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ABSTRACT 
The ubiquitin proteasome system performs the covalent attachment of lysine 48-linked polyubiquitin 
chains to substrate proteins, thereby targeting them for degradation, while deubiquitylating enzymes 
(DUBs) reverse this process. This posttranslational modification regulates key features both of innate 
and adaptative immunity, including antigen presentation, protein homeostasis and signal transduction. 
Here we show that loss of one of the most highly expressed DUBs, Otub1, results in changes in murine 
splenic B cell subsets, leading to a significant increase in marginal zone and transitional B cells and a 
concomitant decrease in follicular B cells. We demonstrate that Otub1 interacts with the c-subunit of 
the heterotrimeric G protein, Gng2, and modulates its ubiquitylation status, thereby controlling Gng2 
stability. Proximal mapping of Gng2 revealed an enrichment in partners associated with chemokine sig-
naling, actin cytoskeleton and cell migration. In line with these findings, we show that Otub1-deficient 
B cells exhibit greater Ca2þ mobilization, F-actin polymerization and chemotactic responsiveness to 
Cxcl12, Cxcl13 and S1P in vitro, which manifests in vivo as altered localization of B cells within the 
spleen. Together, our data establishes Otub1 as a novel regulator of G-protein coupled receptor signal-
ing in B cells, regulating their differentiation and positioning in the spleen.
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Introduction

The covalent attachment of one or multiple ubiquitin (Ub) 
molecules onto proteins, termed ubiquitylation, has emerged 
as an important regulatory pathway in both innate and adap-
tative immune cells.1 Ubiquitylation is a multistep process 
which is initiated by an E1 Ub activating enzyme, followed 
by an E2 Ub conjugating enzyme, and an E3 Ub ligase that 
collaborates with the E2 to mediate the transfer of Ub to a 
lysine or an N-terminal methionine residue on the target pro-
tein.2 Critically, ubiquitylation is a reversible process where 
Ub moieties can be removed from substrates via ubiquitin- 
specific proteases, named deubiquitylating enzymes (DUBs).3

One of the most highly expressed DUBs in humans and 
mice is OTUB1,4 which preferentially cleaves lysine-48 (K48)- 
linked polyUb chains through its catalytic triad residues D88/ 
C91/H265.5,6 K48-linked polyUb chains are the most abun-
dant and the canonical signal for protein degradation via the 
26S proteasome, a process that actively reduces the stability 
of a protein.7,8 OTUB1 has been implicated in the cleavage of 
K48-linked polyUb chains on several substrates, including 
GRAIL,9 phosphorylated SMAD2/3,10 and NF-jB2/p100,11

thereby promoting their stability and modulating key cellular 
processes such as IL-2, TGF-b or NF-jB signaling, respectively. 
In addition to its deubiquitylating activity, OTUB1 has the 
unique ability to inhibit ubiquitin transfer in a manner that 
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does not depend upon its catalytic activity by sequestering 
the E2 conjugating enzyme UBC13, thereby preventing its 
association to the E3 Ub ligase RNF168.12 This process is cen-
tral in mitigating the lysine-63 (K63)-linked Ub-dependent 
signaling of DNA double-strand breaks by controlling the 
transfer of Ub onto histones.12,13 Given the reliance of B cells 
on: (i) IL-2, TGF-b and NF-jB signaling pathways for their 
development;14,15 and (ii) DNA repair processes to express a 
functional B cell receptor (BCR),16 we therefore hypothesized 
that Otub1 may play a role in B cell development.

The development and maturation of B cells is a tightly 
regulated process involving a series of differentiation steps in 
the bone marrow (BM), after which B cells enter the periph-
eral circulation and populate secondary lymphoid organs, the 
spleen and lymph nodes.17 Transitional B (TrB) cells in the 
spleen can develop into one of two mature B lymphocyte lin-
eages: follicular B (FoB) cells or marginal zone B (MZB) cells. 
FoB and MZB cells differ both in their function as well as in 
their anatomical location within the spleen.18 FoB cells circu-
late between blood and secondary lymphoid organs, locating 
in areas adjacent to the T cell zone within B cell follicles in 
the splenic white pulp and subcapsular regions of the lymph 
node.19 This spatial distribution enables them to obtain the 
T-dependent signals on which they rely to respond to anti-
gens. In contrast, MZB cells are resident cells of the spleen 
and are located at the interface between the red and white 
pulp. The unique positioning of MZB cells exposes them to 
slow-flowing blood, and poises them to respond rapidly to 
blood-borne pathogens.20 Interestingly, defects in BCR signal-
ing and germinal center reaction have been attributed to the 
UPS, in part due to the rapid turnover of CD79A, IRF4, and 
AID which all play key roles in shaping the B cell 
response.21–23

Here, we generated a B cell specific Otub1 knockout 
mouse and observed that Otub1 deficiency shifts the balance 
between TrB, FoB and MZB cells within the spleen, marked 
by a �3-fold increase in the number of MZB cells. We deter-
mined that Otub1 modulates the stability and polyubiquitina-
tion status of the c-subunit of the heterotrimeric G protein 
Gng2. In line with these findings, we showed that Otub1- 
depleted murine B cells are hyperresponsive to the homeo-
static chemokines Cxcl12, Cxcl13 and S1P in vitro, all of which 
are known to determine mature B cell positioning within the 
spleen.24 Strikingly, the loss of Otub1 altered the positioning 
of splenic B cells in vivo. Altogether, our data uncover a novel 
role for the deubiquitylase Otub1 in regulating GPCR signal-
ing in B cells, thereby controlling their localization within the 
spleen.

Results

Loss of Otub1 DUB activity leads to changes in mature 
splenic B cell subset representation

Otub1 is a 31 kDa protein which contains a canonical catalytic 
triad (D88/C91/H265), an E2 binding site (T134 residue) and 
two Ub binding sites (Figure 1A). Previous work demonstrated 
that constitutive deletion of Otub1 resulted in late embryonic 
lethality in mice.25 We therefore used the Cd79a/Mb1-Cre 

mouse strain,26 and crossed these mice with engineered mice 
where the Otub1 allele was flanked with loxP sites (Otub1fl/fl; 
control) to generate B cell-specific Otub1 conditional knock-
outs, Mb1Cre/þ.Otub1fl/fl (B-Otub-fl/fl) (Figure 1B). We confirmed 
that Otub1 mRNA and protein expression was significantly 
reduced in B-Otub1-fl/fl B220þ B cells compared to Cre-nega-
tive controls. Importantly, Otub1 expression remained 
unchanged in B220− cells, thereby confirming the B cell speci-
ficity of the Cre-mediated deletion (Supplementary material, 
Figure S1A and B).

We focused our initial analysis on the impact of Otub1 
deficiency on B cell development in the bone marrow (BM). 
We delineated six different stages of B cell development in 
the BM, named the Hardy fractions (A to F),27 based on the 
cell surface expression of B220, CD43, BP-1, CD24, IgD and 
IgM. This flow cytometry-based analysis showed normal 
percentages and numbers of pro-, pre- and immature B 
cells (fractions A-E) (Supplementary material, Figure S1C and 
D). However, we noticed a significant decrease in the 
percentage of recirculating mature B cells (F fraction, 
B220þCD43–IgMþIgDþ; Supplementary material, Figure S1D), 
suggesting a possible role for Otub1 in B cell maturation out-
side the BM.

These data prompted us to further investigate the impact 
of Otub1 deletion on B cell maturation in the periphery. 
Interestingly, we observed a 5-fold increase in the percentage 
of MZB cells in the spleen, which translated into a �3-fold 
increase in the total number of MZB cells within the spleen 
(Figure 1C and D). TrB cells (B220þ, CD21−, CD23−) were also 
enriched in B-Otub1-fl/fl mice, albeit to a lesser extent (�2- 
fold, Figure 1C and D). Importantly, these changes were 
accompanied by a decrease of �20% in both the proportion 
and number of FoB cells (Figure 1C and D). Given the canon-
ical and noncanonical contributions of Otub1 in regulating 
signaling pathways,28 we queried which domain(s) of Otub1 
participated in the regulation of splenic B cell maturation. 
First, we focused our attention on the catalytic domain of 
Otub1 by introducing the Otub1 C91S mutation into mice 
using CRISPR/Cas9-based genome editing and confirming 
germline transmission of the C91S mutation by sequencing 
(Supplementary material, Figure S1E). Otub1C91S/C91S mice 
exhibited substantial prenatal lethality (data not shown), 
which precluded us from studying their B cells. To circum-
vent this problem, we crossed B-Otub1-fl/fl mice with 
Otub1WT/C91S mice to generate Mb1Cre/þ.Otub1C91S/fl (B-Otub1- 
C91S/fl) mice. Cre-mediated deletion or single base substitu-
tion (C91S) of one Otub1 copy did not impact splenic B cell 
maturation (Figure 1E and F). However, we noticed that 
Otub1 C91S mutation in B cell-specific Otub1 haplo-insuffi-
cient mice was sufficient to recapitulate the changes previ-
ously observed in splenic B cell subsets from B-Otub1-fl/fl 
mice (Figure 1E and F). In contrast, inactivation of Otub1 E2- 
binding site by mutating its T134 residue into arginine 
(T134R) (Supplementary material, Figure S1F), which inter-
feres with the noncanonical function of Otub1,12 did not alter 
splenic B cell maturation (Otub1-T134R, Figure 1G and H). 
Together, our data suggested that Otub1 contributes to the 
maturation of splenic B cells via its canonical DUB activity.
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Gng2 protein is stabilized by Otub1 in splenic B cells

To gain better insight into how Otub1 impacts B cell matur-
ation, we used a mass-spectrometry (MS)-based proteomic 
approach and quantified substrates that were destabilized 
upon Otub1 loss in splenic B cells. B220þ cells were purified 
from both Cre-negative control and B-Otub1-fl/fl mice and 
differentially expressed proteins were evaluated by MS. In 
total, we detected 1,834 proteins in Cre-negative control and 
B-Otub1-fl/fl conditions combined, out of which only five 
were decreased by more than 2-fold in B-Otub1-fl/fl B220þ B 
cells (Figure 2A, Supplementary material, Table S1). Both 
Otub1 itself and the E2 ubiquitin conjugating enzyme 
Ube2k,29 were among the differential expressed proteins, 
thereby validating our MS-based quantification approach. 
Interestingly, the c-subunit Gng2 of the heterotrimeric G pro-
tein emerged as one of the most decreased proteins in this 
analysis, with a 5.3-fold decrease in B-Otub1-fl/fl relative to 
control B cells. Importantly, we confirmed that the decrease 
in Gng2 protein levels was not a result of changes in 

transcript expression by quantifying Gng2 mRNA levels 
(Supplementary material, Figure S2A).

Gng2 is one of 12 known c-subunits that comprise the 
heterotrimeric guanine nucleotide binding (Gabc) com-
plex,30,31 which is critical for relaying information between 
GPCRs and intracellular effectors.32 Of note, a previous study 
identified a SNP in the 30-UTR of GNG2 as being associated 
with a higher risk of developing IgA nephropathy,33 suggest-
ive of a potential role of GNG2 in B cells. In fact, we observed 
that adult B-Otub1-fl/fl mice displayed a significant increase 
in serum and fecal IgA levels (Supplementary material, Figure 
S2B). The Immunological Genome Project (Immgen) consor-
tium has reported mRNA sequencing gene expression profiles 
of multiple murine B cell subsets and analysis of the 12 
c-subunits showed that Gng2 is the most abundantly 
expressed subunit in the TrB, FoB and MZB cell subsets in 
the spleen (Supplementary material, Figure S2C).34 Of note, 
Gng2 was the only c-subunit protein that was detected in 
our MS analysis. We therefore focused our attention towards 
validating Gng2 as a substrate of Otub1 for further study.

Figure 1 Splenic B cell subset representation is altered by Otub1 deficiency. (A) Schematic of Otub1 showing its major functional domains: C91 is part of the cata-
lytic triad, T134 is part of the E2-binding domain. (B) Schematic representation of the gene targeting construct for deletion of exons 4–7 of Otub1 and targeted dele-
tion of Otub1 exon 4. FRT: Flippase Recognition Target, FLp: Flippase. (C) Representative flow cytometry profile of B220þ splenic cells from control (Otub1fl/fl) vs B- 
Otub1-fl/fl (Mb1cre/þ.Otub1fl/fl) mice. The indicated numbers represent the percentages of CD21lowCD23lowB220þ TrB cells, CD21lowCD23highB220þ FoB cells, and 
CD21highCD23lowB220þ MZB cells. (D) Percentage and absolute number of B cell subpopulations in the spleen from control (Otub1fl/fl) and B-Otub1-fl/fl (Mb1cre/ 

þ.Otub1fl/fl) mice. Values for individual mice (dots) and mean (bars) values are plotted (n ¼ 5). (E) Representative flow cytometry analysis of B220þ splenic cells 
from control vs B-Otub1fl/C91S (Mb1cre/þ.Otub1fl/C91S) mice as in (C). (F) Percentage and absolute number of B cell subpopulations in the spleen from control and 
B-Otub1fl/C91S (Mb1cre/þ.Otub1fl/C91S) mice. Values for individual mice (dots) and mean (bars) values are plotted (n ¼ 5). Control mice are either Mb1cre/þ.Otub1þ/fl, 
Otub1þ/fl or Otub1C91S/fl mice. (G) Representative flow cytometry analysis of B220þ splenic cells from control vs Otub1T134R/T134R mice as in (C). (H) Percentage and 
absolute number of B cell subpopulations in the spleen from control vs Otub1T134R/T134R mice. Values for individual mice (dots) and mean (bars) values are plotted 
(n ¼ 5). Control mice are either Otub1þ/þ or Otub1T134R/þ mice. Significance was determined by unpaired t test. ��P< 0.01; ns, nonsignificant.
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First, we tested whether Otub1 directly interacts with its 
substrate Gng2 to prevent its ubiquitylation and hence its 
subsequent degradation. We transiently expressed tagged ver-
sions of both human OTUB1 and GNG2 in HEK293T cells and 
performed coimmunoprecipitation experiments. We detected 
the presence of EGFP-GNG2 in our pulldown of FLAG-tagged 
OTUB1 (Figure 2B), providing evidence of a physical associ-
ation of GNG2 with OTUB1. To functionally validate the rele-
vance of OTUB1-GNG2 interaction, we investigated the impact 
of OTUB1 depletion on GNG2 stability in vitro in both human 
and murine cell lines. The absence of a specific antibody rec-
ognizing either human or mouse GNG2 precluded us from 
studying endogenous levels by immunoblot. Instead, we 
conducted a cycloheximide (CHX) chase assay to examine 
EGFP-GNG2 protein half-life in both control (sgCTRL) and 
OTUB1-depleted (sgOTUB1) HEK293T cells (Supplementary 
material, Figure S2D). Strikingly, lack of OTUB1 significantly 
impaired EGFP-GNG2 protein stability 4 h post-CHX treatment 
compared to control conditions (Figure 2C, Supplementary 
material, Figure S2E). We extended our analysis to the human 
Raji B cell-derived Burkitt’s lymphoma cell line where EGFP- 
GNG2 was transiently expressed in presence (sgCTRL) or 
absence of OTUB1 (sgOTUB1) (Supplementary material, Figure 
S2F and G). Here, we monitored EGFP-GNG2 levels by flow 

cytometry over 72 h using an mCherry construct as a normal-
izing control. In line with our previous observations, the ratio 
of EGFP-GNG2/mCherry was significantly lower in OTUB1- 
depleted Raji cells compared to control (Figure 2D). Similarly, 
relative EGFP-GNG2 levels were consistently and significantly 
decreased 12 h and 24 h postelectroporation in splenic CD43− 

B cells extracted from B-Otub1-fl/fl mice compared to controls 
(Figure 2E, Supplementary material, Figure S2H), supporting a 
role for Otub1 in promoting Gng2 protein stability in B cells. 
Importantly, EGFP-GNG2 levels were rescued in B-Otub1-fl/fl 
CD43− B cells upon re-expression of wild-type (WT) but not 
C91S OTUB1 (Figure 2F, Supplementary material, Figure S2I), 
confirming the importance of OTUB1 DUB activity in the sta-
bilization of GNG2. As such, we reasoned that OTUB1 cleaves 
polyUb chains on GNG2 to promote its stability, and therefore 
monitored changes in GNG2 ubiquitylation status upon deple-
tion of OTUB1 in HEK293T cells. As expected, inhibition of the 
proteasome with MG132 (20 mM, 8 h) led to a significant accu-
mulation of FLAG-tagged GNG2 polyubiquitylated forms com-
pared to control conditions (Figure 2G, Supplementary 
material, Figure S2J). Taken together, our data support a 
model where OTUB1 stabilizes GNG2 protein levels in both 
murine and human cells by modulating the ubiquitylation 
of GNG2.

Figure 2 Otub1 regulates Gng2 stability in vivo and in vitro. (A) Relative protein abundance of B220þ B-Otub1-fl/fl cells compared with control versus statistical signifi-
cance with Log2FC > 4 proteins highlighted (n ¼ 3). (B) HEK293T cells were transfected with FLAG-OTUB1 and EGFP-GNG2 expression vectors as indicated. Forty-eight 
hours posttransfection, cells were lysed and Otub1 complexes were immunoprecipitated using anti-FLAG (M2) resin and then analyzed by immunoblotting using GFP 
and FLAG antibodies (n ¼ 5). (C) Representative blots of in vitro cycloheximide (CHX) chase assays to detect GFP protein expression level in immunoprecipitates from 
sgCTRL or sgOTUB1 HEK293T transfected with EGFP-GNG2 at 0, 2, and 4 h. Forty-eight hours after transfection, cells were treated with CHX (100 mg/mL) for indicated 
times before cell collection (n ¼ 3). (D) sgCTRL or sgOTUB1 Raji-Cas9 cells were electroporated with EGFP-GNG2 or mCherry constructs and the ratio of EGFP to 
mCherry signal at the indicated timepoints were plotted (n ¼ 3). Statistical analyses were performed using Wilcoxon signed-rank test. ��P< 0.01. (E) CD43− splenic 
cells from control or B-Otub1-fl/fl mice were electroporated with EGFP-GNG2 or GFP constructs and the ratio of EGFP-GNG2 to GFP signal at the indicated timepoints 
were plotted (n ¼ 6). Statistical analyses were performed using Wilcoxon signed-rank test. �P< 0.05. (F) CD43− splenic cells from control or B-Otub1-fl/fl mice were 
electroporated with EGFP-GNG2 constructs and indicated rescue constructs. The ratio of EGFP to GFP signal at 12 h were plotted (n ¼ 4). Statistical analyses were per-
formed using Kruskal–Wallis ANOVA. ns, nonsignificant. (F) Representative blots of in vitro ubiquitylation assays of input and immunoprecipitates from sgCTRL or 
sgOTUB1 HEK293T cells transfected with plasmids expressing indicated proteins. Forty hours after transfection, cells were treated with MG132 (20 mM) for 8 h before 
cell collection. Relative densitometry values given below each lane relative to sgCTRL HEK293T cells. HA-Ub, HA-tagged ubiquitin (n ¼ 5).
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Otub1 loss results in hyperresponsive chemokine 
receptor signaling in B cells

To investigate how the OTUB1-GNG2 signaling axis might 
play a role in mature B cells, we mapped GNG2’s proximal 
interactome in HEK293T cells using the BioID approach.35

Proteins that are in close proximity to the BirA-tagged con-
struct of GNG2 are biotinylated and subsequently pulled 
down with streptavidin before being subjected to MS analysis 
(Supplementary material, Figure S3A). As would be expected, 
we identified several subunits of the heterotrimeric G protein, 
including alpha (GNA11, GNA13, GNA13, GNAI1-3, GNAO1, 
GNAQ, GNAS and GNAZ) and beta subunits (GNB1, GNB4) 
(Supplementary material, Figure S3B, Table S2), thereby con-
firming the validity of our approach. Probing the proximal 
interactome of GNG2 also identified several biological path-
ways and complexes which included, among others, proteins 
involved in the actin cytoskeleton (JUP, MARCKS, CASK; 
P¼ 8.34� 10−16), cell migration (PHACTR4, JUP, DDRGK1; 
P¼ 7.37� 10−12), chemokine signaling (ROCK1, GNB1, GNB4; 
P¼ 0.0017), calcium signaling (STIM1, VDAC1, ITPR2; 
P¼ 0.0036) and mTORC2 signaling (RICTOR, MAPKAP1; 
P¼ 0.0256) (Figure 3A, Supplementary material, Table S3).

Chemokine signaling is initiated upon ligand-receptor 
binding and the activation of the receptor-associated Ga and 
Gbc subunits of the heterotrimeric G proteins. This is fol-
lowed by a series of secondary messengers, including the 
release of Ca2þ from intracellular stores, a remodeling of the 
actin cytoskeleton and the regulation of the mechanistic 
Target of rapamycin (mTOR) pathway.36 The GPCRs Cxcr4, 
Cxcr5 and S1pr1, and their corresponding chemokines 
ligands Cxcl12, Cxcl13 and S1P respectively, play a major role 
in the maturation of splenic B cells.37–39 Given the impor-
tance of chemokines in splenic B cell localization, we there-
fore asked whether Otub1-deficient murine B cells, through 
the reduced stability of Gng2, displayed aberrant chemokine- 
specific GPCR activation. First, we measured Ca2þ signaling in 
both MZB and FoB cells upon stimulation with two chemo-
kines, Cxcl12 and Cxcl13. Interestingly, we observed a signifi-
cantly greater Ca2þ mobilization upon Cxcl12 stimulation in 
both primary FoB and MZB cells obtained from B-Otub1-fl/fl 
mice compared to WT controls (Figure 3B and C). 
We therefore extended our analysis to 2PK-3 cells where 
Otub1 and Gng2 can be targeted by CRISPR technology 
(Supplementary material, Figure S3C and D). Indeed, target-
ing Otub1 in 2PK-3 cells led to an increased mobilization of 
cytosolic Ca2þ upon stimulation with Cxcl12, compared to 
control cells (Figure 3D). Similarly, significantly greater Ca2þ

flux was observed in Gng2-depleted 2PK-3 cells upon stimu-
lation with Cxcl12 (Figure 3D). These observations led us to 
ask whether Otub1-Gng2 interaction may be impacted by 
chemokine stimulation. We therefore transiently expressed 
tagged versions of both human OTUB1 and GNG2 in 2PK-3 
cells and performed coimmunoprecipitation experiments at 
different time points post-Cxcl12 stimulation. Interestingly, 
OTUB1-GNG2 interaction remained unchanged upon chemo-
kine stimulation (Supplementary material, Figure S3E), sug-
gesting a constitutive association of OTUB1 with GNG2.

Together with other GPCR-induced signaling events, intra-
cellular Ca2þ signaling controls a series of cellular processes, 
including proliferation and differentiation, cellular motility, 
and metabolism.40 This latter process is coordinated by mTOR 
and its two distinct protein complexes, mTORC1 and 
mTORC2,41 in part by the association of mTOR with different 
Gbc heterodimers.42 As such, we reasoned that Otub1, 
through regulating Gng2, could result in increased mTOR acti-
vation. To determine whether this was the case, we measured 
phosphorylation levels of RPS6 (p-RS6), a downstream effector 
of the mTOR signaling pathway, by flow cytometry in control 
and B-Otub1-fl/fl B cells after Cxcl12 stimulation. Our data 
showed that Cxcl12 stimulation led to an increase in p-RS6 
levels that were present for longer in B-Otub1-fl/fl B cells than 
in WT cells (Supplementary material, Figure S3F).

Aside from mTOR signaling, it has previously been shown 
that chemokine engagement can result in F-actin polymeriza-
tion as cells polarize in the direction of the chemokine, hence 
initiating chemotaxis.43 To corroborate our Ca2þ flux data, we 
therefore measured F-actin levels in splenic B cells after 
Cxcl13 stimulation using phalloidin staining. Strikingly, we 
observed a sustained increase in Cxcl13-dependent actin 
polymerization both in FoB and MZB cells from B-Otub1-fl/fl 
mice (Figure 3E, Supplementary material, Figure S3F). Finally, 
to test whether the increased chemokine receptor signaling 
in Otub1-deficient B cells was translated into an increased 
functional responsiveness to homeostatic chemokines, we uti-
lized the transwell assays to assess FoB and MZB cell chemo-
taxis.44 We found that there was significantly more 
chemotaxis of FoB and MZB cells in response to Cxcl12, 
Cxcl13 or S1p, when they lacked Otub1, compared to their 
WT counterparts (Figure 3F). To determine whether this 
phenotype was the result of a difference in the GPCR surface 
expression, we examined Cxcr4, Cxcr5 and S1pr1 levels on 
FoB and MZB cells both from B-Otub1-fl/fl and control mice. 
Although we noted some minor changes in their expression 
(FoB cells: up to þ1.3-fold; MZB cells: −1.1-fold), these 
changes were unlikely to account for the hyperresponsive-
ness observed in both FoB and MZB cells from B-Otub1-fl/fl 
mice (Supplementary material, Figure S3H and I). Altogether, 
our data strongly suggested that Otub1 loss led to hyperacti-
vated GPCR signaling and chemokine responsiveness via the 
increased stability of Gng2.

Single cell analyses delineated transcriptionally 
indistinguishable but differentially localized splenic B 
cell subsets

Triggering GPCR signaling through their associated G-coupled 
proteins ultimately leads to changes in gene expression.45

Thus, we wondered whether the Otub1-mediated hyperres-
ponsiveness to the different chemokines that we tested 
in vitro resulted in transcriptional changes in splenic B cells 
subsets or in their differentiation trajectories in vivo. We set 
out to answer this question by performing a single cell RNA 
sequencing (scRNA-seq) analysis of B220þ splenic B cell both 
from control and B-Otub1-fl/fl mice. A total of 14,568 cells 
were retained after quality control filtering that were 
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analyzed using unsupervised graphical clustering and visual-
ized using uniform manifold approximation and projection 
(UMAP). Combined clustering identified a total of 16 clusters, 
of which 10 were comprised of B cells, as determined by 

their expression of cd19, cd79a and cd20 (Cluster 0–7, 10 & 
15; 13,712 cells), and 6 were non-B cells clusters (Cluster 8, 9, 
11–14; 856 cells), which were excluded from further analyses 
(Figure 4A, Supplementary material, Figure S4A). Of note, the 

Figure 3 Otub1 loss results in increased calcium signaling, actin polymerization and chemotaxis in B cells. (A) Selected enriched GO terms were identified using 
g:Profiler (adjusted P< 0.05, with Benjamini–Hochberg FDR correction). Circle size indicates the number of proteins from the GNG2 interactome that intersects with 
each term, x-axis position indicates -log10-transformed FDR score and colors indicate the fold enrichment. (B) FoB cells from control and B-Otub1-fl/fl were stained 
with Indo-1 and the ratio of Ca2þ-bound Indo-1 to Ca2þ-unbound Indo-1 was measured by flow cytometry before and after stimulation with the indicated chemo-
kines (Cxcl12, 100 ng/mL; Cxcl13, 500 ng/mL). Ionomycin (500 ng/mL) was used as a positive control (left). Graph summarizing the peak Ca2þ amplitude after Cxcl12 
or Cxcl13 stimulation (n ¼ 4) (right). Statistical analyses were performed using paired one-tailed Student’s ttest. �P< 0.05. (C) Same as in (B) except that FoB cells 
were replaced by MZB cells (left). Graph summarizing the peak Ca2þ amplitude after Cxcl12 or Cxcl13 stimulation (n ¼ 3) (right) (n ¼ 4). Statistical analyses were 
performed using paired one-tailed Student’s t -test. ��, P< 0.01. (D) Cells were similarly stained as in (B) except that primary B cells were replaced with 2PK-3 cells 
targeted with indicated sgRNA and stimulated with Cxcl12 (200 ng/mL). Ionomycin (200 ng/mL) was used as a positive control (left). Accompanying summary graph 
of the peak calcium amplitude after Cxcl12 stimulation (n ¼ 3) (right). (E) FoB (left) or MZB (right) cells were exposed to Cxcl13 (1000 ng/mL) for various times and 
the F-actin levels were determined by flow cytometry analysis of phalloidin stained cells. F-actin content is expressed as a fraction of baseline untreated control B 
cells. Data are from three independent experiments with two WT and two B-Otub1-fl/fl mice per experiment. (F) Chemokine or Sphingosine-mediated ex vivo B cell 
transwell assay. Control or B-Otub1-fl/fl splenic cells were placed in transwell chambers and response towards Cxcl12 (n ¼ 5), Cxcl13 (n ¼ 3), or S1p (n ¼ 3) concen-
trations was measured. Data are presented as the per cent of input cells that migrated to the lower chamber during the 3-h assay. Data represents ± SEM. 
Significance was determined using a one-way ANOVA with Tukey’s multiple test comparisons (D) or two-way ANOVA with Holm–Sidak’s test (E, F). �P< 0.05; ns, 
nonsignificant.
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presence of the non-B cell clusters (�6% of captured cells in 
the dataset) was consistent with the purity obtained post-
magnetic sorting.

To determine the identity of the largest UMAP clusters, 
we used publicly available microarray and RNA-seq data-
sets,46,47 extracted gene signatures from different splenic B 
cell subtypes and organized them into six distinct gene 
ontology pathways to project them across our scRNA-seq 

dataset using single-sample gene set enrichment analysis 
(ssGSEA) (Supplementary material, Figure S4B). This analysis 
allowed us to assign cluster 1 as FoB cells, cluster 2 as MZB 
cells, and cluster 3 as TrB cells (Figure 4A). Of note, the pro-
portion of B cells within these three clusters closely mirrored 
our flow cytometry data, with increased frequencies of TrB 
and MZB cells and decreased frequencies of FoB cells 
observed upon loss of Otub1 (Figure 4B and C). Importantly, 

Figure 4 Single cell analyses delineated transcriptionally indistinguishable but mislocalized splenic B cells. (A) Labeled UMAP embedding of B cell clusters from two 
control and two B-Otub1-fl/fl (n¼ 13,712 cells) mice profiled with scRNA-seq (The entire UMAP is shown in Supplementary material, Figure S4A). (B) UMAP embed-
ding colored by individual genotype of control (left, blue) or B-Otub1-fl/fl (right, red) with indicated clusters (TrB, FoB or MZB) highlighted in dotted lines. (C) 
Proportion of cells assigned to Cluster 1: FoB, Cluster 2: MZB and Cluster 3: TrB of control and B-Otub1-fl/fl samples. (D) t-SNE plot of splenic B cells as in Fig. 1C
with cells colored by inferred pseudotime. (E) Inferred pseudotime as in (D) separated by individual genotypes. (F) Schematic representing the adoptive transfer of 
B220þCD21þCD23þCD45.2þ FoB cells from control or B-Otub1-fl/fl mice into CD45.1þ WT mice. Gating strategy to distinguish donor B220þCD45.2þ B cells from 
B220þCD45.1þ recipient B cells. (G) Representative flow cytometry analysis of adoptively transferred B220þCD45.2þ B cells from control vs B-Otub1-fl/fl mice. The 
indicated numbers represent the percentages of FoB and MZB cells. (H) Percentages and absolute numbers of CD45.2þ FoB and MZB cells quantified by flow cytom-
etry 28 days postadoptive transfer into CD45.1þ recipients as described in Figure S4D (Supplementary material). Individual mice (points) and mean (bars) are shown 
(n ¼ 7). Significance was determined by two-way ANOVA with Sidak’s test. �P< 0.05; ��P< 0.01; ���P< 0.001. (I) Representative immunohistochemistry of spleens 
from control and B-Otub1-fl/fl mice, stained for IgM (red), IgD (blue), MOMA1 (yellow). Data shown is representative of three independent experiments. (J) 
Quantification of IgD or IgM fluorescent intensity within the white pulp (delineated by MOMA-1 stain) from control (black) and B-Otub1-fl/fl mice (red). Each symbol 
represents an independent mouse and data from three different quantified follicles. (K) Absolute number of IgDþCD21þ CD23þ in the spleen from control vs B- 
Otub1-fl/fl mice. Individual mice (points) and mean (bars) are plotted (n ¼ 5). Significance wascalculated using a one-tailed Student’s t-test. �P< 0.05; ��P< 0.001; 
ns, nonsignificant.
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aside from differences in frequency, we did not detect any 
significant transcriptional differences in these three defined B 
cell subsets between control and B-Otub1-fl/fl mice. Out of 
the 13,146 protein-coding genes detected by scRNA-seq, 
<0.0026% (34 genes) were differentially expressed 
(Log2FCþ/- 0.25, P-adjusted value < 0.05) when cells from 
control mice were compared to those extracted from B- 
Otub1-fl/fl in clusters 1 to 3 (Supplementary material, Table 
S4). In addition, we performed a trajectory analysis to capture 
the putative transcriptional dynamics underlying the differen-
tiation of B cells (Figure 4C). Our pseudo-time reconstruction 
defined a transcriptional gradient starting from TrB cells, pro-
gressing towards FoB, and terminating with MZB cells (Figure 
4D, Supplementary material, Figure S4C). This suggested that 
MZB cells could be derived from FoB cells, consistent with 
previous reports.48 Importantly, the scRNA-seq pseudo-time 
analysis revealed similar developmental trajectories of splenic 
B cells isolated from control compared to B-Otub1-fl/fl mice 
(Figure 4E). Altogether, these data suggested that loss of 
Otub1 resulted in limited transcriptional changes and differ-
entiation trajectories in splenic B cells as compared to their 
WT counterparts.

To test whether there was increased differentiation of MZB 
cells originating from FoBs in Otub1-deficient mice, as our 
scRNA-seq trajectory analysis suggested, we sorted 
B220þCD21þCD23þ FoB cells from CD45.2þ control or B- 
Otub1-fl/fl mice and adoptively transferred them into CD45.1þ

WT recipients (Figure 4F). While adoptively transferred WT FoB 
cells showed minimal differentiation into MZB cells 28 days 
post-transfer (Figure 4G and H), we noted a striking 7-fold 
increase in the percentage of MZB cells that emerged from 
adoptively transferred Otub1-deficient FoB cells, which trans-
lated into a �6-fold increase in the total number of MZB cells 
(Figure 4G and H). These findings suggested that Otub1-defi-
cient splenic FoB cells have a greater propensity to differenti-
ate into MZB cells, in line with our scRNA-seq data.

Several chemokines receptors, including Cxcr4, Cxcr5 and 
S1pr1, have been previously shown to control the maturation 
of FoB into MZB cells by governing both the positioning of 
different B cell subsets as well as their migration between 
the distinct areas in the spleen.37–39 We therefore assessed 
the presence and localization of splenic B cells by confocal 
microscopy. We stained sections of the spleen for MOMA-1, a 
marker of marginal metallophilic macrophages, to delineate 
the MZ, and combined to IgM and IgD staining in order to 
monitor MZB and FoB cells, respectively, within the spleen. 
Strikingly, the white pulp B cell follicles appeared consider-
ably more disorganized in absence of Otub1 expression 
(Figure 4I). Consistent with our flow cytometry data that 
showed a reduction in the number of FoB cells, we observed 
a significant decrease in IgDþ fluorescence intensity within 
the splenic follicles of B-Otub1-fl/fl mice compared to control 
(Figure 4J). Interestingly, the distribution of IgMþ MZB cells 
was not limited to the marginal zone (Figure 4I), and we 
noticed a significant increase in IgM fluorescence intensity 
within the follicles delineated by MOMA-1 staining (Figure 
4J). Of note, we observed no difference in IgM or IgD surface 
expression between WT and Otub1-deficient splenic B cells 
by flow cytometry (data not shown). Together, these data 

suggested that loss of Otub1 impaired the localization of 
IgMþ MZB cells within the spleen.

Given that the same chemokines found in the spleen 
(Cxcl12, Cxcl13 and S1p) also determine the positioning of B 
cells in lymph nodes, as well as the trafficking of FoBs between 
blood and secondary lymphoid organs,37,38,49,50 we extended 
our analyses to lymph nodes and the blood. While we did not 
observe any significant differences in number or location of B 
cells in the lymph nodes in comparing WT and B-Otub1-fl/fl 
mice (Supplementary material, Figure S4D and E), when we 
quantified the presence of IgDþCD21þCD23þ mature circulat-
ing B cells within the blood we noted a significant decrease 
(�2-fold decrease by percentage; �10-fold decrease in abso-
lute number) in circulating FoB cells in B-Otub1-fl/fl mice com-
pared to WT mice (Figure 4K, Supplementary material, Figure 
S4F). Jointly, our data suggested that Otub1 deficiency, 
through hyperresponsive chemokine receptor signaling, may 
alter splenic B cell positioning and trafficking, which in turn 
impact B cell maturation within the spleen.

Discussion

Our study revealed that the DUB Otub1 is a modulator of 
chemokine receptor signaling in B cells. Indeed, Otub1 defi-
ciency led to a hyperresponsiveness of B cells to homeostatic 
chemokines in vitro and an altered positioning of MZB cells 
within the spleen in vivo, while having little impact on B cell 
development in the BM. Our proteomics-based analysis iden-
tified Gng2 as a novel substrate of Otub1, suggesting that 
Otub1 modulates B cell chemotaxis and trafficking by stabiliz-
ing this c-subunit of the heterotrimeric G protein. Together, 
our study adds to a body of work highlighting the impor-
tance of fine-tuning GPCR signaling in B cells and identifies a 
role for deubiquitylating events in this process.

Of the heterotrimeric G protein subunits a, b and c, all Ga 

subunits, except Ga12/13, were previously shown to be ubiq-
uitylated51; however, examples of functional ubiquitylation of 
either Gb or Gc subunits have been rare.52–55 Interestingly, 
previous work has shown that the c-subunit GNG2 can be 
ubiquitylated as part of the transducin receptor, thereby 
destabilizing its association with the Gb subunit and modu-
lating GPCR signaling.54,55 To the best of our knowledge, no 
deubiquitylation events have so far been reported to control 
any heterotrimeric G protein subunits. We demonstrated, for 
the first time, that Gng2 is a substrate of the deubiquitylase 
Otub1 in higher eukaryotes, a process that we showed was 
needed for the modulation of chemokine receptors in murine 
B cells. Controlling the stability of the heterotrimeric G pro-
teins through ubiquitylation/deubiquitylation events may 
provide an important negative feedback mechanism to limit 
the activation and deactivation steps of GPCR signaling. 
Indeed, we observed a significant mobilization of cytosolic 
Ca2þ in response to chemokine stimulation upon loss of 
Gng2 or Otub1 in 2PK-3 cells, suggesting a role for the 
Otub1-Gng2 axis in the negative control of GPCR signaling. It 
could also modify the stoichiometry of the different subunits 
of the heterotrimeric G proteins, thereby favoring the associ-
ation of distinct a, b and c subunits to enable the fine-tuning 

8 V. M. LUO ET AL.

https://doi.org/10.1080/10985549.2023.2290434
https://doi.org/10.1080/10985549.2023.2290434
https://doi.org/10.1080/10985549.2023.2290434
https://doi.org/10.1080/10985549.2023.2290434
https://doi.org/10.1080/10985549.2023.2290434
https://doi.org/10.1080/10985549.2023.2290434
https://doi.org/10.1080/10985549.2023.2290434
https://doi.org/10.1080/10985549.2023.2290434
https://doi.org/10.1080/10985549.2023.2290434
https://doi.org/10.1080/10985549.2023.2290434


of chemokine signaling. However, how this posttranslation 
regulation of chemokine signaling translates into the altered 
positioning of splenic B cells that we observed in vivo, 
remains an open question.

Multiple signaling inputs have been shown to promote the 
maturation of FoB into MZB cells, including BCR signal 
strength, NF-jB-mediated BAFF signaling and Notch2 activa-
tion.18 Our preliminary data suggested that Otub1 had limited 
impact on these signaling pathways in vitro (data not shown). 
The chemotactic response of splenic B cells was the only 
major feature that was drastically affected by the loss of the 
DUB Otub1. Our current working model is that the regulation 
of Gng2 stability in splenic B cells results in a hyperrespon-
siveness to chemokines both in vitro and in vivo, which in 
turn affects their localization/retention within the MZ and 
their maturation into MZB cells. While we cannot exclude that 
Otub1 may modulate the stability of additional substrates 
linked to B cell development, previous studies have shown 
that targeting intracellular GPCR effectors of the G protein a 

inhibitory subunits (e.g., Gai2 and Gai3) resulted in a defect 
in both the maturation and the localization of murine splenic 
B cells,56,57 in line with our findings. Importantly, the chemo-
kine signaling hyperresponsiveness that we observed in 
Otub1-deficient B cells had minimal transcriptional impact 
when measured by scRNAseq, but rather increased the cap-
acity of Otub1-deficient FoB cells to give rise to MZB cells, 
highlighting the fundamental contribution of chemokine sig-
naling in the regulation of splenic B cell fate.

It is already well established that targeting chemotactic 
GPCRs can significantly alter B cell positioning within the 
splenic white pulp and impact their cell fate. For instance, 
loss of Cxcr5, which is upregulated after B cell egress from 
the BM,58 promoted the development of IgMþ MZB cells and 
resulted in the failure of IgDþ FoB cells to properly localize 
within the splenic follicles.38 Moreover, targeting S1pr1, 
whose expression increases as differentiation of B cells pro-
gresses in the BM and the spleen,59 favored the development 
of MZB cells at the expense of FoB cells and S1pr1-deficient 
MZB cells failed to localize within the MZ of the spleen.39

Targeting G-protein linked chemoattractant receptors had a 
similar effect on B cell positioning and maturation: lack of 
Gai2 or Gai3 in B cells resulted in a reduced response to 
chemo-attractants in vitro,57,60 while Gai2 or Gai3-deficient 
mice displayed significantly less MZB cells as well as smaller 
B cell follicles within the spleen,57 highlighting the role of 
chemotactic GPCRs and their associated G proteins in the 
positioning of B cells within the spleen. However, it remains 
to be determined whether targeting Gng2 in B cells may 
recapitulate the same key features that we observed in our 
B-Otub1-fl/fl mice.

In conclusion, our findings suggest that regulating chemo-
tactic GPCR signaling through ubiquitylation/deubiquitylation 
is a mechanism by which splenic B cells may rely upon to 
regulate both their positioning in situ and cell fate decision. 
In this study, we identified Gng2 as a target of the UPS, 
thereby emphasizing the contribution of this dynamic post-
translational modification in the regulation of chemotactic 
responses and the fine-tuning of GPCR-associated biological 
effects.

Materials and Methods

Mice

Otub1-fl/fl mice were generated as described previously61

with two loxP sites flanking exon 4 of Otub1. Otub1þ/- mice 
were crossed with FLP/O mice (Jax Strain#003946) to remove 
the neomycin cassette resulting in a floxed allele. The pro-
geny was assessed for germline transmission and subse-
quently used at the age of 8–12 weeks unless otherwise 
stated. Mb1Cre/þ mice were a gift from Dr Michael Reth 
(University of Freiburg, Germany). CD45.1þ congenic B6 mice 
were a gift from Dr Francois Mercier (McGill University, 
Canada).62 Otub1C91S/þ and Otub1T134R/þ point mutation 
mice were generated using a CRISPR-Cas9 genome-editing at 
the TCP mouse facility (University of Toronto, Canada). The 
sequence 50-AACTGCTTCTACCGAGCGTTTGG-30 was selected 
as the target for single guide RNA (sgRNA). A 117-nt single- 
stranded oligodeoxynucleotide (ssODN) donor coding the 
Otub1 C91S or T134R mutation was ordered as Ultramer DNA 
oligos from Integrated DNA Technologies (Skokie, IL, USA). 
The Cas9 mRNA, sgRNA, and ssODN were dissolved in nucle-
ase-free water and microinjected into the cytoplasm of pro-
nuclear-stage mouse zygotes obtained from C57BL/6NJcl 
mice (University of Toronto, Canada). The genotype was 
determined by PCR analysis using genomic DNA derived 
from the mice with the mouse Mb1 cre (forward primer 
sequence: 50-GCTGATGGGAAGTCAAGCGAC-30, 50-CCCTGT 
GGATGCCACCTC-30 & reverse 50-GGGAACTGCTGAACTTT 
CTGTG-30, 50- GTCCTGGCATCTGTCAGAG-30); Otub1 floxed 
allele (forward primer sequence: 50-TCCACCCCTTCATCCTGCT 
TTCT-30, and reverse primer sequence: 50-CAGACCAGAG 
CAGGATTAAGAAGCCTA-30); Otub1 C91S (forward primer 
sequence: wt 50-CGTTTGTCTTGCTTGCATTA-30 and mutant 50- 
GGCCTGATGGCAACTC-30; reverse primer sequence: wt/ 
mutant 50-GAAGGAATGGGAAGCCAATA-30); and mouse Otub1 
T134R (forward primer sequence: wt 50-CCTCTCAT 
GAGGAAGTC-30 and mutant 50-GGCTTCACTGAATTCAC/G-30; 
reverse primer sequence: wt 50-GTGGAAGTCTTCAATTG-30 and 
mutant 50-GATAAGGTCCATGAACTGC-30). Males and females 
were used in experiments in approximately equal ratios. 
Unless otherwise stated, all mice used were 8–12 weeks old. 
Transgenic mice were bred and maintained in the animal 
facility of the Lady Davis Institute of Medical Research (LDI), 
Jewish General Hospital in single ventilated cages. All animal 
experiments were performed in accordance with Animal Care 
Committee at the LDI and McGill University and followed the 
guidelines of the Canadian Council on Animal Care (CACC).

Flow cytometry

Cells were filtered through a 70 mm nylon mesh to obtain sin-
gle cell suspensions and subjected to red blood cell (RBC) 
lysis using RBC lysing buffer (Sigma). Cells were re-suspended 
in FACS buffer (D-PBS, 1% FBS, 2 mM EDTA, 0.05% NaN3), 
stained with live/dead for 20 min on ice, then CD16/32 (BD) 
to block binding of Fc receptors for 20 min on ice. Cell sur-
face antigens were subsequently stained for 20 min on ice in 
FACS buffer. Cells were analyzed unfixed or fixed at 4%- 
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paraformaldehyde for 15 min for further analysis. Flow cytom-
etry data was either recorded on an LSRFortessa (Becton 
Dickinson) or ID7000 spectral cell analyzer (Sony) and ana-
lyzed using FlowJo software (Tree Star). The list of antibodies 
used, and its corresponding clones can be found in Table S5 
(Supplementary material).

RNA isolation and real time PCR

RNA was prepared using TRIzol Reagent (Invitrogen) accord-
ing to manufacturer’s instructions. Total extracted RNA was 
treated with DNAseI (Invitrogen) according to manufacturer’s 
instructions. Complementary DNA was synthesized with 
LunaScript RT SuperMix Kit (NEB). qPCR was performed using 
universal Luna Universal qPCR Master Mix system (NEB) on 
an Applied Biosystems 7500 Fast Dx Real time PCR instru-
ment. Gene transcript numbers were standardized and 
adjusted relative to GAPDH transcripts. The primer sequences 
are shown in Table S6 (Supplementary material).

Western blotting analysis

The NuPAGE electrotracts were lysed in 1� NuPAGE buffer 
without dye (106 mM Tris-HCl, 141 mM Tris base, 2% LDS, 
10% glycerol, 0.51 mM EDTA) supplemented with 1� prote-
ase inhibitors (Roche). Protein concentrations were deter-
mined using Pierce BCA protein assay kit (Thermofisher). 
Protein dye was subsequently added to a concentration of 
0.22 mM G250 Coomassie Blue, 0.175 mM Phenol Red; pH 8.5. 
Total protein lysates were resolved by NUPAGE Bis-Tris gel, 
transferred to 0.45 lM PVDF membranes (GE), probed with 
indicated antibodies and visualized with an Amersham ECL 
Prime Western blotting Detection kit (GE Healthcare). A com-
plete list of antibodies used can be found in Table S5 
(Supplementary material).

Mass spectrometry of B2201 murine splenocytes

Splenic cells were prepared as described above. In addition, 
B cells were enriched by staining with B220þ MACS beads 
(Miltenyi Biotech) and passed through a Miltenyi LS column 
according to manufacturer’s suggestion. Cells were lysed in 
high salt lysis buffer (50 mM Tris, 300 mM NaCl, 1 mM EDTA, 
1% Triton X-100). For each sample, mouse spleen lysates 
were loaded onto a single stacking gel band to remove lip-
ids, detergents, and salts. The single gel band containing all 
proteins was reduced with dithiothreitol (DTT), alkylated with 
iodoacetic acid, and digested with trypsin. A 2-mg aliquot of 
the extracted peptides was resolubilized in 0.1% aqueous for-
mic acid and loaded onto a Thermo Fisher Acclaim Pepmap 
(Thermo Fisher Scientific, 75 mM ID � 2 cm C18 3 mM beads) 
precolumn and then onto an Acclaim Pepmap Easyspray 
(Thermo Fisher, 75 mM � 15 cm with 2 mM C18 beads) analyt-
ical column separation using a Dionex Ultimate 3000 UHPLC 
at 250 nL/min with a gradient of 2–35% organic (0.1% formic 
acid in acetonitrile) over 3 h. Peptides were analyzed using a 
Thermo Orbitrap Fusion mass spectrometer operating at 
120,000 resolution (FWHM in MS1) with higher-energy C-trap 

dissociation (HCD) sequencing (15,000 resolution) at top 
speed for all peptides with a charge of 2þ or greater. The 
raw data were converted into �.mgf format (Mascot generic 
format) for searching using the Mascot 2.6.2 search engine 
(Matrix Science) against mouse protein sequences 
(Uniprot2019). The database search results were loaded onto 
Scaffold Qþ Scaffold_4.9.0 (Proteome Sciences) and exported 
to GraphPad Prism v9 for statistical treatment and visualiza-
tion (Supplementary material, Table S1). Proteins that were 
not detected with in at least two replicates of one condition 
were removed. From the remaining list, proteins that did not 
have at least three peptide-spectrum-matches (PSM) in at 
least one replicate were removed as well. Next, normalized 
spectral abundance factors (NSAF) were calculated for each 
protein and sample based on its number of PSM and molecu-
lar weight. Missing values were imputed using the minimum 
NSAF determined across the samples. Finally, for each protein 
the KO/WT ratio was determined by dividing the average of 
the three NO NSAF values by the average of the three WT 
NSAF values. P values were determined using a two-sided t 
test.

ELISA

Sera from blood was collected via saphenous vein from 6– 
10-month-old mice while fecal samples were weighed and 
resuspended at a ratio of 100 mg feces per mL of PBS/0.01% 
sodium azide/1% (v/v) 100� protease inhibitor cocktail 
(Sigma). Ninety-six well EIA/RIA plates (Corning) were coated 
overnight at 4 �C with anti-IgA antibodies (BD Pharmingen) in 
carbonate buffer, pH 9.6. Washing was done with PBS/T 
(0.01% Tween-20), blocking was done with PBS/1% BSA and 
serum and antibodies were diluted in PBS/1% BSA. Serum 
dilutions were incubated in the coated wells for 2 h, and 
bound antibodies were detected using corresponding bioti-
nylated rat anti-mouse IgM, IgG1, IgG2b, IgG3 or IgA (BD 
Pharmingen) for 1 h at RT. This was followed by incubation 
with HRP-conjugated streptavidin for 1 h and subsequently 
developed using 2,2-azino-bis (3-ethylbenzothiazoline-6-sul-
fonic acid) substrate (Sigma). Absorbance was measured at 
405 nm in a BioTek Synergy HTX multi-mode reader. 
Standard curves and relative serum antibody concentrations 
were calculated using GraphPad Prism v9 software.

Plasmids/construct

pDEST-FLAG, pDEST-EGFP, pDEST-mCherry and pDEST-BirA 
plasmids were a kind from Dr Anne Claude Gringas. All fusion 
tags used are located at the N-terminal of the protein of 
interest. Plasmids containing cDNA of Gng2 and Otub1 were 
a gift from Dr Sidong Huang. The entry clones for GNG2 and 
OTUB1 were generated by BP clonase-mediated recombin-
ation reactions between vector pDONR221 and purified PCR 
products containing the full length cDNAs. The primers used 
for the BP reactions are listed in Table S6 (Supplementary 
material). Where appropriate, a stop codon was introduced 
into the C-term ends of the construct. BP- and LR- recombin-
ation reactions were performed with BP Clonase II and LR 
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Clonase II Enzyme mix respectively (Invitrogen). Reactions 
were stopped by addition of Proteinase K and incubation at 
37 �C for 10 min. Plasmids were subsequently transformed 
into either XL10-Gold ultracompetent bacteria or NEB Stable 
Competent Escherichia coli.

Cell lines

HEK293T cells were a gift from Dr Jerry Pelletier (McGill 
University, Canada) and were cultured in DMEM (Wisent, 319- 
005-CL) supplemented with 10% fetal bovine serum (FBS) 
and 1� penicillin-streptomycin (P/S) (Wisent bioproducts, 
450-201-EL). The Raji cell line was obtained from ATCC, cul-
tured in RPMI (350-000-CL) supplemented with 20% FBS and 
1� P/S. The 2PK-3 cell line were a gift from Dr Michael Gold 
(University of British Columbia) and were cultured in RPMI 
1640 supplemented with 10% heat-inactivated FCS, 50 lM 2- 
ME, 2 mM glutamine, and 1 mM pyruvate. Stably expressing 
BirA-Gng2 cell lines were generated in Flp-In T-Rex 293 cells. 
(Invitrogen; used for BioID and affinity purification coupled to 
MS analysis). Cells were grown at 37 �C in DMEM supple-
mented with 10% fetal bovine serum and penicillin/strepto-
mycin. Cell lines are routinely tested for mycoplasma using a 
mycoplasma PCR detection kit (ABM, G238).

Coimmunoprecipitation

HEK293T cells were transfected with indicated plasmids at 
60% confluency for 48 h. Cells were washed twice with PBS 
and collected by cell scraping on ice, in 350 mL high-salt lysis 
buffer (50 mM Tris, 300 mM NaCl, 1 mM EDTA, 1% Triton X- 
100). Cell lysates were placed on a rotator for 30 min at 4 �C 
to ensure sufficient lysis, followed by a 15 min incubation at 
30 �C in 0.25 M CaCl2 and 250 U benzonase to dissociate 
DNA-protein interaction. Cell lysates were cleared by centrifu-
gation at maximum speed for 15 min at 4 �C. Supernatant 
was diluted 1:2 with dilution buffer, then placed on 40 mL 
washed anti-M2 affinity magnetic beads/resin and placed on 
a rotator overnight at 4 �C. Beads/resin were washed twice 
with low salt wash buffer (50 mM Tris, pH 7.6, 150 mM NaCl, 
1 mM EDTA) and twice with TBS (20 mM Tris, 150 mM NaCl) 
buffer. Proteins were eluted in 1� FLAG peptides (Sigma). 
Protein was subjected to immunoblotting as above.

GNG2 stability analysis

Naïve splenic B cells were purified from either control or B- 
Otub1-fl/fl mice, activated with 20 ug/mL LPS, and electropo-
rated 24 h later. Control or B-Otub1-fl/fl were washed with 
PBS and resuspended in electroporation buffer (9 mM NaPO4 

pH 7.2; KCl 500 lM; MgCl2 1 mM; 2 mM HEPES; Sodium 
Succinate 2.4 mM in endotoxin free water). Primary B cells 
were electroporated with 200 ng of EGFP-Gng2 using the 4D- 
Nucleofector System (Lonza). Cells were subsequently resus-
pended in complete RPMI media at 1� 106/mL and grown 
until indicated times. WT and Otub1 depleted Raji-Cas9 cells 
were washed with PBS and resuspended in electroporation 
buffer (5 mM KCl; 15 mM MgCl2; 15 mM HEPES; 150 mM, 

Na2HPO4/NaH2PO4; 50 mM mannitol). Cells were electropo-
rated with 2.5 lg of EGFP-GNG2 or mCherry plasmid using 
the 4D-Nucleofector System (Lonza). Cells were subsequently 
resuspended in complete RPMI media at 1� 105/mL and 
grown until indicated times. The percentage of GFP or 
mCherry positive cells were determined using LSRFortessa 
(BD). For cycloheximide chase experiments, 48 h after trans-
fection, cells were incubated with 100 mg/mL cycloheximide 
(Sigma) for the indicated time periods.

CRISPR model generation

To generate CRISPR knockout cells, single guide RNAs were 
cloned into lentiGuide-puro vector (Addgene#: 52963), 
lentiCRISPRv2 vector (Addgene#: 52961) or MSCV-Cas9-2A- 
GFP-sgRNA (Addgene#: 124889). The sequence of sgRNAs 
used in this study are listed in Table S6 (Supplementary 
material). Lentiviral transduction of cells for sgRNA experi-
ments was performed as previously described.63 Briefly, 
HEK293T cells were transfected with lentiGuide-puro or 
lentiCRISPRv2 constructs together with psPAX.2 and VSV-g 
third generation lentiviral packaging system using the cal-
cium phosphate transfection method. Viral supernatants were 
collected 48, 60, 72, and 96 h posttransfection and concen-
trated using PEG6000 (Sigma). For Raji-Cas9 cells, 200,000 
cells in 2 mL of media were spinfected with concentrated 
virus and 8 mg/mL For HEK293T cells, concentrated virus and 
8 mg/mL of polybrene was added to 200,000 cells and incu-
bated for 6 h, before media was removed and replaced with 
regular culture media. Two days posttransduction, the cells 
were selected with 2 lg/mL puromycin for 3 days. For Raji- 
Cas9 cells, 200,000 cells in 2 mL of media were spinfected 
with concentrated virus and 8 mg/mL of polybrene at 1000 g 
for 60 min. The lentivirus containing medium was removed 
immediately after spinfection and replaced with regular cul-
ture media.Individual cell sorting was conducted into 96 well 
plates using a FACSAria II (BD Biosciences) to establish single 
cell colonies. Retroviral particles were also generated by 
using calcium phosphate transfection into HEK293T as above 
but using pCL-Eco (Addgene #12371) packaging plasmid 
instead. Approximately 1� 105 2PK-3 cells were placed in a 
24-well plate along with the retroviral supernatant and the 
cells were centrifuged at 1340 g (2400 r.p.m.) for 2 h at room 
temperature. The viral supernatant was aspirated and subse-
quently resuspended in growth medium. Twenty-four hours 
after, cells were again spinfected with fresh retrovirus for a 
second time. Forty-eight hours after the second spinfection, 
the highest 10% of GFP-expressing cells were single cell 
sorted into 96 well plates using aFACSAria II (BD Biosciences).

BioID sample preparation for mass spectrometry

Samples were processed from Flp-In T-Rex 293 cells stably 
expressing FLAG-BirA-Gng2 as previously described.63 Briefly, 
at 70% confluency, induction of fusion protein expression 
was achieved by adding 1 lM tetracycline to the cells for 
24 h. After induction, the media was supplemented with 
50 lM biotin, for an additional 24 h. Cells were then 
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harvested and washed twice with PBS. Pellets were subse-
quently resuspended in cold RIPA buffer containing: 50 mM 
Tris–HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.1% 
SDS, 0.5% sodium deoxycholate, 1 mM PMSF, 1 mM dithio-
threitol, 1:500 Sigma-Aldrich protease inhibitor cocktail 
(P8340, Sigma). Cell homogenates were sonicated and 250 U 
benzonase was added before high-speed centrifugation 
(12,000 rpm, 30 min). Supernatants were incubated with pre-
washed streptavidin-sepharose beads (GE, #17-5113-01) at 
4 �C with rotation for 3 h. Beads were collected by centrifuga-
tion (2,000 rpm 1 min), washed twice with RIPA buffer and 
three times with 50 mM ammonium bicarbonate (ABC, pH 
8.2). Beads were resuspended in 50 mM ABC and on-bead 
digestion was achieved by adding 1 lg trypsin (Sigma-Aldrich 
T6567) to the suspension for overnight incubation at 37 �C 
with rotation. Supernatant containing peptides was collected 
by centrifugation and pooled with supernatants from two fol-
lowing washes with HPLC-grade H2O. Digestion was ended 
with the addition of formic acid to a final concentration of 
5%. Samples were centrifuged (12,000 rpm for 10 min), and 
the supernatants were dried in a SpeedVac for 3 h at high 
rate. Peptides were resuspended in 5% formic acid and kept 
at −80 �C for mass spectrometric analysis. MS processing and 
protein analysis were carried out as previously described.63

All proteomic data have been deposed in the MassIVE 
depository database (MSV000091229).

BioID functional enrichment analysis

The g:Profiler tool was used to identify functional enrichment 
analysis (Benjamini–Hochberg FDR < 0.05). Overrepresentation 
analyses of GO terms, KEGG pathways and CORUM complexes 
were executed with the R package gprofiler264 by excluding 
electronic annotations and statistically correcting P values with 
the false discovery rate (FDR) correction method. We selected 
statistically significant terms and presented the results in dot 
plots with the ggplot2 R package.

Calcium flux analysis

Splenocytes were isolated into RPMI/10% heat inactivated 
FCS, incubated for 30 min at 37 �C on 10 cm tissue culture 
plates to eliminate adherent macrophages. RBCs were lysed 
using RBC lysis buffer and then washed twice with RPMI/ 
0.5% fatty acid free (FAF) BSA (Sigma). 1� 107 splenocytes 
were stained with Indo-1, AM (ThermoFisher) in the presence 
of 0.02% Pluronic F127 (ThermoFisher) for 30 min at 37 �C/5% 
CO2. In the last 10 min, cells were counterstained with B220, 
CD21 and CD23 to allow for B cell subset discrimination. 
2PK-3 cells were also stained with Indo-1, AM in 0.02% 

Pluronic F127 for acquisition, however, without the need for 
RBC lysis or staining with additional antibodies. Cells were 
washed and prewarmed to 37 �C before analysis. Indo-1 fluor-
escence emission was measured using a 355 nm UV laser and 
379/28 (Indo-1 bound) and 515/30 (Indo-1 free) filter sets on 
a LSRFortessa (BD) flow cytometer. The ratio was calculated 
as Indo-1 bound/Indo-1 free.

Phospho-RS6 flow cytometry staining

Murine splenocytes were prepared similar to calcium flux ana-
lysis. Cells were stained with B220, CD21 and CD23 for B cell 
subset discrimination, prewarmed at 37 �C for 30 min, before 
activation with Cxcl12 (100 ng/mL). At indicated time points, 
cells were immediately fixed using FoxP3 Transcription Factor 
Fixation/Permeabilization Concentrate and Diluent (Life 
Technologies) according to manufacturer’s suggestions. Cells 
were then blocked with 1% rat serum, before staining with 
pRS6-PE antibody for 30 min.

F-actin polymerization

B cells were mashed through a 70 uM filter into 0.1% FAF- 
BSA(Sigma)/25 mM HEPES/RPMI. Cells were lysed with RBC 
lysis buffer, stained with B220, CD21, CD23 and CD24 to 
allow the B cell subsets to be distinguished. The cells were 
rested at 3� 106 cells/mL in 0.1% FAF-BSA/25 mM HEPES/ 
RPMI medium for 30 min prior to the F-actin polymerization 
assay. Splenic cells were stimulated with CXCL13 (1 ug/mL; 
Biolegend) for various time points. At each time point (0 s to 
300 s), 100 lL was taken from the cell suspension and the 
cells immediately fixed in 4% paraformaldehyde (Sigma) for 
10 min. The cells were then washed twice with 0.1% TritonX- 
100/RPMI and permeabilized for 4 min in 0.1% TritonX-100/ 
RPMI at RT. Cells were then stained with Alexa Fluor647TM 

phalloidin for 30 min and washed twice with 0.1% TritonX- 
100/RPMI before acquiring by flow cytometry. F-actin poly-
merization percentage was calculated using geometric mean 
fluorescence intensity (gMFI) as follows:

Transwell migration assay

Splenocytes were prepared as for calcium flux analysis but 
were additionally rested for at least 1 h at 5% CO2 at 37 �C 
post-RBC lysis. Chemotaxis assays were performed using 
1� 106 total cells per 5 lM transwell (Corning Costar Corp., 
Acton, MA) toward Cxcl12 (Biolegend), Cxcl13 (Biolegend) or 
S1P (Sigma). Cells that migrated to the lower chamber were 
stained with B220, CD21 and CD23 antibodies and enumer-
ated by collecting events for 150 s on a LSRFortessa (BD) flow 
cytometer.

gMFI individual time point post CXCL13 activationð Þ − gMFI ð0s time pointÞ
gMFI ð0s time pointÞ

� 100 
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Single-cell RNA-seq library preparation

Control and B-Otub1-fl/fl littermates from twp litters were 
processed by scRNA-seq in two batches (2 mice/genotype 
total, 1 mouse/genotype in each batch, all males). Mice were 
sacrificed at 56 days. Spleens were harvested into MACS buf-
fer (0.5% BSA, 2 mM EDTA, PBS) on ice and minced through a 
40 uM strainer. Cells were lysed with 2 mL RBC lysis buffer 
(Sigma-Aldrich) for 5 min at room temperature. The reaction 
was quenched with 10 mL MACS buffer and samples were 
centrifuged at 700 g for 5 min. Cells were resuspended to 107 

cells/mL in MACS buffer with 10 ul/107 cells anti-B220 MACS 
microbeads (Miltenyi) and rotated for 20 min at 4 �C. Stained 
cells were passed through LS columns (Miltenyi) and washed 
three times with 3 mL MACS buffer. Cells were spun down at 
700 g for 5 min and resuspended in PBS þ 0.04% ultra-pure 
BSA. Library preparation was performed with the 10X 
Chromium Single Cell 30 v2 chemistry protocol (10X 
Genomics) for a target of 10,000 cells/sample.65 Libraries 
were sequenced on the Illumina HiSeq4000 platform.

scRNA-seq data analysis

Reads were trimmed, demultiplexed, aligned to the mm10 
genome, and unique transcripts were counted using the 10X 
Genomics Cell Ranger pipeline (v2.0.2 for batch 1, v2.1.1 for 
batch 2). Quality control of expression matrices, clustering, 
and visualization was performed in R (v3.5.0) with methods 
from the Seurat package (v2.3.4).66,67 Genes with expression 
in <3 cells and cells with <200 detected genes were 
excluded. Cells with greater than 10,000 UMIs or >12% mito-
chondrial content were removed. The data was scaled to 
10,000 UMIs per cell and log-normalized. Samples were first 
clustered separately. Briefly, variable genes were defined as 
genes with average expression between 0.0125 and 3 and 
with dispersion � 0.5. Number of UMIs and mitochondrial 
content were regressed from the normalized gene counts 
and the residuals were z-scored gene-wise. Dimensionality 
reduction was applied to the variable genes using principal 
component analysis (PCA), with 50 PCs computed. The first 
20 PCs were used as input for visualization in two dimensions 
using uniform manifold approximation and projection 
(UMAP)4 and as input for clustering. Cells were clustered 
using a shared nearest neighbor (SNN) modularity optimiza-
tion algorithm using the Smart Local Moving algorithm on a 
k-nearest neighbor graph with k¼ 30 and the resolution par-
ameter set to 0.8. The resulting clusters were labeled as B 
cells or non-B cells based on expression of Cd19, Cd79a, and 
Ms4a1. Cells expressing Otub1 in B cell clusters of B-Otub1-fl/ 
fl samples were removed prior to joint analysis of all samples. 
Joint analysis of all samples was performed as described for 
samples separately, with counts of each sample combined 
and treated as one. The first 30 PCs of the 50 computed 
were used for visualization and clustering. Cell cycle scores 
for G2/M and S phases were computed as implemented in 
Seurat,67 by calculating the average expression of G2/M and 
S phase-associated gene lists in each single cell and subtract-
ing the average expression of control gene lists. Cluster 
markers were computed for each cluster compared to all 

other cells using the Wilcoxon rank sum test, requiring that a 
gene is detected in at least 25% of cells in the cluster or out-
side the cluster and has an average log2 fold change of at 
least 0.25 to be tested. Cell type labels for clusters from the 
joint analysis were assigned based on cluster markers, as well 
as expression of canonical cell type-specific markers (B cells: 
Cd19, Cd79a, Ms4a1; plasma cells: Mzb1, Jchain, Xbp1; NK 
cells: Ncr1, Nkg7, Gzma; macrophages: Adgre1, C1qa, Csf1r; T 
cells: Cd3e, Cd8a, Skap1; monocytes: Cd68, Fcer1g, Itgax, Lyz2, 
Tyrobp; dendritic cells: Cd86, Clec9a, Xcr1, Cd207). Follicular 
(FoB), marginal zone (MzB), and transitional (TrB) B cell sub-
sets were identified using ssGSEA with code adapted from 
the GSVA package (v1.27.0) 68 and signatures from 46,47. 
Differential expression analysis between WT and Otub- cKO 
was performed per cluster, with each cluster down sampled 
to equal cell numbers between conditions. DE genes were 
obtained using the Wilcoxon rank sum test, requiring that a 
gene is detected in at least 25% of cells in either condition 
and has an average log2 fold change of at least 0.25 to be 
tested.

Pseudotemporal ordering and trajectory reconstruction

The trajectory of control and B-Otub1-fl/fl B cells was inferred 
using the R package Monocle2 v.2.8.0.69,70,71 Only B cell clus-
ters were included in the analysis (Fig. 4A). Dimensionality 
reduction was performed using the discriminative dimension-
ality reduction with trees algorithm,69 with the effect of the 
number of genes expressed and the mitochondrial percent-
age removed. The most variant genes were used to order 
cells along the tree. Cells were assigned a pseudotime 
according to their distance from the root state, which was 
manually selected. To display the relationship between cells 
in pseudotime, a minimum spanning tree was generated.

Immunostaining

Immunohistochemistry was performed using a protocol 
adapted from an earlier study.72 Briefly, spleens and LNs 
were fixed in PLP buffer (0.05 M phosphate buffer, 0.1 M l- 
lysine, 2 mg/mL NaIO4, and 10 mg/mL paraformaldehyde, pH 
7.4) overnight followed by cryoprotection in 30% sucrose 
overnight. Tissue was frozen in Tissue-Tek OCT compound 
and stored at −80 �C until sectioning. Spleens and LN were 
cut at −20 �C into 20 lm thick sections using a Leica 
CM3050 S cryostat. Sections were blocked in buffer (0.1 M 
Tris, 1% FBS, 0.3% Triton X-100, 1% gelatin from cold water 
fish scales) and stained with a primary antibody against 
MOMA-1 (Abcam) overnight followed by a goat anti-rabbit 
AF594 (Invitrogen) secondary antibody. Spleen sections were 
incubated with 1% normal rat serum for 1 h and subse-
quently stained with conjugated antibody using IgD-FITC 
(BD) and IgM-AF647 (BD) overnight. LN sections were stained 
with CD3 primary antibody, followed by goat anti-rat AF555 
(Invitrogen), and lastly IgM-BV421 (Biolegend), IgD-FITC (BD) 
and CD169-AF647 (Biolegend) overnight. Stained sections 
were fixed on slides using Fluoromount-G for imaging and 
kept at 4 �C until image capture.
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Imaging and analysis

Confocal microscopy images were taken with Zeiss LSM 880. 
Images shown were taken with Plan-Apochromat objective 
20� (N.A¼ 0.8) and stitched together with ZEN software. 2D 
image projections were generated and processed using Fiji 
(ImageJ). Z-slices were summed, and MZB and FoB ROIs 
defined by the MOMA-1 boundary. Mean fluorescence inten-
sity was quantified for IgM and IgD within each ROI.

Adoptive transfer of FoB cells

Spleens from CD45.2 congenic donor mice (control or B- 
Otub1-fl/fl) were collected and mechanically dissociated. Red 
blood cells were lysed using red blood cell lysing buffer 
(Sigma). FoB cells were sorted from splenic B cells as 
B220þCD21þCD23þ on an FACSAria II (BD Biosciences). Cells 
were resuspended in PBS on ice and 2 million cells were 
injected i.v. in 200 mL into CD45.1 congenic recipient mice. 
Cells from the spleen were analyzed 28 days after transfer for 
CD45.1 and CD45.2 expression and B220þCD21þCD23þ to 
distinguish FoB from MZB cells.

Statistical analyses

All quantitative experiments are plotted with mean ± S.E.M 
(unless otherwise stated) with the number of independent 
experiments performed stated in the figure legends. 
Statistical significance was determined using the tests indi-
cated in the legend. A Pmvalue < 0.05 was considered sig-
nificant. All statistical analyses were performed in Prism v9 
(GraphPad).
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