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Abstract

Interferons protect from virus infections by inducing hundreds of interferon-stimulated
genes (ISG) which orchestrate anti-viral adaptive and innate immunity. Upon viral infection
or type | interferon (IFN) stimulation of cell lines, a histone modification, monoubiquitinated
histone 2B (H2Bub1), increases at ISG loci, raising the possibility that a specific chromatin
state can broadly stimulate IFN immunity in vivo. Here we show that, in the absence of
virus infection or elevated interferon levels, mice lacking the relevant deubiquitinase,
Usp22, in immune cells have elevated H2Bub1 levels. Hypermonoubiquitinated H2B is
physically associated with dozens of ISG loci, and expression of large numbers of ISG is
upregulated. This epigenetic state promotes intracellular and systemic immune
phenotypes akin to adaptive and innate interferon immunity, and thereby identifies Usp22

as a negative regulator of interferon immunity.
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Introduction

Interferons are cytokines produced upon viral and bacterial infections which exert their
function through the induction of several hundred ISG. On the cellular level, ISG
expression confers an anti-viral state by a plethora of mechanisms, including inhibition of
viral entry and replication (reviewed in Schneider et al., 2014). Organismal interferon-
mediated effects include HSC activation (Baldridge et al., 2010; Essers et al., 2009),
increased myelopoiesis (Buechler et al., 2013), impaired B cell development (Lin et al.,
1998), spontaneous T cell activation as well as increased germinal center formation,
enhanced plasma cell differentiation and increased immunoglobulin production (Jego et
al., 2003) (reviewed in lvashkiv and Donlin, 2013). While it is well established that the
activation of STAT transcription factors downstream of IFN receptor engagement drives
the expression of ISG and thereby mediates the effects of IFN (reviewed in Schneider et
al., 2014), it is unclear whether there is a unifying chromatin state underlying such diverse
responses across the immune system.

Monoubiquitinated H2B (H2Bub1) is an activating chromatin mark found in the
transcribed regions of highly expressed genes (Minsky et al., 2008). In mammalian cells,
H2B monoubiquitination is catalyzed by the RNF20/RNF40 E3 ubiquitin ligase complex
(Zhu et al., 2005). While perturbation of H2Bub1 levels only affects a minor fraction of the
transcriptome (Shema et al., 2008; Xie et al., 2017), especially inducibly transcribed genes
are sensitive to impaired H2B monoubiquitination (Shukla and Bhaumik, 2007; Prenzel et
al., 2011; Shema et al., 2008). Upon viral infection or type | interferon stimulation of cell
lines, H2Bub1 levels increase (Fonseca et al., 2012). USP22 is the enzymatically active
component of the SAGA deubiquitinase module, and acts as an H2Bub1 deubiquitinase
(Zhang et al., 2008a; Zhao et al., 2008). Collectively, these findings raise the intriguing
possibility that increased levels of H2B monoubiquitination induce ISG expression and
stimulate interferon phenotypes in vivo even in the absence of an external interferon signal
or a virus infection. Here, we tested this idea by generation followed by cellular and
molecular analysis of mice lacking Usp22 in the immune system, in which H2Bub1 levels

are enhanced via loss of the deubiquitinase.
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Results

Consequences of Usp22 gene deletion on H2B monoubiquitination, and expression
of interferon-stimulated genes
We first examined whether Usp22 regulates H2Bub1 levels in hematopoietic cells in vivo.

Given that global loss of Usp22 is embryonically lethal (Lin et al., 2012), we generated
Usp22ﬂ/ fl Vav1-Cre mice with pan-hematopoietic Usp22 deletion (termed Usp22 KO) (Fig.

1A). Single cell genotyping revealed efficient deletion of the Usp22 gene across the
immune system (Fig. 1B). Consequently, Usp22 mRNA expression was largely abrogated
(Fig. 1C). At histones, levels of monoubiquitinated H2B were determined by western
blotting, using total H2B as loading control. Across all tested hematopoietic cell types (for
cell types see figure legends) H2Bub1 levels were markedly enhanced in the absence of
Usp22 (Fig. 1D; see Materials and methods). Hence, Usp22 is a non-redundant H2Bub1
deubiquitinase in hematopoietic cells.

Gene expression analysis in wild type and Usp22 KO cells by RNA sequencing
identified 380 differentially expressed genes (DEG) (212 upregulated and 168
downregulated in Usp22 KO versus wild type) (Fig. S1A), hence only a minor fraction of
the transcriptome (Shema et al., 2008; Xie et al., 2017) was deregulated. Of note, gene
ontology (GO) term analysis of the DEG showed that genes upregulated in Usp22 KO
cells were associated with inflammation and immune responses, including ISG
represented by GO terms “cellular response to IFN-B” and “cellular response to IFN-y”
(Fig. 1E). Expression of individual DEG within relevant GO terms identified in Fig. 1E is
shown in Fig. 1F. Gene set enrichment analysis (GSEA) revealed enhanced expression
of both IFN-a and IFN-y target genes in Usp22 KO cells (Fig. S1B). Intersecting DEG with
a comprehensive set of ISG previously found across immune cells (Mostafavi et al., 2016)
identified larger numbers of ISG upregulated in Usp22-deficient cells (Fig. S1C).
Upregulation of interferon target genes upon loss of Usp22 was not only apparent in
hematopoietic stem and progenitor cells, but also in primary pre-B cells (Fig. S1D), and
pro-B cells (data not shown). In line with these findings, Usp22 KO cells showed increased
cell surface expression of MHC class Il (Fig. S1E), and higher Stat-1 (Fig. S1F), and /fi47
(Fig. S1G) mRNA levels, all of which are IFN-regulated. Importantly, serum concentrations

of IFN-a, IFN-B and IFN-y were not elevated in Usp22 KO compared to wild type mice
4
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(Fig. 1G), and expression of the receptors for type 1 or type 2 IFNs was not increased
(Fig. S1H, I). An extensive survey for pathogens found no evidence for infections in Usp22
KO mice (Table S1). Collectively, deletion of Usp22 in hematopoietic cells leads to
enhanced monoubiquitination of H2B, and increased expression of inflammation-
associated genes, including ISG. These phenotypes were observed in mice lacking signs

of infections or diseases, and in the absence of elevated interferon levels.

Usp22 deficiency mimics interferon-related adaptive immunity

Interferons have pleiotropic effects on adaptive immunity, notably augmenting B cell
responses and antibody production, and activation of T cells (reviewed in Ivashkiv and
Donlin, 2013). In line with their overall IFN response-like phenotype, numbers of germinal
center (GC) B cells were increased in the spleens of Usp22 KO mice (Fig. 2A, B), and
plasma cell (PC) numbers were elevated in the spleen and bone marrow (Fig. 2C-E).
Consistent with this increase in PC numbers, serum concentrations of IgM, 1gG1, 1gG2b
and IgA immunoglobulin isotypes were elevated in Usp22 KO mice (Fig. 2F). GC B cell
and PC accumulation, and enhanced antibody production were recapitulated in
lymphocyte specific (Usp22ﬂ/ﬂ x CD127-Cre) (Fig. S2A-E), but not B cell specific
(Usp22ﬂ/ﬂ x CD19-Cre) (Fig. S2F-1) Usp22 KO mice, arguing for a lymphocyte-intrinsic
but B cell-extrinsic effect.

T cell analysis uncovered spontaneous T cell activation upon pan-hematopoietic
and lymphocyte-specific deletion of Usp22 (Fig. 2G, H; Fig. S2J, K), Importantly, Usp22
deletion in lymphocytes resulted in enhanced differentiation of naive T cells into
CXCR5*PD-1* T follicular helper (Ten) cells (Fig. 21, J; Fig. S2L, M). Given the central role
of Trn cells in the germinal center reaction, their accumulation matches the increased
numbers of germinal center B cells, plasma cells and the enhanced antibody production.
Finally, we found evidence for autoantibody production, including reactivity against double
stranded DNA (Fig. 2K), and HEp-2 cells (Fig. 2L), consistent with the known link between
chronic IFN responses and autoimmunity (Crow et al., 2019). Taken together, our results

indicate that Usp22 deficiency phenocopies typical IFN-stimulated adaptive immunity.
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Usp22 deficiency mimics interferon stimulation in hematopoiesis in vivo

Interferon stimulation has profound effects on bone marrow hematopoiesis, including cell
cycle activation of HSC (Essers et al., 2009; Baldridge et al., 2010), increased myeloid
output (Buechler et al., 2013) and impaired B cell development (Lin et al., 1998). Given
that Usp22 KO cells showed a marked ISG expression signature, we analyzed Usp22 KO
mice for interferon phenotypes in hematopoiesis. Usp22 KO mice had decreased absolute
numbers of phenotypic long-term hematopoietic stem cells (LT-HSC), accompanied by
markedly increased proliferation (Fig. S3A, B). The next hallmark of hematopoiesis in
Usp22 KO bone marrow were elevated numbers of myeloid cells (Fig. 3A), and reduced
numbers of B cells (Fig. 3B). Immature granulocytes, characterized by low expression of
Gr-1/Ly6G, were enriched (Fig. 3C, D; Fig. S3C, D). Consistent with inflammatory
myelopoiesis, numbers of macrophages and Ly6C"9" inflammatory monocytes, but not
Ly6C'°* patrolling monocytes, were increased in Usp22 KO bone marrow (Fig. S3E).

To address whether phenotypes in myelopoiesis were cell-intrinsic, Usp22 KO
bone marrow cells were transplanted competitively into lethally irradiated recipients (Fig.
3E), leading to the re-emergence of the immature granulocyte phenotype from Usp22 KO
donor bone marrow (Fig. 3F). At the progenitor level, Usp22-deficient common myeloid
progenitors (CMP) were cell intrinsically more competitive versus total bone marrow than
wild type CMP (Fig. 3G, H, I; Fig. S3F). Elevated numbers of immature granulocytes,
monocytes and macrophages, and enhanced myeloid output upon adoptive transfer of
CMP are all evidence for cell-autonomously enhanced myelopoiesis, a hallmark of

interferon immunity, in the absence of Usp22.

Usp22 KO progenitors generate myeloid cells in lieu of B lymphocytes in vitro

To test whether myelopoiesis was favored even under conditions promoting B cell
development, we cultured wild type and Usp22 KO hematopoietic stem and progenitor
cells (HSPC) on OP9 stromal cells in the presence of lymphoid growth factors, IL7 and
FIt3 ligand (Nakano et al., 1994; Cho et al., 1999). Input cells were uncommitted, and
lacked expression of myeloid or B cell lineage markers (Fig. 4A, upper panels). Wild type
progenitors gave rise, as expected, to B220*CD11b" B lineage cells. In marked contrast,
Usp22-deficient progenitors yielded almost exclusively B220-CD11b* myeloid lineage

cells (Fig. 4A, lower panels, Fig. 4B). To address whether this fate bias was cell-
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autonomous, we set up cultures from mixed HSPC populations (50% Usp22 wild type
cells and 50% Usp22 KO cells), and analyzed their progeny after culture. Usp22-deficient
progenitors again made myeloid cells while the B cell fate of wild type cells was
unperturbed in the presence of Usp22-deficient cells (Fig. 4C, D). Thus, Usp22 KO
progenitors generate myeloid cells even under B cell promoting conditions in a cell-
intrinsic manner. This phenotype was not transmittable to co-cultured wild type cells.
Finally, we exploited this system to analyze whether the Usp22 KO phenotype was
reversible, akin to a switch, upon re-introduction of Usp22 into Usp22-deficient
progenitors. Following transduction with a retroviral vector expressing Usp22 cDNA, levels
of H2Bub1 decreased (Fig. S4A), and the cells regained B cell potential (Fig. S4B, C).
Hence, Usp22 can reduce monoubiquitination of H2B within days, and the developmental

bias from B to myeloid lineages is rapidly reversible.

Usp22 deficiency impairs B lymphocyte development

In keeping with the inhibition the B cell development in the bone marrow by interferons
(Lin et al., 1998), total numbers of B220* cells were reduced in Usp22 KO mice (Fig. 3B).
Closer inspection of stages of B cell development (Hardy et al., 1991) pinpointed the
defect to fraction D (B220*CD43'lgM") and onwards stages (Fig. 5A). The decrease of
more mature B cells in Usp22 KO mice is evident by the altered proportions of CD43*
(more immature) versus CD43 (more mature) B220" cells (Fig. S5A). The partial
developmental block at the transition to the pre-B cell stage (fraction D) was associated
with increased apoptosis of pre-B cells and following stages (Fig. 5B), again in keeping
with an interferon-stimulation-like phenotype (Grawunder et al., 1993). RNA sequencing
showed, in addition to enhanced ISG expression (Fig. S1D), strongly decreased
expression of Myc and Myc target genes in Usp22-deficient pre-B cells (Fig. 5C),
consistent with suppression of Myc mRNA expression by type | interferon-induced genes
(Sarkar et al., 2006). Collectively, the stage of the developmental impairment, the increase
in apoptosis, and the loss of Myc target gene expression all resemble the effects of Myc
deficiency on B cell development (Vallespinds et al., 2011). The partial block in B cell
development, reflected by the larger representation of CD43*B220* cells, was
recapitulated in mixed bone marrow chimeras (Fig. S5B, C), demonstrating the cell

intrinsic basis of this phenotype. In the spleens, absolute numbers of B220*CD19* B cells
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were reduced in Usp22-deficient mice (Fig. S5D), mainly resulting from a reduction in
follicular | B cells (CD19*IgM IgD*CD93") (Fig. S5E). Collectively, Usp22 KO mice show a
cell-intrinsic incomplete block in B cell development which is, however, still permissive to

generate all splenic B cell subsets.

Usp22 deficiency increases H2B monoubiquitination of nucleosomes at ISG loci

In order to intersect gene expression changes caused by Usp22 deficiency with alterations
in locus-specific H2Bub1 levels and chromatin accessibility, we complemented the RNA
sequencing data with chromatin immunoprecipitation (ChIP) sequencing and assay for
transposase accessible chromatin (ATAC) sequencing. We used ChIP sequencing to
identifiy H2Bub1-bound loci in wild type and Usp22 KO cells. Genome-wide data revealed
the typical pattern of gene body H2B monoubiquitination (Shema et al., 2008), with
H2Bub1 levels peaking at the beginning of the transcribed region and then decreasing
towards the end of the gene body (Fig. S6A). H2B monoubiquitination was absent in the
gene bodies of non-expressed genes, and high in the transcribed regions of strongly
expressed genes (Fig. S6B), consistent with RNA polymerase IlI-dependent recruitment
of the RNF20/RNF40 complex (Zhang and Yu, 2011). Both of these principle attributes of
H2Bub1 were unaffected by Usp22 deficiency (Fig. S6A, B). However, Usp22 deficiency
strongly increased H2B monoubiquitination of nucleosomes at transcribed loci (Fig. S6B,
bottom panels). Consistent with the interferon-like phenotype observed in Usp22-deficient
mice, gene body H2B monoubiquitination was also enhanced at genes normally regulated
by IFN in Usp22 KO cells (Fig. 6A, Fig. S6C).

In search for a link between altered gene expression and enhanced H2B
monoubiquitination in Usp22-deficient cells, we integrated RNA sequencing and H2Bub1
ChIP sequencing data. Looking at all genes, the correlation between change in expression
and change in gene body monoubiquitination upon loss of Usp22 was poor (Fig. 6B, left
panel). In contrast, there was good correlation between change in expression and change
in gene body monoubiquitination for differentially expressed genes (Fig. 6B, right panel),
arguing for a gene set-specific role of Usp22 in the regulation of gene expression. Of note,
genes downregulated in Usp22 KO cells did not show a consistent change in gene body
H2B monoubiqutination (Fig. 6B, right panel, lower quadrants), suggesting that changes

in mMRNA expression do not automatically result in alterations of H2Bub1 levels. Based on
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ATAC sequencing, genes differentially expressed between wild type and Usp22 KO cells
showed on average no changes in promoter accessibility (Fig. S6D), and for individual
genes there was no correlation between change in expression and change in promoter
accessibility upon loss of Usp22 (Fig. S6E). In order to identify genes directly regulated
by Ups22 through H2B monoubiquitination, we searched for genes for which both mRNA
expression and gene body H2Bub1 levels changed (either up or down). In total, we
identified 118 such genes, of which 102 showed increased H2B monoubiquitination (Fig.
6C, right quadrants), and 93 exhibited both enhanced H2B monoubiquitination and
increased mMRNA expression in Usp22 KO cells (Fig. 6C, upper right quadrant). When
filtering differentially expressed and ubiquitinated genes for ISG (26 genes), all of these
showed both enhanced expression and increased H2B monoubiquitination (Fig. 6C, red
dots). Among all genes, for which we obtained information both on gene expression and
gene body H2Bub1 levels, each regardless of change, approximately 8% were ISG
(Mostafavi et al., 2016), roughly representing ISG abundance in the genome (Fig. 6D, all
genes). By comparison, genes that were both differentially expressed and ubiquitinated
in Usp22-deficient cells were enriched almost 3-fold for ISG (Fig. 6D, DEG & DUG),
implying preferential regulation of ISG by Ups22 and H2B monoubiquitination levels. Of
note, both the group of all differentially expressed and differentially ubiquitinated genes
(mostly upregulated and hyperubiquitinated), and the group of differentially expressed and
differentially ubiquitinated ISG (exclusively upregulated and hyperubiquitinated) showed
no change in promoter accessibility (Fig. S6F). Taken together, these data demonstrate
that USP22 acts as a deubiquitinase for monoubiquitinated H2B at ISG loci. Higher
H2Bub1 levels were observed at more than half of the upregulated ISG loci (26 of 48)
(Fig. 6C, Fig. S1C). Enhanced ISG expression in Usp22 KO cells was independent of

increased promoter accessibility.

Discussion

Combining immunophenotyping with transcriptome and epigenome analysis of three
different stage- and lineage-specific Usp22 knock-out mouse lines, we identified Usp22
as a molecular switch that coordinates diverse intracellular and systemic interferon
responses in vivo. Interferons are secreted by most cell types upon viral or bacterial

infections, and play pivotal roles in host defense. Engagement of the type | IFN receptor
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results in phosphorylation of STAT proteins and formation of STAT homo- or heterodimers
that translocate into the nucleus. Depending on their composition and association with
additional factors, such as IRF9, STAT dimers can bind to the promoters of different
classes of ISG and activate their transcription (Ilvashkiv and Donlin, 2013; Schneider et
al., 2014). While processing and relay of intracellular IFN signaling is multifaceted, it is
unknown whether an epigenetic state exists that elicits downstream ISG expression,
ultimately driving IFN-associated innate and adaptive immune responses.

While previous data showed in a cell line that H2Bub1 is required for ISG
expression (Fonseca et al., 2012), a key question was whether higher levels of H2B
monoubiquitination are sufficient to drive ISG expression. If so, the enzymes modulating
the degree of H2B monoubiquitination might allow to regulate intracellular and systemic
IFN responses, with the E3 ubiquitin ligase RNF20 catalyzing, and the H2B deubiquitinase
USP22 reversing H2B monoubiquitination. We observed stronger H2B monoubiquitination
in Usp22-deficient immune cells in mice which is consistent with a perturbed balance
towards higher H2B monoubiquitination in the absences of this deubiquitinase (Li et al.,
2018; Melo-Cardenas et al., 2018; Cortez et al., 2020). Usp22 deficiency resulted not only
in increased H2Bub1 levels, but also enhanced ISG expression. Consistent with
upregulated ISG expression, pan-hematopoietic Usp22 KO mice exhibited hallmarks of
the systemic IFN response, including increased HSC proliferation, enhanced
myelopoiesis, impaired B cell development, spontaneous T cell activation, increased
numbers of germinal center B cells and plasma cells, elevated immunoglobulin serum
concentrations and the presence of autoantibodies. Considering the broad range of IFN-
driven processes affecting multiple arms of immunity, it seems remarkable that most, if
not all, can be elicited by loss of Usp22. It remains to be determined whether these broad
effects are mediated by cell type-specific or universal transcriptional changes driven by
the loss of Usp22. In the context of a virus infection, Usp22 regulates IRF3 localization
and activity, a transcription factor driving the expression of IFN-B (Cai et al., 2020).
However, our results indicate that increased ISG expression, and IFN-related immunity
upon Usp22 deletion develop in the absence of detectable signs of bacterial or viral
infections and elevated serum IFN levels. Altered hematopoiesis (enhanced myelopoiesis,
myeloid bias, and impaired B cell development) occurred in a cell-autonomous manner in

mixed bone marrow chimeras, and in co-culture experiments in vitro, arguing against the

10


https://doi.org/10.1101/2021.04.09.439190

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.09.439190; this version posted April 11, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

involvement of a secreted factor that would transfer the phenotype from Usp22 KO to wild
type cells. In contrast to the cell-autonomous effects described before, the phenotypes
affecting the adaptive immune system (T cell activation, GC B cell and PC numbers,
immunoglobulin levels) were dependent on lymphocyte- but not B cell-specific Usp22
deletion, consistent with a recent report demonstrating that Usp22 stabilizes FOXP3, and
thereby restricts anti-tumor T cell responses as well as autoimmune reactions in a
regulatory T cell-intrinsic manner (Cortez et al., 2020). Our data broaden these findings
as they demonstrate that lymphocyte-specific Usp22 deficiency leads to enhanced
immunoglobulin production, most likely due to increased numbers of T follicular helper
cells. Given that these processes ultimately result in the production of autoantibodies,
further extending the function of Usp22 as a gatekeeper of autoimmunity, it remains to be
determined how the broadly 'pre-activated' interferon response by loss of Ups22 affects
immunity beyond anti-tumor responses (Cortez et al., 2020).

Mechanistically, in Usp22-deficient cells, about half of the ISG loci with enhanced
expression showed increases nucleosomal H2B monoubiquitination. ISG with stronger
expression upon loss of Usp22 did not exhibit higher promoter accessibility, implying that
expression changes driven by Usp22 deficiency and increased H2Bub1 levels are likely
caused by events subsequent to transcription factor binding and RNA polymerase I
recruitment. H2Bub1 has been implicated in the positive regulation of transcriptional
elongation (Pavri et al., 2006), which might account for the observed transcriptome
changes in Usp22-deficient cells. It thus appears that downstream from transcription
factor binding H2B monoubiquitination serves as an amplifier of expression of large
numbers of ISG. According to this view, Usp22 is a negative regulator of ISG expression
in vivo. These novel insights into the broad immunological functions of Usp22 might be
relevant for the treatment of inflammatory diseases, autoimmunity and leukemias as well

as the improvement of vaccination strategies.
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Materials and methods

Mice

Usp22 flox mice (B6-Usp22imc(KOMPWis)) \were crossed to Vav1-Cre (B6.Cg-
Commd1QT79(Vavi-icre)A2Kiol J) (de Boer et al., 2003), CD127-Cre (B6;129-|[7rtm1-1(icre)Hr)
(Schlenner et al., 2010) or CD19-Cre mice (B6.129P2(C)-Cd19im1(cre)Can/ ) (Rickert et al.,
1997) to obtain Usp22 KO, Usp22 lyKO or Usp22 bKO mice. B6.SJL-Ptprc? Ptprc® mice,
used as recipients in competitive transplantation experiments, were derived by inter-
crossing C57BI/6J mice (carrying the Ptprc®/CD45.2 allele) with B6-Ptprc? mice (carrying
the Ptprc®/CD45.1 allele). Mice were kept in individually ventilated cages under specific
pathogen-free conditions in the animal facility of the German Cancer Research Center
(DKFZ, Heidelberg). For most experiments, Cre-positive mice carrying two Usp22 wild
type alleles were used as wild type controls. Both male and female mice were used. No
randomization and no blinding were done. All animal experiments were performed
according to institutional and governmental regulations, and were approved by the

Regierungsprasidium Karlsruhe, Germany.

Bone marrow and CMP transplantation

Recipient mice were lethally irradiated with a split dose of 2 x 5.5 Gy using a Cs137
Gammacell 40 irradiator with a time interval of three to four hours between the two
irradiation cycles. Donor cells (in PBS) were injected into the tail veins. For competitive
bone marrow transplantations, 1x10° test bone marrow cells (derived from Usp22 KO mice
or wild type littermates, both expressing CD45.2) were transplanted together with 1x10°
competitor bone marrow cells (derived from B6-Ptprc? mice) into the same recipient. For
CMP transplantations, 1x10* test CMP (derived from Usp22 KO mice or wild type
littermates, both expressing CD45.2) were transplanted together with 1x10° competitor
bone marrow cells (derived from B6-Ptprc® mice) into the same recipient. Mice were kept

on Neomycin containing drinking water for two weeks after transplantation.

Blood and serum collection
Blood samples were collected by puncture of the submandibular vein, or by post mortem

cardiac puncture. For flow cytometry, blood samples were collected into EDTA-coated
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tubes, and subjected to red blood cell lysis using RBC lysis buffer (BioLegend) before
further processing as described below. For serum preparation, blood was collected into
serum tubes, incubated for 30 minutes at room temperature to allow for coagulation, and

centrifuged at 15,0009 for 90 seconds. Serum samples were frozen in aliquots at -80°C.

Preparation of single cell suspensions from hematopoietic organs

Bones (tibiae, femurs, pelvis and spine) freed of other tissues were crushed in FACS
buffer (PBS + 5 % FBS) using mortar and pestle, and filtered through 40 um cell strainers
into 50 ml Falcon tubes. Spleens were mashed with FACS buffer through pre-wetted 40
um cell strainers into 50 ml Falcon tubes using syringe plungers. Cell numbers were

determined using a Cellometer Auto 2000 Cell Viability Counter (Nexcelom).

Flow cytometry and fluorescence activated cell sorting (FACS)

Single cell suspensions, or lysed blood samples were blocked for 15 minutes in 10 %
normal rat serum (diluted in FACS buffer) and stained for 20 minutes in titrated dilutions
of fluorescent dye-labeled antibodies (in FACS buffer) at 4°C. Live/dead cells were
discriminated by Sytox Blue (Thermo Fisher Scientific). For the sorting of HSPC, CMP
and B cell progenitors, bone marrow cells were subjected to lineage depletion prior to
further antibody staining. Cells were labeled with biotinylated antibodies directed against
lineage markers (CD4, CD8, CD11b, CD19 [omitted in the enrichment of B cell
progenitors], Gr-1 and Ter119), and were depleted using anti-biotin microbeads (Miltenyi)
on LS MACS columns (Miltenyi). Samples were analyzed on a LSRFortessa flow
cytometer (BD Biosciences), or sorted on a FACSAria Il cell sorter (BD Biosciences).
Antibodies and second step reagents were: BP-1-PE (clone BP-1), CD4-biotin (GK1.5),
CD4-FITC and CD4-PE (H129.19), CD8a-FITC and CD8a-PE (53-6.7), CD19-biotin
(1D3), CD43-APC and CDA43-biotin (S7), CD45-FITC (30-F11), CD45.2-FITC (104),
CD45R-APC and CD45R-FITC (RA3-6B2), CD93-BV421 (AA4.1), CD95-PE-Cy7 (Jo2),
CD244.2-FITC (2B4), Gr-1-APC and Gr-1-PE (RB6-8C5), IgM-PE (R6-60.2), Kit-APC
(2B8), Ly6G-PerCP-Cy5.5 (1A8), Ter119-PE (TER-119) and Streptavidin-APC-Cy7 from
BD Biosciences, CD3-BV421 (17A2), CD4-Bv421 (GK1.5), CD8a-BVv421 (53-6.7),
CD11b-BV421 (M1/70), CD19-BV421 and CD19-BV605 (6D5), CD21/35-PerCP-Cy5.5
(7E9), CD44-BV605 (IM7), CD45.2-AlexaFluor488 (104), CD48-AlexaFluor700 (HM48-1),
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CD115-BV605 (AFS98), CD138-BV421 (281-2), CD150-PE and CD150-PE-Cy7 (TC15-
12F12.2), CD229-PE (Ly9ab3), CXCR5-PE (L138D7), Gr-1-BV421 (RB6-8C5), IFNAR-1-
PE (MAR1-5A3), IgD-APC and IgD-APC-Cy7 (11-26c¢.2a), Kit-BV711 (2B8), Ly6C-PE
(HK1.4), MHCI-PE (28-8-6), PD-1-AlexaFluor647 (29F.1A12) and Ter119-BV421 (TER-
119) from BioLegend, BP-1-biotin (6C3), CD3-APC-eFluor780 (17A2), CD8a-biotin and
CD8a-PE-Cy7 (53-6.7), CD11b-biotin (M1/70.15), CD11b-PE, CD11b-PE-Cy7, CD11b-
PerCP-Cy5.5 (M1/70), CD16-PE-Cy7 (93), CD23-PE-Cy7 (B3B4), CD24-eFluor780
(M1/69), CD34-eFluor660 (RAM34), CD38-AlexaFluor700 (90), CD45-PE-Cy7 (30-F11),
CD45.1-PE-Cy7 (A20), CD45.2-APC (104), CD45R-PerCP-Cy5.5 (RA3-6B2), CD48-APC
and CD48-FITC (HM48-1), CD62L-FITC (MEL-14), F4/80-APC and F4/80-PE (BM8), Gr-
1-biotin (RB6-8C5), IFNGR-1-PE (2E2), IgM-FITC (eB121-15F9), IgM-PE-Cy7 (Il/41), Kit-
APC-eFluor780 and Kit-PE (2B8), MHCII-APC and MHCII-APC-eFluor780 (M5/114.15.2),
Sca-1-PE-Cy7 and Sca-1-PerCP-Cy5.5 (D7), Ter119-biotin and Ter119-FITC (TER-119),
Streptavidin-APC and Streptavidin-Qdot605 from Thermo Fisher Scientific.

EdU labeling

Mice received 100 ug EdU by intraperitoneal injection and were sacrificed two hours later.
Bone marrow cells were isolated, depleted and stained as described above with the
modification that Zombie Red dye (BioLegend) was used for live/dead cell discrimination.
Afterwards, cells were subjected to Click chemistry based EdU detection using the Click-
iT Plus EdU Alexa Fluor 488 Flow Cytometry Kit (Thermo Fisher Scientific) according to
the manufacturer’s instructions. Samples were labeled with FxCycle Violet stain to assess

DNA content, and data were acquired on a LSRFortessa flow cytometer (BD Biosciences).

Annexin V labeling

Bone marrow cells were isolated and stained as described above. Annexin V labeling was
performed using the FITC Annexin V Apoptosis Detection Kit (BD Biosciences) according
to the manufacturer’s instructions with minor modifications. 10° bone marrow cells were
labeled using 3 ul of FITC Annexin V. Sytox Blue was used for live/dead cell

discrimination. Data were acquired on a LSRFortessa flow cytometer (BD Biosciences).
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Measurement of interferon serum levels
Serum levels of IFN-a, IFN- and IFN-y were determined using the LEGENDplex mouse
type 1/2 interferon panel (BioLegend) according to the manufacturer’s instructions.

Samples were analyzed on a LSRFortessa flow cytometer (BD Biosciences).

Measurement of immunoglobulin serum levels
IgM, 1gG1, IgG2b, IgG3 and IgA serum levels were determined using the LEGENDplex
mouse immunoglobulin isotyping panel (BioLegend) according to the manufacturer’s

instructions. Samples were analyzed on a LSRFortessa flow cytometer (BD Biosciences).

Anti-dsDNA autoantibody ELISA

Levels of anti-dsDNA 1gG were measured by ELISA using MaxiSorp plates (Nunc) coated
with dsDNA from calf thymus (20 pg/ml; Sigma-Aldrich). Sera were added in 1:2 serial
dilutions starting at 1:100. A serum pool obtained from 9-month-old diseased NZB/W mice
served as internal standard. The starting dilution of 1:200 of the NZB/W serum was
arbitrarily assigned to 100 relative units. Goat-anti-mouse 1gG, Fc-specific, coupled to

horseradish peroxidase was used for detection (Jackson ImmunoResearch).

Anti-nuclear antibody (ANA) detection

ANA detection was done by indirect immunofluorescence on HEp-2 cells. Briefly, slides
with fixed HEp-2 cells (EUROIMMUN, Luebeck, Germany) were incubated with 1:50
diluted sera and bound IgG was detected with Cy3-labeled goat anti-mouse IgG, Fc-

specific (Jackson ImmunoResearch).

RNA extraction
RNA was extracted from sorted cells using the Arcturus PicoPure RNA [solation Kit
(Thermo Fisher Scientific) according to the manufacturer’s instructions including the on-

column DNase digestion step.

gRT-PCR
cDNA was synthesized from RNA using the SuperScript Vilo cDNA synthesis kit (Thermo

Fisher Scientific) according to the manufacturer’s instructions. Oligo-dT primers were
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additionally added to the reaction mix. cDNA was diluted and used for gqRT-PCR using
SYBR Green PCR Master Mix (Thermo Fisher Scientific) on a Viia7 Real-Time PCR
System (Applied Biosystems). Fold change expression values were determined with the
comparative delta Ct method using Sdha as reference gene. Primer sequences are given
in Table S2. Forward and reverse primers used for detection of Usp22 mRNA were located

in exon 7 and exon 8, and hence downstream of the loxP site-flanked exon 2.

RNA sequencing

Equal amounts of total RNA were converted into double-stranded cDNA using the
SMARTer Ultra Low Input RNA for Illumina Sequencing — HV kit according to the
manufacturer’s instructions. Sequencing libraries were prepared with the NEBNext ChIP-
Seq Library Prep Master Mix Set for lllumina according to the manufacturer’s instructions
with the following modifications. 10 ul of adapter-ligated double-stranded cDNA were
amplified using NEBNext Multiplex Oligos for lllumina (25 pM primers), NEBNext High-
Fidelity 2x PCR Master Mix and 15 cycles of PCR. Libraries were validated using an
Agilent 2200 TapeStation and a Qubit fluorometer. 50 bp single-read sequencing of

pooled libraries was performed on an lllumina HiSeq 2000 v4.

OMNI-ATAC sequencing

OMNI-ATAC sequencing was performed as described in (Corces et al., 2017) with minor
modifications. Briefly, 50,000 sorted HSPC were lyzed and nuclei subjected to Tn5
mediated transposition for 30 minutes at 37°C. DNA was purified using Ampure XP beads
and used for indexing PCR. Sequences of the used indexing primers are given in Table
S3. The number of PCR cycles was determined by gqRT-PCR as described in (Buenrostro
et al., 2015). Amplified libraries were purified by two-sided Ampure XP bead purification
and validated on a Bioanalyzer (Agilent). 50 bp paired-end sequencing of pooled libraries

was performed on an lllumina HiSeq2500.

ChIPmentation for H2Bub1
H2Bub1 ChIPmentation of HSPC was performed according to (Schmidl et al., 2015) with
minor modifications. Therefore, sorted HSPC were subjected to cross-linking in 1 %

formaldehyde (in PBS) for 10 minutes at room temperature, and cross-linking was stopped
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by adding glycine. Pellets of cross-linked cells were resuspended in shearing buffer (10
mM Tris-HCI pH 8, 0.1% SDS, 1 mM EDTA) supplemented with Complete Protease
Inhibitor Cocktail (Roche), and chromatin was sheared to an average fragment size of
200-250 bp. DNA concentrations were assessed using a Qubit fluorometer, equal
amounts of sheared chromatin were diluted in ChiIPmentation dilution buffer (20 mM
HEPES pH 8.0, 150 mM NaCl, 0.1 % SDS, 1 % Triton-X, 1 mM EDTA, 0.5 mM EGTA),
and incubated with anti-H2Bub1 (clone D11, Cell Signaling Technologies, order no.
5546S) or rabbit isotype control (BioLegend, order no. 910801) antibody over night at 4°C.
On the next day, pre-blocked magnetic Protein A beads were added, and samples
incubated for two hours at 4°C. Bead-bound chromatin fragments were separated on a
magnetic tube rack and washed before they were subjected to tagmentation. Chromatin
fragments bound to magnetic beads were resuspended in 30 ul Tagmentation mix (14 pl
H20, 15 ul Tagment DNA Buffer [lllumina, order no. 15027866], 1 ul Tagment DNA
Enzyme [lllumina, order no. 15027865]) and incubated for 10 minutes at 37°C. Bead-
bound chromatin was washed and decross-linked in elution buffer containing Proteinase
K for eight hours at 56°C. Decross-linked chromatin was purified using Ampure XP beads,
subjected to indexing PCR as described in the section “OMNI-ATAC sequencing” and
purified again with Ampure XP beads. Purified libraries were validated on a Bioanalyzer
instrument. 50 bp single-end sequencing of pooled libraries was performed on an Illlumina
HiSeq2500.

Single-cell Usp22 genotyping

Single cells were sorted directly into PCR tubes containing 25 ul PCR lysis buffer (1x
Buffer 1 from the Expand Long Template PCR System [Roche], 0.5 mg/ml Proteinase K)
and lysed for 1h at 55°C. Proteinase K was heat-inactivated for 10 min at 95°C before 25
ul 2x PCR mix were added for the first amplification. 2 ul of the first PCR reaction were
used as template for the second round of nested PCR amplification. Primer sequences

are given in the Key Resources Table.

Western Blot
Cell pellets were resuspended in RIPA buffer supplemented with Complete Protease

Inhibitor Cocktail (Roche), incubated for 30 minutes on ice and sonicated using a Bioruptor
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Plus sonicator. Samples were cleared of debris by centrifugation. Cell lysates were
supplemented with Laemmli Buffer, heat-denatured, and separated by SDS-PAGE. Equal
cell numbers were loaded. Proteins were transferred to PVDF membranes. Membranes
were blocked in 5 % milk (in TBS-Tween) and probed with primary antibodies overnight.
Primary antibodies were detected using HRP-conjugated secondary antibodies in
combination with ECL substrate solution. Due to differences in their signal strengths,
different exposure times were chosen for the detection of H2B and H2Bub1. Antibodies
used were: anti-H2B (clone mAbcam 52484, Abcam, order no. 52484), anti-H2Bub1
(clone D11, Cell Signaling Technologies, order no. 5546S), HRP-conjugated goat-anti-
mouse IgG (Thermo Fisher Scientific, order no. 32430), HRP-conjugated goat-anti-rabbit
IgG (Thermo Fisher Scientific, order no. 32460). Results shown in Fig. 1D are
representative of n=8 mice/genotype analyzing whole tissue lysates from various
hematopoietic organs (bone marrow, spleen and thymus) or lysates of purified

hematopoietic cell types.

OP9 assay

Sorted HSPC (500 cells/well on 24-well plates) were plated onto irradiated OP9 feeder
cells in B cell differentiation medium (MEMa + 20 % FBS + Penicillin/Streptomycin + 10
ng/ml rmFIt3L + 5 ng/ml rmlL-7) and cultured for 1.5 to 3 weeks. At the end of the
differentiation period, cells were collected by pipetting and stained for flow cytometry as

described above.

Gamma-retroviral (GRV) transduction of HSPC

The GRV backbone pMIG was a gift from William Hahn (Addgene plasmid # 9044). GRV
particles were produced by transient transfection of Phoenix GP cells and concentrated
using Retro-X concentrator (Takara). Sorted HSPC were pre-expanded for two days, spin-
infected (multiplicity of infection = 15) in the presence of polybrene and subjected to OP9

in vitro differentiation assays.

RNA sequencing data processing and analysis
The RNA sequencing reads were first subjected to adapter trimming and low-quality read

filtering using flexbar (version 2.5) (Dodt et al., 2012) with the following parameters: -u 10
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-m 32 -ae RIGHT -at 2 -ao 2. Reads that were mapped to the reference sequences of
rRNA, tRNA, snRNA, snoRNA, and miscRNA (available from Ensembl and RepeatMasker
annotation) using Bowtie 2 (version 2.2.9) (Langmead and Salzberg, 2012) with default
parameters (in --end-to-end & --sensitive mode) were excluded. The remaining reads
were then mapped to the mouse reference genome (mm10) using Tophat2 (version 2.1.1)
(Kim et al., 2013) with the parameters -N 2 --read-gap-length 2 --read-edit-dist 3 --min-
anchor 6 --library-type fr-unstranded --segment-mismatches 2 --segment-length 25, or
STAR (version 2.7.3a) (Dobin et al., 2012) with key parameters --outFilterMismatchNmax
8 --outFilterMismatchNoverLmax 0.04 --alignintronMin 20 --alignintronMax 100000 --
outFilterType BySJout --outFilterIntronMotifs RemoveNoncanonicalUnannotated. Reads
that were mapped to multiple genomic sites were discarded in the following analysis.
HTSeq-count (version 0.9.1) (Anders et al., 2015) was used to count reads mapped to
annotated genes, with parameters -f bam -r pos -s no -a 10.

Differentially expressed gene analysis was performed with the R package DESeq2
(version 1.16.0) (Love et al., 2014). In brief, size factor estimation was first conducted to
normalize the data across samples, followed by dispersion estimation to account for the
negative binomial distributed count data in RNA sequencing. Finally, gene expression fold
changes were calculated and the significance of the gene expression difference was
estimated using the Wald test. To control the false discovery rate in multiple testing, the
raw p-values were adjusted using the Benjamini-Hochberg (BH) procedure. Genes with
adjusted p-values less than 0.05 and fold changes over 1.5 folds were considered as

differentially expressed.

ChIP sequencing data processing and analysis

The ChIP sequencing reads were first subjected to adapter trimming and low-quality read
filtering using flexbar (version 2.5) (Dodt et al., 2012) with the following parameters: -u 5
-m 26 -ae RIGHT -at 2 -ao 1. The trimmed reads were mapped to the mouse reference
genome (mm10) using Bowtie 2 (version 2.2.9) (Langmead and Salzberg, 2012) with
default parameters. Reads that mapped to mitochondrial DNA or with low mapping quality
(< 30) were excluded for downstream analysis. Duplicate reads due to PCR amplification

of single DNA fragments during library preparation were identified using Picard (version
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2.17.3; available at http://broadinstitute.qgithub.io/picard) and thus removed from the

downstream analysis.

To obtain the pure signal of monoubiquitinated H2B, H2Bub1 ChIP sequencing data were
compared to the input data (libraries prepared from DNA of cells from replicate set 1)
using the bdgcmp command of macs2 (version 2.1.1) (Zhang et al., 2008b) for signal fold
enrichment. The resulting signal was then used for drawing signal profiles and heatmaps.
To identify differentially ubiquitinated genes, we counted the deduplicated reads
overlapping with gene bodies (introns included) of individual genes. DESeq2 (version
1.16.0) (Love et al., 2014) was then used for statistical comparison of the read counts
obtained from wild type and Usp22-deficient HSPC, with a procedure similar to the
analysis of the RNA sequencing data. Genes with adjusted p-values less than 0.05 and

fold changes over 1.5 folds were considered as differentially ubiquitinated.

ATAC sequencing data processing and analysis

The processing steps of ATAC sequencing data for read trimming, mapping and
deduplication were the same as those for the ChIP sequencing data. Genome-wide
chromatin accessibility was quantified using bamCoverage from the deeptools python
toolkit suit (version 3.4.3) (Ramirez et al., 2016) based on the deduplicated reads. To
compare data from different libraries, the accessibility signal was normalized using library
scale factors. Thus, the normalized accessibility signal was used for drawing signal
profiles and heatmaps. To identify genes with differential accessibility in their promoters,
we counted the deduplicated reads overlapping with gene promoters (defined as a 2000-
bp window centered at a gene’s transcription start site). DESeq2 (version 1.16.0) (Love et
al., 2014) was then used for statistical comparison of the read counts obtained from wild
type and Usp22-deficient HSPC, with a similar procedure as for analyzing the RNA
sequencing data. Genes with adjusted p-values less than 0.05 and fold changes over 1.5

folds were considered as the ones with differential promoter accessibility.

GO/hallmark signature enrichment analysis
The gene symbols were mapped to GO terms/hallmark gene sets using either R packages
GO.db, AnnotationDbi, and org.Mm.e.g.db, or based on the MSigDB collections (Liberzon

et al., 2015). Gene sets with at least 10 genes in background (i.e. all expressed genes)
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were tested for enrichment in DEG using the GOseq method provided in the R package
goseq (Young et al., 2010). The raw p-values were then adjusted using the Benjamini—
Hochberg (BH) procedure. Gene set enrichment analysis (GSEA) (Subramanian et al.,
2005) was performed using the GSEA JAVA interface (version 4.0.3) available at

https://www.gsea-msigdb.org/gseal.

Statistical analysis

Graphs were prepared using GraphPad Prism or R. Statistical details, including definition
of center and precision measures, number of replicates (n) as well as statistical tests used
can be found in the figure legends. For normally distributed data, mean + standard
deviation (s.d.) is shown and statistical significance was tested using Student’s t-test. For
data that did not follow a normal distribution, median * interquartile range is shown and

significance was tested using Mann-Whitney test.
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Figure 1. Usp22 deficiency drives inflammatory gene expression in HSPC. (A)
Transgenic Vav1-Cre mice were crossed with mice carrying a floxed Usp22 allele to obtain
mice with pan-hematopoietic Usp22 deficiency (Usp22 KO). (B) Usp22 genotype of
individual cells within the indicated cell populations isolated from Usp22 KO mice
determined by single-cell PCR (n=67-142 cells) (delta/delta = KO). (C) Quantitative
reverse transcription (QRT-)PCR analysis for Usp22 mRNA expression in long-term
hematopoietic stem cells (LT-HSC), short-term hematopoietic stem cells (ST-HSC),
multipotent progenitors (MPP) and common myeloid progenitors (CMP) from bone
marrow, and B cells, CD4* T cells, CD8a* T cells and granulocytes from the spleens of
wild type and Usp22 KO mice (n=3-6). (D) Western Blot analysis for H2B and H2Bub1 in
bone marrow HSPC, and splenic B (CD19"B220%), T (both CD4* and CD8a" cells) and
myeloid cells (CD11b*) from wild type and Usp22 KO mice (n=8 mice per genotype). (E)
GO term analysis of DEG upregulated in Usp22 KO versus wild type HSPC. (F) Heatmap
showing the expression of genes differentially expressed between wild type and Usp22
KO HSPC within selected GO terms identified in (E). (G) Interferon serum levels in wild
type and Usp22 KO mice (n=9-12). Geometric mean + geometric s.d. (C), mean =+ s.d.
(G). * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001; n.s., not significant by unpaired, two-
tailed Student’s t-test.

Figure 2. Adaptive immunity in the absence of Usp22 resembles interferon
responses. (A) Percentages of CD38 CD95* germinal center (GC) B cells (pre-gated on
CD19*'B220* B cells) comparing wild type and Usp22 KO spleens. (B) Absolute numbers
of GC B cells (n=13-14) in the spleens of wild type and Usp22 KO mice. (C) Percentages
of Sca-1*CD138"9" plasma cells (PC) in wild type and Usp22 KO spleens. (D and E)
Absolute numbers of plasma cells in spleens (n=11-12) (D), and bone marrow (n=16) (E)
of wild type and Usp22 KO mice. (F) Serum concentrations of the indicated
immunoglobulin isotypes in wild type and Usp22 KO mice (n=7). (G) Percentages of
CD62L*CD44"°" naive and CD62L-CD44"9" activated T cells (pre-gated on CD3*CD4*) in
wild type and Usp22 KO spleens. (H) Relative proportions of naive and activated CD4* T
cells (gated as in G) in the spleens of wild type and Usp22 KO mice (n=15). (I)
Percentages of PD-1"CXCR5* T follicular helper (Trn) cells (pre-gated on CD3*CD4") in
wild type and Usp22 KO spleens. (J) Percentages of Tk cells (gated as in 1) within the
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splenic CD4* T cell populations of wild type and Usp22 KO mice (n=15). (K) Serum levels
of anti-dsDNA autoantibodies detected by ELISA in wild type and Usp22 KO mice (n=5-
7) (A.U. = arbitrary units). (L) Fraction of sera from wild type and Usp22 KO mice reactive
(positive) and non-reactive (negative) against HEp-2 cells (n=5-7). Median + interquartile
range (B, D, E, H, J), mean + s.d. (F, K). * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001;
n.s., not significant by unpaired, two-tailed Mann-Whitney test (B, D, E, H, J), unpaired,

two-tailed Student’s t-test (F) or unpaired, one-tailed Student’s t-test (K).

Figure 3. Enhanced myeloid development in Usp22 KO mice. (A) Absolute numbers
of CD11b*Gr* myeloid cells in the bone marrow of wild type and Usp22 KO mice (n=12).
(B) Absolute numbers of B220" B cells in the bone marrow of wild type and Usp22 KO
mice (n=12). (C) Flow cytometric analysis of wild type and Usp22 KO BM cells stained for
CD11b and Gr-1. (D) Gr-1 median fluorescence intensity (MFI) of CD11b*Gr-1* BM cells
from wild type and Usp22 KO mice normalized to wild type (n=12). (E) Experimental setup
for the generation of mixed bone marrow chimeras. (F) Gr-1 MFI of CD45.2* test myeloid
cells normalized to CD45.1* competitor myeloid cells (both gated as shown in C) from the
same recipient mouse in mixed bone marrow chimeras (n=6). (G) Transplantation of either
wild type, or Usp22 KO CMP (both CD45.2%) together with total bone marrow competitor
cells (CD45.1%) into lethally irradiated recipients. (H and I) Relative contributions of wild
type and Usp22 KO CMP to CD11b*™ myeloid cells in peripheral blood (H), and in bone
marrow and spleen () (n=5). Mean + s.d. * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001;

n.s., not significant by unpaired, two-tailed Student’s t-test.

Figure 4. Myeloid bias of Usp22 KO HSPC in vitro. (A) Absence of lineage markers
CD11b (myeloid) and B220 (B lineage) on sorted wild type and Usp22 KO HSPC before
in vitro differentiation (top panels), and CD11b versus B220 expression 3 weeks after in
vitro differentiation (bottom panels) (representative of 4 experiments). (B) Relative
proportions of B220* B cells and CD11b*™ myeloid cells (gated as shown in A) 3 weeks
after in vitro differentiation of wild type or Usp22 KO HSPC. Each dot represents the mean
of 3-5 replicates of progenitors from one donor mouse. Graph represents the results from
5 mice per genotype. (C) In vitro differentiation (as in A), mixing either wild type or Usp22
KO HSPC (both CD45.2%) with wild type competitor HSPC (CD45.1%). After 3 weeks, cells
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were gated for CD45.1 versus CD45.2, and analyzed as in A. (D) Relative proportions of
B220" B cells and CD11b*™ myeloid cells (gated as in C) in cultures derived from mixed
HSPC (n=4 replicates from one mouse per genotype). Mean + s.d. * p<0.05; ** p<0.01;

*** p<0.001; **** p<0.0001; n.s., not significant by unpaired, two-tailed Student’s t-test.

Figure 5. Impaired B cell development in Usp22 KO mice. (A) Absolute numbers of
the indicated B cell progenitor populations in the bone marrow of wild type and Usp22 KO
mice (n=12). (B) Percentage of Annexin V* apoptotic cells within the indicated B cell
progenitor populations of wild type and Usp22 KO mice (n=12). (C) Heatmap showing the
expression of Myc target genes in primary pre-B cells (Fraction C) from wild type and
Usp22 KO mice. Mean * s.d. * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001; n.s., not

significant by unpaired, two-tailed Student’s t-test.

Fig. 6. Increased H2Bub1 levels at ISG loci in Usp22 KO cells. (A) Average H2Bub1
ChIP sequencing signal across gene bodies of IFN-a target genes (top panels) and IFN-
y target genes (bottom panels) in wild type and Usp22 KO HSPC. (B) Correlation between
change in gene body monoubiquitination and change in mRNA expression comparing
Usp22 KO against wild type HSPC for individual genes (dots), shown for all genes (left
panel), or selectively for differentially expressed genes (right panel). (C) Correlation
between change in gene body monoubiquitination and change in mMRNA expression upon
loss of Usp22 in HSPC for genes differentially expressed and ubiquitinated between wild
type and Usp22 KO HPSC. ISG are highlighted in red. (D) Fraction of ISG (Mostafavi et
al., 2016) within all genes detected in RNA sequencing and H2Bub1 ChIP sequencing
(black bar), and the set of genes differentially expressed and ubiquitinated in Usp22 KO
HSPC (red bar). p-value was determined using Fisher’s exact test. TSS = Transcription

start site; TES = Transcription end site.
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Figure S1. Usp22 deficiency drives ISG expression. (A) Volcano plot showing log2 fold
change (FC) in expression and the associated -log10 p-value of individual genes (dots)
upon Usp22 deletion in HSPC based on RNA sequencing. Significantly differentially
expressed genes (DEG) (p<0.05, FC > 1.5 or FC < 1/1.5) are highlighted in orange. (B)
Gene set enrichment analysis (GSEA) plots for IFN-a target genes (left panel) and IFN-y
target genes (right panel) comparing RNA sequencing data from wild type and Usp22 KO
HSPC. (C) Expression levels of all differentially expressed immune cell ISG (Mostafavi et
al., 2016) in HSPC isolated from wild type and Usp22 KO mice. (D) Heatmaps of
expression of IFN-a target genes (left panel) and IFN-y target genes (right panel) in pre-
B cells (Fraction C) from wild type and Usp22 KO mice. (E) MHC Il median fluorescence
intensity (MFI) in wild type and Usp22 KO stem and progenitor cell populations (n=8). (F
and G) gRT-PCR analysis for Stat-1 (F) and /fi47 (G) in wild type and Usp22 KO stem and
progenitor cell populations (n=6). (H and I) Median fluorescence intensity (MFI) of IFNAR-
1 (H) and IFNGR-1 (I) in wild type and Usp22 KO stem and progenitor cell populations
(n=3). Mean + s.d (E, H, ), geometric mean + geometric s.d. (F, G). * p<0.05; ** p<0.01;
*** p<0.001; **** p<0.0001; n.s., not significant by unpaired, two-tailed Student’s t-test.

Figure S2. Immunoglobulin hyperproduction upon loss of Usp22 occurs in a
lymphocyte-intrinsic but B cell-extrinsic manner. (A-D), Absolute numbers of
CD19'B220* B cells (n=9-12) (A), GC B cells (n=7-10) (B) and PC (n=9-12) (C) in the
spleens, and PC in bone marrow (n=10-12) (D) of wild type and lymphocyte-specific
Usp22 knock-out (lyKO) mice. (E) Serum concentrations of the indicated immunoglobulin
isotypes in wild type and Usp22 lyKO mice (n=5). (F-H) Absolute numbers of CD19*B220*
B cells (n=10) (F), GC B cells (n=10) (G) and PC (n=10) (H) in the spleens of wild type
and B cell-specific Usp22 knock-out (bKO) mice. (I) Serum concentrations of the indicated
immunoglobulin isotypes in wild type and Usp22 bKO mice (n=8-10). (J and K) Relative
proportions of CD62L*CD44°¥ naive and CD62L-CD44"d" activated CD4* T cells in the
spleens of wild type and Usp22 lyKO mice (n=7-10) (J), and in the spleens of wild type
and Usp22 bKO mice (n=6) (K). (L and M) Percentages of PD-1*CXCR5" Trn cells within
splenic CD4* T cells of wild type and Usp22 lyKO mice (n=7-10) (L), and of wild type and
Usp22 bKO mice (n=6) (M). Median + interquartile range (A-D, F-H, J-M), mean + s.d. (E
and I). * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001; n.s., not significant by unpaired,
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two-tailed Mann-Whitney test (A-D, F-H, J-M) or unpaired, two-tailed Student’s t-test (E
and I).

Figure S3. Enhanced myelopoiesis in the absence of Usp22. (A) Absolute numbers
of LT-HSC in the bone marrow of wild type and Usp22 KO mice (n=12). (B) Cell cycle
analysis of wild type and Usp22 KO LT-HSC based on EdU incorporation (n=3-4). (C)
Expression of Kit and Ly6G resolves stages of myelopoiesis, i.e. myeloblasts (MB),
promyelocytes (PM), myelocytes (MC), metamyelocytes (MM), band cells (BC) and
segmented cells (SC) in wild type and Usp22 KO BM cells. Cells were pre-gated on
Lineage marker (B220, CD4, CD8 and Ter119) cells, and using a non-MEP gate. (D)
Absolute numbers of MB, PM, MC, MM and BC/SC (gated as in C) in the bone marrow of
wild type and Usp22 KO mice (n=6). (E) Absolute numbers of Ly6C" and Ly6CMah
monocytes, and macrophages in the bone marrow of wild type and Usp22 KO mice (n=6).
(F) Absolute numbers of CD45.1* and CD45.2* myeloid cells in the bone marrow and
spleens of mice transplanted with wild type CMP, or Usp22 KO CMP (both CD45.2%)
together with wild type (CD45.1%) total bone marrow competitor cells 10 days after
transplantation (n=5). Mean * s.d. * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001; n.s.,

not significant by unpaired, two-tailed Student’s t-test.

Figure S4. Re-expression of Usp22 in Usp22 KO HSPC reverts the myeloid bias in
vitro. (A) Western Blot for H2B and H2Bub1 at day 4 post transduction of wild type and
Usp22 KO HSPC with empty pMSCV-IRES-GFP (pMIG) or pMIG-Usp22. (B) CD11b and
B220 expression in cells differentiated in vitro for 1.5 weeks from Usp22 KO HSPC
transduced with the indicated vectors. Transduced cells can be identified based on the
expression of GFP. (C) Relative proportions of B220* B cells and CD11b* myeloid cells
(gated as in B) within cells differentiated for 1.5 weeks in vitro from wild type and Usp22
KO HSPC transduced with the indicated gamma-retroviral expression vectors (n=3). The
partial myeloid cell production in these experiments also from wild type progenitors
presumably results from the cellular pre-expansion conditions required for viral

transduction prior to the differentiation assay. Mean + s.d.
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Figure S5. Impaired B cell development in Usp22 KO mice. (A) Relative proportions
of early CD43" and late CD43" B cell progenitors within the B220* population of wild type
and Usp22 KO mice (n=12). (B) Experimental setup for the generation of mixed bone
marrow chimeras. (C) Relative proportions of early CD43" and late CD43 B cell
progenitors within the B220* population of CD45.2* test and CD45.1" competitor cells in
mixed bone marrow chimeras (n=6). (D) Absolute numbers of CD19"B220* splenic B cells
in wild type and Usp22 KO mice (n=7-9). (E) Absolute numbers of the indicated splenic B
cell subsets in wild type and Usp22 KO mice (n=7). Mean * s.d. (A, C), median +
interquartile range (D, E). * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 by unpaired,
two-tailed Student’s t-test (A, C) or unpaired, two-tailed Mann-Whitney test (D, E).

Figure S6. Usp22 KO cells show increased H2Bub1 levels at ISG loci. (A-C) Average
H2Bub1 ChIP sequencing signal in wild type and Usp22 KO HSPC across gene bodies of
all genes (A), of non-expressed genes (B, top panels), of genes highly expressed in HSPC
(B, bottom panels), of all immune cell ISG (Mostafavi et al., 2016) (C, top panels), and of
the immune cell core ISG (Mostafavi et al., 2016) (C, bottom panels). (D) Average ATAC
sequencing signal around the TSS of genes upregulated in Usp22 KO HSPC (top panels),
and of genes downregulated in Usp22 KO HSPC (bottom panels) comparing wild type
and Usp22 KO HSPC. (E) Correlation between changes in TSS accessibility (measured
by ATAC sequencing) and changes in mRNA expression comparing Usp22 KO and wild
type HSPC. Each dot represents an individual gene, left panel shows all genes, and right
panel only genes differentially expressed between wild type and Usp22 KO HSPC. (F)
Average ATAC sequencing signal around the TSS of differentially expressed and
ubiquitinated genes (top panel), and differentially expressed (DE) and differentially
ubiquitinated (DU) ISG (bottom panel) in wild type and Usp22 KO HSPC. TSS =

Transcription start site; TES = Transcription end site.
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Methodology Infectious agent (posit‘i,\\gltotal) (positlifgltotal)
Microbiology Bacterial infectious agents 0/4 0/4
Demodex muris 0/4 0/4
Helicobacter spp. 0/4 0/4
Molecular biology Mites 0/4 0/4
Mouse kidney parvovirus 0/4 0/4
Pneumocystis murina 0/4 0/4
Parasitology Ectoparasites 0/4 0/4
(Microscopic) Endoparasites 0/4 0/4
Clostridium piliforme 0/4 0/4
Muribacter muris 0/4 0/4
?Be;g:ggg) Mycoplasma pulmonis 0/4 0/4
Rodentibacter spp. 0/4 0/4
Streptobacillus moniliformis 0/4 0/4
Ectromelia virus 0/4 0/4
Encephalomyocarditis virus 0/4 0/4
Hantaan virus 0/4 0/4
K virus 0/4 0/4
\I;i?iate dehydrogenase elevating 0/4 0/4
Lymphocytic choriomeningitis virus 0/4 0/4
Mouse adenovirus FL 0/4 0/4
Mouse adenovirus K87 0/4 0/4
Mouse hepatitis virus 0/4 0/4
Serology Mouse minute virus 0/4 0/4
(Viruses) Mouse parvovirus 0/4 0/4
Mouse rotavirus (EDIM) 0/4 0/4
Murine astrovirus 0/4 0/4
Murine cytomegalovirus 0/4 0/4
Murine norovirus 0/4 0/4
Parvoviruses 0/4 0/4
Polyoma virus 0/4 0/4
Puumala virus 0/4 0/4
Reovirus 3 0/4 0/4
Sendai virus 0/4 0/4
Theiler's GD VII virus 0/4 0/4

Table S1. Extended survey for the presence of pathogens in wild type and Usp22-
deficient mice reveals no signs of infections. Shown is the fraction of mice positively

tested for the indicated pathogens (n=4).
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Name Sequence (5’-3’)

Ifi47 F CCTGAAGGAGGGCAGACC
Ifi47 R GCAGTTACCAGGGAAGCTCA
Sdha F AAGTTGAGATTTGCCGATGG
Sdha R TGGTTCTGCATCGACTTCTG
Stat1 F TGAGATGTCCCGGATAGTGG
Stat1 R CGCCAGAGAGAAATTCGTGT
Usp22 F TGGGCTCCAGTCTGATGTTA
Usp22 R GATGTCCCAGAAGGGGTCTAT

Table S2. Primers used for gRT-PCR.
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Name Sequence (5'-3’) (index sequences in red)

Ad1_noMX AATGATACGGCGACCACCGAGATCTACACTCGTCGGCAGCGTCAGATGTG
Ad2.1_ TAAGGCGA CAAGCAGAAGACGGCATACGAGATTCGCCTTAGTCTCGTGGGCTCGGAGATGT
Ad2.2 CGTACTAG CAAGCAGAAGACGGCATACGAGATCTAGTACGGTCTCGTGGGCTCGGAGATGT
Ad2.3 AGGCAGAA CAAGCAGAAGACGGCATACGAGATTTCTGCCTGTCTCGTGGGCTCGGAGATGT
Ad2.4 TCCTGAGC CAAGCAGAAGACGGCATACGAGATGCTCAGGAGTCTCGTGGGCTCGGAGATGT

Table S3. Indexing primers used for the preparation of ChIP and ATAC sequencing

libraries.
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