for transcription in many
contexts (Park et al, 2005; Wang et al, 2005; Kagey et al, 2010).
Mediator contains four modules: head, middle, tail, and kinase,
most of which have been characterized in detail structurally and
biochemically (Tsai et al, 2014; Robinson et al, 2016; Nozawa et al,
2017; Schilbach et al, 2017; Tsai et al, 2017; Zhao et al, 2021). In
vitro transcription studies with reconstituted Mediator complex
show that the middle and head modules form the essential core
Mediator required for transcription, while the tail module is dispens-
able (Jeronimo et al, 2016). However, the tail module is the primary
contact between sequence-specific transcription factors bound at
enhancers and the promoter of the cognate target gene (Park et al,
2000; Stevens et al, 2002; Zhang et al, 2004; Thakur et al, 2009;
Brzovic et al, 2011; El Khattabi et al, 2019). Evidence from yeast
suggests that the Mediator tail is required for efficient transcription
of SAGA-dependent genes, but not for transcription of TFIID-
dependent genes (Ansari et al, 2012; Paul et al, 2015).

To assess the functional relationship between the Mediator tail
module and USP22 during transcription, we performed ChIP-seq for
both middle (MED1) and tail (MED16) modules of Mediator in
USP22-competent and USP22-depleted cells before and after induc-
tion of ER stress. Depletion of USP22 impaired MED16 binding at
stress-induced gene promoters and enhancers, yet elicited no
discernible effect on either basal or stress-induced binding of MED1
(Fig 7A). This is consistent with previous observations in yeast
where the middle and head modules can associate with the PIC at
the core promoter in the absence of the tail module (Jeronimo et al,
2016; Petrenko et al, 2016).

The EMBO Journal

Given the established role of the Mediator tail in bridging
activator-bound enhancers with target gene promoters, we assessed
long-range DNA interactions to gain insight into the potential mech-
anism of USP22-mediated control of tail Mediator binding to ER
stress response loci. We performed Hi-C followed by ChIP-seq
(HiChIP) for H3K4me3, a histone modification known to be found at
active gene promoters. HiChIP confers practical and experimental
advantages over Hi-C because it allows for targeted assessment of
long-range interactions by isolating only Hi-C products containing
the epitope to the ChIP antibody of choice, thus reducing the overall
complexity of the dataset and reducing the number of sequencing
reads required to achieve sufficient coverage across the interactome.
Several long-range interactions can be observed at the BHLHE40
promoter, a USP22-sensitive, SAGA-bound ER stress response gene
(Fig 7A). Two long-range interactions with the BHLHE40 promoter
change in response to ER stress, the more distal of which overlaps
MED16 ChIP signal, contains an XBP1s binding site, and is deficient
in forming a promoter—enhancer loop in the absence of shUSP22
(Thaps/Luc shLuc/shUSP22). To support this observation in a
broader context, a heat map of ER stress promoter—enhancer loops
depicts bound group gene promoters whose interaction frequencies
increase following ER stress and are defectively regulated following
loss of USP22 (Fig 7B and Table EV2). These data suggest that
USP22 participates in the stabilization of long-range promoter—
enhancer loops and that disruption of these interactions via deple-
tion of USP22 correlates with deficient upregulation of target gene
transcription.

Using the groups of USP22-sensitive ER stress response genes
defined earlier (Fig 4B and C), binding patterns revealed robust
recruitment of both MED1 and MEDI16 to USP22-Bound genes
(Fig 7C). By contrast, we observed only modest recruitment of
MED]1 after ER stress and minimal changes in MED16 after depletion
of USP22 at unbound genes (Fig 7D).

Our ChIP-seq analyses show that core Mediator binds ER stress
response gene promoters together with USP22 and the rest of SAGA.
In fact, MED1 ChIP signal is found at all SAGA-Bound gene promot-
ers defined in Fig 4. However, assessment of ER stress-induced
changes in MED1 and USP22 binding shows poor correlation
(Fig 7E). This is often due to the fact that MED1 is already bound to
these promoters prior to ER stress. By contrast, both USP22 and
MED16 are recruited to SAGA-bound promoters in a stress-
dependent manner and to a similar extent across these loci (Fig 7F).
Additionally, regions proximal to gene promoters in the USP22-
bound group contained binding sites for transcription factors Xbpls
or ATF4 as well as enhancer marks H3K4mel and H3K27ac
(Appendix Fig S2). Depletion of USP22 resulted in a marked reduc-
tion of MED16 binding in unstressed conditions in both bound and

Figure 7. USP22 is required for efficient recruitment of the Mediator tail module to ER stress response gene promoters and enhancers.

HCT116 cells were treated for 2 h with 100 nM Thapsigargin in the presence or absence of sShRNA targeting USP22. Cells were cross-linked, harvested, and subjected to

high-throughput ChIP-sequencing for Mediator subunits MED1 (middle) and MED16 (tail).

A Genome browser image of ChIP-seq for middle and tail Mediator subunits and H3K4me3 HiChlP tracks before and after induction of ER stress at ER stress response
gene BHLHE40. H3K4mel and H3K27ac tracks are from the ENCODE Consortium (GEO accessions GSM945858 and GSM945853). ATF4/Xbpls binding sites are from

publicly available datasets (GEO accessions GSE69304 and GSE49952).

B H3K4me3 HiChlP signal (log2) at promoter—enhancer loops before and after induction of ER stress or USP22 depletion at indicated bound group genes.
C,D Mean ChlIP-seq signal MED1 and MED16 surrounding gene promoters from gene groups defined in Fig 4.
E, F Linear regression analysis of Mediator and USP22 recruitment to USP22-bound target gene promoters following induction of ER stress.

© 2021 The Authors
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unbound gene groups (Fig 7C and D), indicating that the tail
module and SAGA need not co-occupy a specific locus for USP22 to
exert its effects on long-range promoter—enhancer interactions.
Collectively, these findings suggest that regulation of MED16 and
MED24 deubiquitylation by USP22 may stabilize tail module binding
at gene enhancers to promote PIC stability and subsequent tran-
scription.

Discussion

The precise biochemical events in the transcription cycle that are
controlled by individual SAGA subunits have been difficult to
define, particularly in metazoans. This is based in part on subunit
promiscuity (Helmlinger & Tora, 2017). For example, the TRRAP
subunit of SAGA is also a component of a distinct acetyltransferase
complex, NuA4/TIP60. TAFs 5, 6, 9, 10, and 12 exist in both SAGA
and TFIID. hGCN5 can be replaced within SAGA by its paralog
acetyltransferase PCAF/KAT2B, and both of these enzymes exist
outside SAGA as subunits of the related ATAC (Wang et al, 2008),
ADA (Eberharter et al, 1999), and other complexes (Brand et al,
1999; Martinez et al, 2001; Soffers et al, 2019; Torres-Zelada et al,
2019). Most relevant to the findings presented here, the SAGA DUB
subunits ATXN7L3 and ENY2 are essential for USP22 activity as
well as ubiquitin hydrolases USP27X and USP51; prior to the recent
discovery of ATXN7L3’s multiplicity of DUB partners, transcription-
related events identified as ATXN7L3-dependent were attributed
solely to USP22 activity as part of SAGA. This final distinction is
evident even in the current stimulus-responsive transcriptional
program, where depletion of the common subunit ATXN7L3
increases global (Appendix Fig SSA) and local (Appendix Fig S5B)
Ub-H2B levels in unstressed cells, while depletion of USP22 or
GCNS did not have this effect.

The present study focuses on defining the precise role in tran-
scription played by the human SAGA DUB module and its catalytic
core USP22. The central underpinning for this analysis comes from
comprehensive yeast studies of the USP22 ortholog Ubp8p, which
deubiquitylates K123 of H2B at the 5’ end of ORFs to facilitate Pol II
CTD phosphorylation and transcriptional elongation (Henry et al,
2003; Wyce et al, 2007). Our genome-wide occupancy studies in
humans included USP22, GCN5, ATXN7L3, Pol II, and Ub-H2B and
revealed a set of findings that uncover stark contrasts to the para-
digm established in yeast. Most striking is the finding that the
human USP22 DUB module of SAGA affects PIC stability itself. This
result contrasts with a previous in vitro study which designates
SAGA function primarily after PIC formation (Chen et al, 2012),
reflecting previously reported disparities regarding contributions to
PIC stability in vitro versus in vivo (Petrenko et al, 2019). Our
genome-wide analysis of USP22 in activated transcription reveals a
highly restricted set of genes directly occupied by USP22 and a
broader set of stimulus-responsive genes that indirectly require
USP22 activity for their transcription. In further contrast to yeast
SAGA, loss of metazoan USP22 has no impact on H2B ubiquitylation
at its directly bound target genes and results in a paradoxical
decrease in H2B ubiquitylation at induced genes that require USP22
indirectly. Instead, genome occupancy studies implicate recruitment
of Mediator tail subunits as among the primary transcriptional
events for which USP22 is essential.

© 2021 The Authors
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Our long-range interaction analysis at ER stress-responsive genes
demonstrates a requirement for the SAGA DUB module to regulate
enhancer—promoter contacts. These observations, coupled with the
identification of Mediator tail subunits MED16 and MED24 as direct
substrates of USP22, suggest a model where the ubiquitylation status
of these subunits controls promoter—enhancer interactions. The tail
module of Mediator typically bridges enhancer-bound activators and
promoter-bound Mediator middle and head modules to form
enhancer—promoter loops essential for activated transcription (Kagey
et al, 2010; Phillips-Cremins et al, 2013; Jeronimo et al, 2016; Robin-
son et al, 2016), although it should be noted that this physical
“bridge” model has recently been challenged, instead proposing that
Mediator acts as a functional transmission hub from TF-bound
enhancers to PIC-bound promoters (El Khattabi et al, 2019). Our
genome-wide studies implicate USP22 as a central regulator of these
Mediator tail functions, based on the finding that USP22 is required
for induction of Mediator tail binding to promoters, while core Medi-
ator binding does not require USP22. Even where basal levels of
Mediator tail binding are decreased in USP22-depleted cells, core
Mediator binding appears unaffected. Analysis of a selected subset of
enhancers in this pathway reveals a correlation between USP22 and
Mediator tail binding. This link between SAGA and Mediator tail
echoes previous studies showing that loss of tail affects expression of
only a subset of genes and that this subset is enriched for SAGA-
dependent targets (Ansari et al, 2012; Paul et al, 2015). In line with
our observations, Arabidopsis MED16 is required for recruitment of
Mediator and Pol II during the induction of the cold on-regulated
(COR) transcriptional program (Hemsley et al, 2014).

It is also noteworthy that we observe little evidence for any of
the three SAGA subunits occupying enhancers, yet significant
evidence of promoter-bound SAGA. This is consistent with at least
one previous study in Drosophila, in which Ada2b, Spt3, and Sgfl1
were interrogated as surrogates for SAGA and were shown to local-
ize over TSSs genome-wide (Li et al, 2017). Additionally, a limited
number of genes showed low levels of SAGA binding across their
coding regions after stress induction, consistent with previous stud-
ies (Govind et al, 2007; Wyce et al, 2007; Weake et al, 2011).
Finally, findings reported here present strong evidence for a more
modular view of SAGA than previously held, with many loci occu-
pied by the hGCN5/KAT2A acetyltransferase module of SAGA inde-
pendently of the USP22 subunit. The DUB module subunit
ATXN7L3 is present at a greater number of hGCN5-bound loci than
is USP22, likely reflecting the role ATXN7L3 plays as an essential
partner of SAGA-independent DUBs USP27X and USP51 (Atanassov
et al, 2016). Additionally, the discovery that USP22 controls the
ubiquitylation status of multiple Mediator/PIC subunits suggests a
potential role for SAGA in transcriptional regulation, though addi-
tional experiments are necessary to further elucidate the mechanism
behind these interactions. The apparently metazoan-specific activity
of SAGA on Mediator function reported here is consistent with
observations that human Mediator itself has a set of functions and
even individual subunits that do not appear in yeast (Sato et al,
2004; Ishikawa et al, 2006; Bourbon, 2008; Malovannaya et al,
2011; Huang et al, 2012). Numerous studies have shown that USP22
activity is essential across many forms of cancer (Yang et al, 2018).
In light of successful efforts to therapeutically target similar epige-
netic regulators, an increased understanding of USP22’s mechanism
of action may have near-term clinical implications.
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Materials and Methods
ChIP and ChIP-seq

ChIP-seq was performed as described previously (Schmidt et al,
2009) with minor modifications. Antibodies were conjugated to
either Dynabeads Protein A (rabbit) or Dynabeads Protein G
(mouse) (Thermo Fisher). Cells were fixed in 1% formaldehyde for
10 min at room temperature, followed by quenching with 0.18 M
glycine for 5 min. Cells were harvested and chromatin was
extracted as described. Chromatin was sheared to 100-300 bp frag-
ments using the Q800R2 Sonicator with circulating chiller (QSon-
ica), for 25 min at 50% amplitude, 20 s on/20 s off. Sheared
chromatin was incubated with antibodies overnight at 4°C against
indicated proteins. Wash steps were performed as described with
the exception of ChIP samples for USP22, pSer5 Pol II BioLegend #:
920304), and pSer2 Pol 1I (BioLegend #: 920204), which were
washed in buffers containing 0.025% SDS instead of 0.1% SDS.
pSer5 and pSer2 Pol antibodies were bound to beads as previously
described (Morris et al, 2005). Immunoprecipitated chromatin
underwent elution, reverse cross-linking, RNAse A treatment,
proteinase K digestion, and phenol:chloroform extraction. For ChIP-
seq, 10 ng of DNA from inputs and IPs was used to prepare libraries
using Accel-NGS 2S Plus DNA Library Kit (Swift Biosciences, MI)
following the manufacturer’s protocol with an additional wash at
the end using SPRIselect beads (Beckman Coulter, IN) to remove
any larger products that could interfere with clustering on the
instrument. Final libraries at a concentration of 1 nM were
sequenced on NextSeq 500 using 75 bp single-end chemistry. Each
IP condition was performed in biological replicate. For ChIP and
ChIP-seq, antibodies used were USP22 (Novus Biologicals #: NBP1-
49644), GCNS (Santa Cruz #: sc-20698), ATXN7L3 (Bethyl Laborato-
ries #: A302-800A), Pol II (Santa Cruz #: sc-899), Ub-H2B (Millipore
#: 05-1312), MED1 (Bethyl Laboratories #: A300-793A), MED16
(Abcam #: ab130996), TBP (Abcam #: ab818), TFIIB (Santa Cruz #:
sc-225)), TFIIF (Abcam #: ab28179), TAF7 (Santa Cruz #: sc-
101167), Ub-H2B (Millipore #: 05-1312), ATF4 (Cell Signaling #:
11815), and XBP1s (Cell Signaling #: 12782). For ChIP-gqPCR, primer
sequences are available in Appendix Table S1.

ChIP-seq analysis

ChIP-seq data were aligned using bowtie (Langmead et al, 2009)
against the hgl9 version of the human genome, and HOMER
(Heinz et al, 2010) was used to generate bigwig files and call
significant peaks vs input of samples using -style factor option (-
style histone option for ubH2B) with duplicate reads ignored.
Peaks that passed FDR< 5% threshold were considered significant.
ChIP-seq signals for any regions were derived from bigwig files
using bigWigAverageOverBed tool from UCSC toolbox (Kent et al,
2010) with mean0O option and normalized within each binding
factor using upper quartile normalization to account for ChIP pull-
down efficiency differences between experiments. Fold differences
between samples were calculated with average input signal 0.35
used as a floor for the minimum allowed signal. Ensemble
GRCh37.p7 transcriptome information was used to identify the
main gene transcript and its transcription start site (TSS) as a tran-
script with a significant Pol2 peak and the best Pol2 signal vs
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input within 500 bp from the start site. 16,932 genes with identi-
fied main transcripts were considered. Regions with 500 bp
around TSS, 500 bp around 3 kb downstream from TSS, and gene
body (TSS to end) were used to calculate normalized enrichment.
Estimation of significance of a region’s differential binding
between groups pairs was done using DESeq2 (Love et al, 2014)
and FDR< 5% results were considered significant. ChIP-seq pro-
files showing distribution of signal 3 kb around TSS, upstream
from TSS, and downstream from gene end were done using 50 bp
bins. Distribution of the ChIP-seq signal across the gene body was
done using 2% gene length bins. Average signal for multiple genes
was calculated using geometric mean.

H3K4me3 HiChIP and HiChIP analysis

HiChIP was performed as described previously (Mumbach et al,
2016). Cells were fixed in 1% formaldehyde for 10 min at room
temperature, followed by quenching with 0.125 M glycine for
5 min. Cells were harvested and cross-linked chromatin was
extracted, Mbol-digested, biotin-labeled, and ligated as described.
Chromatin was sheared to 100-300 bp fragments using the
Q800R2 Sonicator with circulating chiller (QSonica), for 25 min at
50% amplitude, 20 s on/20 s off. Sheared chromatin was incu-
bated with anti-H3K4me3 (Sigma #: 07-473) for 2 h at 4°C against
indicated proteins. Wash, elution, reverse cross-linking, biotin
purification, and TnS tagmentation steps were performed as
described. Libraries were constructed using Nextera XT Index Kit
(lumina) and size selected using AMPure XP beads (Beckman
Coulter) as described.

Raw HiChIP data were aligned using bowtie2 (v2.2.4) algorithm
(Li & Durbin, 2009) against hgl9 and processed using HiC-Pro
(v2.11.3) software (Servant et al, 2015) with default parameters.
Loops across all samples were identified based on HiC-Pro output
using hichipper (v0.7.7) R package (Lareau & Aryee, 2018), and
significantly identified loops that passed FDR< 1% threshold were
taken for further analysis. Paired comparisons between conditions
were performed using diffloop (v1.16.0) R package (Lareau & Aryee,
2018), and results that passed FDR< 5% were considered significant.

Cell culture, viral infection, transfection, and treatment

The human cell line HCT116 was obtained from American Type
Culture Collection (ATCC). The ectopic USP22-inducible HCT116
tetracycline hydrochloride (Tet)-operable cell line was generated by
cloning pcDNA3.1 FLAG-USP22 into the pLenti6.3/V5/TO-DEST
vector using the Virapower T-Rex system (Thermo Fisher). Cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM,
Mediatech) supplemented with 10% fetal calf serum (FBS, Gemini
Bio-Products) and 2.5 pg/ml Plasmocin (Invivogen) at 37°C in
5% CO,.

As indicated, cells were infected with lentiviral shRNA plasmids
corresponding to USP22 (XM_042698.6-914s1cl, NM_015276.1-
545s21cl, NM_015276.1-1366s21cl, XM_042698.6-1921slcl),
ATXN7L3 (NM_001098833.1-1008s21c1), GCN5 (NM_021078.1-
2484s1cl), PCAF (NM_003884.3-987s1cl), and control luciferase
shRNA (SHC007) that were obtained from the TRC collection
(Sigma-Aldrich) as previously published. Cells were selected with
5 pg/ml puromycin (Sigma-Aldrich) 24 h after infection.
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For indicated experiments, cells were treated with 100 nM Thap-
sigargin (Sigma-Aldrich), 10 uM MG132 (SelleckChem), 8 ng/ml
tetracycline hydrochloride (Sigma-Aldrich), 50 uM PR619 (Life
Sensors), and 5 pM o-phenanthroline (LifeSensors).

Apoptosis assays

Cells were treated with 100 nM Thapsigargin for the indicated time
points. For Cas3/7 visualization, cells were plated in triplicate in 6-
well plates along with cleaved caspase 3/7 dye and images were
captured every 4 h on the Incucyte Live Cell Analysis System (Sarto-
rius). For flow cytometry, cells were harvested and labeled with
Annexin V and propidium iodide. Fluorescence was measured on
the BD FACSCalibur (BD Biosciences).

Immunoblotting, cellular fractionation, and mRNA analysis

Cells were harvested and lysed in a Nonidet P-40-based whole-cell
lysis buffer supplemented with protease inhibitor cocktail (Sigma-
Aldrich). Lysate concentration was determined using the bicin-
choninic acid (BCA) assay and analyzed by SDS-PAGE using anti-
bodies against USP22 (Novus Biologicals #: NBP1-49644), PARP
(Cell Signaling #: 9532), caspase 3 (Cell Signaling #: 9662), actin
(Santa Cruz #: sc-8432), GAPDH (Cell Signaling #: 2118), CHOP
(Cell Signaling #: 2895), GRP78 (Cell Signaling #: 3177), Ub-H2B
(Millipore #: 05-1312), histone H2B (Santa Cruz #: sc-10108), PERK
(Cell Signaling # 5683), TBP (Abcam #: ab818), TFIIF (Abcam #:
ab28179), Pol II (Santa Cruz #: sc-9001), MED24 (Bethyl Laborato-
ries #: A301-472A), MED16 (Abcam #: ab130996), ORC2 (BD
Pharmingen #: 559266) and f-tubulin (Sigma-Aldrich #: T4026),
ubiquitin (Santa Cruz #: sc-9133), ATF4 (Cell Signaling #: 11815),
ATF6 (Abcam #: ab11909), Xbpls (Cell Signaling #: 12782), GCN5S
(Santa Cruz #: sc-20698), ATXN7L3 (Bethyl Laboratories #: A302-
800A), MED16 (Abcam #: ab130996), and pan-14-3-3 (Santa Cruz #:
sc-1657). Cellular fractionations were performed as described previ-
ously (Carey et al, 2009).

Total RNA was extracted using TRIzol™ (Thermo Fisher) and
reverse-transcribed using the High-Capacity cDNA Reverse Tran-
scription Kit (Thermo Fisher) according to the manufacturer’s
instructions. qRT-PCR was performed using Fast SYBR™ Green
(Thermo Fisher) as described (Zhang et al, 2005). mRNA levels
between samples were normalized to 18S transcript levels. Primer
sequences are available in Appendix Table S1.

UbiScan®

Samples were analyzed using the PTMScan® method as previously
described (Rush et al, 2005; Stokes et al, 2012; Stokes et al, 2015).
Briefly, HCT116 cells were infected with shRNA against either
control (shLuc) or USP22 (shUSP22). Cellular extracts were
prepared in 8 M urea buffer, sonicated, centrifuged, reduced with
DTT, and alkylated with iodoacetamide. Total protein (15mg) for
each sample was digested with trypsin and purified over C18
columns for enrichment with the Ubiquitin K-GG Remnant Motif
antibody (#5562). Enriched peptides were purified over C18 STAGE
tips(Rappsilber et al, 2003) and analyzed by mass spectrometry as
described previously(Gennaro et al, 2018). A 2.5-fold cutoff was
used to denote changes between samples and analytical % CV
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values were calculated for each peptide to determine reproducibility
across runs.

UbiTest”

HCT116 cells were harvested after 6 days of knockdown and 4 h
after proteasome inhibition with MG132. Cells were lysed in RIPA
buffer supplemented with protease cocktail inhibitor, PR619, and o-
phenanthroline. Protein lysate was incubated with o-Ub TUBEI1
agarose resin, eluted, and digested with global DUB USP2 for 2 h to
remove polyubiquitylation, as recommended by the manufacturer
(LifeSensors). Undigested and digested samples were analyzed by
SDS-PAGE and immunoblotting.

For the in vitro USP22 digestion reactions, protein lysate was
incubated with o-Ub TUBE1 agarose resin, washed, and eluted.
Elutions were then incubated with either buffer, recombinant USP2
(a non-specific DUB), or hDUB module recombinantly expressed
from baculoviral constructs and purified from Sf9 cells. Undigested
and digested samples analyzed by SDS-PAGE and
immunoblotting.

were

Statistical analysis

Data collected from at least three independent experiments are
presented as mean + SEM. For ChIP-seq profiles, statistical analysis
was performed using non-parametric Mann-Whitney tests between
values from all replicates of one comparison group versus another;
significance is explicitly indicated. Linear regression analysis was
performed in Microsoft Excel; R* values and significance are explic-
itly indicated. For the apoptosis time course, two-way ANOVA
followed by Tukey’s HSD as post hoc assessment of pairwise
comparisons was performed in Microsoft Excel; significant pairwise
comparisons are indicated with *. For comparison between two
groups, statistical testing was performed using SPSS with differences
between two groups determined by Student’s t-test; significance is
denoted as *P < 0.05; **P < 0.01; and ***P < 0.005.

Data availability

The datasets produced in this study are available in the following
databases:

® ChIP-seq data: Gene Expression Omnibus GSE121798 (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc = GSE121798)

® HiChIP data: Gene Expression Omnibus GSE158108 (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc = GSE158108)

Expanded View for this article is available online.
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