
OTUB1 inhibits CNS autoimmunity by preventing
IFN-γ-induced hyperactivation of astrocytes.

Item Type Article; Other

Authors Wang, Xu; Mulas, Floriana; Yi, Wenjing; Brunn, Anna; Nishanth,
Gopala; Just, Sissy; Waisman, Ari; Brück, Wolfgang; Deckert,
Martina; Schlüter, Dirk

Citation EMBO J. 2019;38(10):e100947. doi:10.15252/embj.2018100947.

DOI 10.15252/embj.2018100947

Publisher EMBO Press

Journal The EMBO journal

Rights Attribution-NonCommercial-ShareAlike 4.0 International

Download date 24/05/2023 08:39:05

Item License http://creativecommons.org/licenses/by-nc-sa/4.0/

Link to Item http://hdl.handle.net/10033/622411

http://dx.doi.org/10.15252/embj.2018100947
http://creativecommons.org/licenses/by-nc-sa/4.0/
http://hdl.handle.net/10033/622411


Article

OTUB1 inhibits CNS autoimmunity by preventing
IFN-c-induced hyperactivation of astrocytes
Xu Wang1,2,* , Floriana Mulas1,2, Wenjing Yi1,2, Anna Brunn3, Gopala Nishanth1,2, Sissy Just1,2,

Ari Waisman4 , Wolfgang Brück5, Martina Deckert3 & Dirk Schlüter1,2,6,**

Abstract

Astrocytes are critical regulators of neuroinflammation in multiple
sclerosis (MS) and its animal model experimental autoimmune
encephalomyelitis (EAE). Growing evidence indicates that ubiquitina-
tion of signaling molecules is an important cell-intrinsic mechanism
governing astrocyte function during MS and EAE. Here, we identified
an upregulation of the deubiquitinase OTU domain, ubiquitin alde-
hyde binding 1 (OTUB1) in astrocytes during MS and EAE. Mice with
astrocyte-specific OTUB1 ablation developed more severe EAE due to
increased leukocyte accumulation, proinflammatory gene transcrip-
tion, and demyelination in the spinal cord as compared to control
mice. OTUB1-deficient astrocytes were hyperactivated in response
to IFN-c, a fingerprint cytokine of encephalitogenic T cells, and
produced more proinflammatory cytokines and chemokines than
control astrocytes. Mechanistically, OTUB1 inhibited IFN-c-induced
Janus kinase (JAK)/signal transducer and activator of transcription
(STAT) signaling by K48 deubiquitination and stabilization of the
JAK2 inhibitor suppressor of cytokine signaling 1 (SOCS1). Thus,
astrocyte-specific OTUB1 is a critical inhibitor of neuroinflammation
in CNS autoimmunity.
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Introduction

Multiple sclerosis (MS) and its animal model experimental auto-

immune encephalomyelitis (EAE) are autoimmune diseases of the

central nervous system (CNS) characterized by infiltration of

inflammatory cells, demyelination, and axonal damage. Interferon

(IFN)-c-producing T helper (Th)1, interleukin (IL)-17-producing

Th17, and granulocyte-macrophage colony-stimulating factor (GM-

CSF)-producing CD4+ T cells are shown to be key mediators of

EAE, and all of them can induce EAE individually (Stromnes et al,

2008; Domingues et al, 2010; Codarri et al, 2011). Upon immuniza-

tion with myelin oligodendrocyte glycoprotein (MOG) peptide,

myelin-reactive T cells are primed in lymphatic organs and enter the

subarachnoid/perivascular space through the choroid plexus or the

leptomeningeal vessels (wave 1), where they are reactivated by anti-

gen-presenting cells including dendritic cells and macrophages

(Engelhardt & Sorokin, 2009; Engelhardt et al, 2016). Subsequently,

T cells undergo clonal expansion and produce proinflammatory

cytokines, including IFN-c, IL-17, and tumor necrosis factor (TNF),

which stimulate CNS-resident cells. Activated astrocytes produce

large amounts of leukocyte-recruiting chemokines and cytokines

leading to an explosive recruitment of leukocytes to the CNS (wave

2) that is associated with clinical EAE onset and demyelination

(Sofroniew, 2015).

In astrocytes, IL-17- and TNF-induced NF-jB activation and IFN-

c-mediated JAK-STAT1 signaling are crucial for proinflammatory

gene induction and EAE development. Astrocyte-specific overexpres-

sion of the NF-jB inhibitor IjBa-dn or deletion of pivotal molecules

of NF-jB and JAK-STAT1 signaling pathways including Act1, IKK2,

NEMO, and IFN-cR, respectively, ameliorates EAE (van Loo et al,

2006; Brambilla et al, 2009; Kang et al, 2010; Ding et al, 2015). Of

note, activation of NF-jB and JAK-STAT1 signaling is tightly

controlled by ubiquitination. Ubiquitination is an important post-

translational modification in which ubiquitin, a protein consisting of

76 amino acids, is covalently attached to target proteins (Mevissen &

Komander, 2017). Ubiquitination is catalyzed by a cascade of three

different ubiquitinating enzymes: ubiquitin-activating enzymes

(E1s), ubiquitin-conjugating enzymes (E2s), and ubiquitin ligases

(E3s; Deshaies & Joazeiro, 2009). Ubiquitination of a substrate can

be implemented by either single ubiquitin molecules (monoubiquiti-

nation or multi-monoubiquitination) or a chain of polyubiquitin

molecules (polyubiquitination), which are covalently linked by one
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of the seven lysine residues, i.e., K6, K11, K27, K29, K33, K48, and

K63. Another type of polyubiquitination, the linear polyubiquitina-

tion, is generated via linkage between the carboxyl group of an ubiq-

uitin molecule and an N-terminal Met residue of another ubiquitin

monomer (Hrdinka & Gyrd-Hansen, 2017). Functionally, ubiquitina-

tion was initially identified as a mechanism for protein degradation.

However, it also participates in non-degradative cellular activities

including membrane trafficking, endocytosis, and, in particular,

signal transduction. K48 polyubiquitination triggers the degradation

of target proteins by the 26S proteasome. In contrast, linear and K63

polyubiquitination is required for the activation of multiple signaling

molecules and pathways (Hu & Sun, 2016).

Ubiquitination is a reversible process and can be counter-regu-

lated by deubiquitinating enzymes (DUBs; Mevissen & Komander,

2017). Previously, we have shown that A20, a DUB belonging to the

ovarian tumor domain protease family, inhibits EAE by suppressing

proinflammatory gene production in astrocytes (Wang et al, 2013a).

OTU domain, ubiquitin aldehyde binding 1 (OTUB1), another DUB

of the ovarian tumor domain protease family, can reduce both K48

and K63 polyubiquitination, although it has a preference for K48

polyubiquitin chains (Edelmann et al, 2009). OTUB1 regulates vari-

ous signaling pathways by deubiquitinating and stabilizing multiple

molecules including c-IAP1, SMAD2/3, p53, MDMX, FOXM1, and

YB-1 (Sun et al, 2012; Goncharov et al, 2013; Herhaus et al, 2013;

Dong et al, 2015; Wang et al, 2016; Chen et al, 2017). A recent

study showed that OTUB1 increases Tau stability by removing K48-

linked polyubiquitin chains from this protein in neurons (Wang

et al, 2017a). However, so far, the function of OTUB1 in CNS

autoimmune disease has not been studied.

Here, we demonstrate that astrocytes upregulate OTUB1 protein

expression in MS and EAE. To decipher the role of astrocyte-derived

OTUB1 in EAE, we generated conditional GFAP-Cre OTUB1fl/fl mice

that are specifically deficient of OTUB1 in astrocytes. As compared to

OTUB1fl/fl mice, GFAP-Cre OTUB1fl/fl mice developed significantly

more severe EAE, which was caused by increased proinflammatory

gene production in OTUB1-deficient astrocytes. We further demon-

strate that OTUB1 inhibited IFN-c-induced JAK-STAT1 signaling in

astrocytes by K48 deubiquitination and stabilization of SOCS1, a key

inhibitor of JAK-STAT1 signaling. Thus, the present study identifies

OTUB1 as a key regulator of astrocyte activation, further stressing the

decisive role of astrocytes in the development of CNS autoimmunity.

Results

OTUB1 expression is induced in astrocytes during MS

Several studies have demonstrated the regulation of important

signaling pathways by OTUB1 in vitro, but the in vivo function of

OTUB1 is largely unknown. To decipher a potential function of

OTUB1 in vivo in CNS autoimmunity, we first analyzed OTUB1

protein expression in white matter brain biopsy tissue of treatment-

naı̈ve MS patients by immunohistochemistry. Interestingly, in all of

10 MS cases (Table EV1) analyzed, activated astrocytes adjacent to

inflammatory demyelination expressed OTUB1 in the nucleus and

cytoplasm (Fig 1A and B). Some oligodendrocytes also expressed

OTUB1 (Fig EV1A), whereas neurons were absent from the white

matter biopsy tissue. Since brain biopsy tissue from healthy

individuals is not available for comparison, we studied the peritu-

moral area of three brain biopsies from patients with astrocytoma

(WHO grade II; Table EV1) for OTUB1 expression. In contrast to

neurons, resting and activated astrocytes located in the peritumoral

brain tissue did not express OTUB1 (Fig EV1B).

To study the in vivo function of OTUB1, we generated OTUB1fl/fl

mice, in which exons 2 and 3 of OTUB1 were flanked by LoxP sites

(Appendix Fig S1A). OTUB1fl/fl mice were crossed with Rosa26-Cre

mice to delete OTUB1 in all cells and with Nestin-Cre mice to delete

OTUB1 in neuroectodermal cells including astrocytes, neurons, and

oligodendrocytes. Of note, mice lacking OTUB1 in all cells or only in

neuroectodermal cells were embryonic lethal (Appendix Fig S1B and

C). To further study the function of OTUB1 in the CNS, we selec-

tively deleted OTUB1 in astrocytes. In these GFAP-Cre OTUB1fl/fl

mice, OTUB1 expression in astrocytes was efficiently removed

(Fig 2A and B). These mice were born in a normal Mendelian ratio

and reached adulthood without obvious CNS defects including a

normal myelination in the brain and spinal cord (Fig 2C). In addi-

tion, OTUB1 deletion in astrocytes did not result in spontaneous

neuroinflammation and preserved the low numbers of leukocytes in

the CNS (Figs 2D and E, and EV2A). Furthermore, astrocytic OTUB1-

deficiency did not alter the composition of major leukocyte popula-

tions in the lymph node and spleen (Fig EV2B and C).

A detailed morphological analysis of OTUB1fl/fl and GFAP-Cre

OTUB1fl/fl mice revealed that (i) OTUB1 was expressed by NeuN+

neurons and single Nogo2A+ oligodendrocytes in the normal brain

and spinal cord of both mouse strains and (ii) neurons and oligo-

dendrocytes were morphologically normal in GFAP-Cre OTUB1fl/fl

mice (Fig 2F and G). Noteworthy, astrocytes of OTUB1fl/fl and

GFAP-Cre OTUB1fl/fl mice were of normal morphology and distribu-

tion throughout the brain and spinal cord as assessed by their regu-

lar GFAP expression and OTUB1fl/fl astrocytes consistently lacked

OTUB1 expression (Fig 2H).

Ablation of OTUB1 in astrocytes aggravates EAE

Since OTUB1 regulates immunologically important signaling path-

ways (Li et al, 2010; Goncharov et al, 2013; Herhaus et al, 2013;

Peng et al, 2014) and was strongly expressed in activated astro-

cytes of MS lesions (Fig 1A and B), we investigated its expression

and function in astrocytes after EAE induction. Upon immuniza-

tion with MOG35–55 peptide and a pertussis toxin boost, OTUB1

expression was induced in activated spinal cord astrocytes of

OTUB1fl/fl mice but not of GFAP-Cre OTUB1fl/fl mice at day 15 p.i.

(Fig 3A). At this stage of EAE, both strains of mice harbored large

inflammatory infiltrates in the spinal cord (Fig 3B). At later stages

of EAE, i.e., day 22 p.i., OTUB1 expression in astrocytes strongly

declined in OTUB1fl/fl mice and, as expected, remained negative in

GFAP-Cre OTUB1fl/fl mice (Fig 3C). Interestingly, inflammation

regressed in parallel in OTUB1fl/fl mice as indicated by the reduced

leukocyte infiltration and demyelination, whereas inflammatory

infiltrates and demyelination persisted in GFAP-Cre OTUB1fl/fl

mice (Fig 3D). In contrast to the upregulation of OTUB1 expression

in astrocytes, OTUB1 expression of NeuN+ neurons and NogoA+

oligodendrocytes remained unchanged in both OTUB1fl/fl and

GFAP-Cre OTUB1fl/fl mice (Fig EV3A and B).

In good agreement with the different kinetic of inflammation,

GFAP-Cre OTUB1fl/fl mice showed significantly worsened course
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of EAE symptoms (Fig 3E) with an earlier disease onset

(Table 1), significantly higher maximal clinical scores (Table 1),

and significantly enlarged areas of demyelination in the spinal

cord (Table 2) as compared to OTUB1fl/fl mice. Interestingly,

numbers of GFAP+ astrocytes were also significantly increased in

GFAP-Cre OTUB1fl/fl mice at days 15 and 22 p.i. (Table 3), indi-

cating that OTUB1 expression in astrocytes critically regulates

their activation.

Astrocytes are an integral part of the blood–brain barrier (BBB)

and critically regulate the recruitment of autoimmune CD4+ T cells

into the CNS. To further analyze the effect of astrocyte-specific

OTUB1 on the development of EAE, we additionally induced EAE

without pertussis toxin, which contributes to the disruption of the

BBB in EAE (Linthicum et al, 1982). Upon immunization of GFAP-

Cre OTUB1fl/fl mice and OTUB1fl/fl control mice with MOG35–55

peptide without pertussis toxin, control mice did not develop EAE,

whereas GFAP-Cre OTUB1fl/fl mice gradually developed EAE symp-

toms over a period of 40 days (Fig 3F). Thus, GFAP-Cre OTUB1fl/fl

mice are more susceptible to EAE even in the absence of the BBB

disturbing pertussis toxin, suggesting that OTUB1 may regulate

invasion of autoreactive T cells into the CNS.

Of note, we have previously shown that the GFAP-Cre transgene

does not contribute to EAE, ruling out the possibility that the more

severe EAE of GFAP-Cre OTUB1fl/fl mice is caused by the GFAP-Cre

transgene (Wang et al, 2013a). The fact of low-level GFAP-Cre

expression in a few neurons raises the possibility that the deletion

of OTUB1 in neurons might cause the more severe EAE in GFAP-Cre

OTUB1fl/fl mice. However, Synapsin-Cre OTUB1fl/fl mice, which

were deficient of OTUB1 selectively in neurons, displayed compara-

ble EAE as control mice, showing that neuron-specific OTUB1 has

no influence on EAE (Fig EV4A).

OTUB1 inhibits proinflammatory gene expression in astrocytes
and invasion of encephalitogenic T cells in the spinal cord
during EAE

Autoimmune CD4+ T cells are critical mediators of EAE. There-

fore, we analyzed the infiltration of CD4+ T cells and other

A B

Figure 1. Upregulation of OTUB1 in astrocytes in MS lesions.

A, B Activated GFAP+ astrocytes in white matter MS lesions with inflammatory infiltrates and demyelination show an upregulation of OTUB1 (arrows).
Photomicrographs are obtained from case 9 (A) and case 5 (B) listed in Table EV1. Data are representative for all 10 MS patients analyzed. Double
immunofluorescence with rabbit anti-OTUB1 (Cy3) and mouse anti-GFAP (FITC); original magnification ×400; scale bars correspond to 50 lm.

▸Figure 2. Characterization of astrocyte-specific OTUB1 knockout mice.

A WB analysis of OTUB1 expression in cultured primary astrocytes from OTUB1fl/fl and GFAP-Cre OTUB1fl/fl mice.
B Direct ex vivo WB analysis of OTUB1 expression in astrocytes isolated from adult OTUB1fl/fl and GFAP-Cre OTUB1fl/fl mice.
C Normal CNS architecture in OTUB1fl/fl and GFAP-Cre OTUB1fl/fl mice. Myelination is normal in the brain and spinal cord of an OTUB1fl/fl and a GFAP-Cre OTUB1fl/fl

mouse. CV-LFB staining; original magnification ×50; scale bars correspond to 100 lm. All photographs are representative of three mice per group.
D Absolute numbers of CD45+ cells in the spinal cord of OTUB1fl/fl and GFAP-Cre OTUB1fl/fl mice (n = 5 for both groups, mean + SEM).
E Absolute numbers of different subpopulations of leukocytes infiltrating the spinal cord of OTUB1fl/fl and GFAP-Cre OTUB1fl/fl mice were analyzed by flow cytometry

(n = 5 for both groups, mean + SEM).
F In an OTUB1fl/fl and a GFAP-Cre OTUB1fl/fl mouse, OTUB1 is strongly expressed by NeuN+ neurons in the brain and spinal cord. Double immunofluorescence with

rabbit anti-OTUB1 (Cy3) and mouse anti-NeuN (FITC).
G Single NogoA+ oligodendrocytes in the brain and spinal cord (arrows) of an OTUB1fl/fl and a GFAP-Cre OTUB1fl/fl mouse express OTUB1. Double immunofluorescence

with rabbit anti-OTUB1 (Cy3) and mouse anti-NogoA (Alexa Fluor 488).
H GFAP+ astrocytes are of normal morphology and distribution in the brain and spinal cord of a non-immunized OTUB1fl/fl mouse and a GFAP-Cre OTUB1fl/fl mouse.

Note that GFAP+ astrocytes of an OTUB1fl/fl mouse do not express OTUB1. GFAP+ astrocytes of a GFAP-Cre OTUB1fl/fl mouse are also OTUB1-negative and represent a
negative control for OTUB1 staining. Double immunofluorescence with rabbit anti-OTUB1 (Cy3) and mouse anti-GFAP (FITC).

Data information: (F–H) Original magnification ×400; the inserts show high magnification (×1,200) of the cells marked by an arrow in the respective figures. Scale bars
correspond to 50 lm, and data are representative of three mice per group.
Source data are available online for this figure.
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leukocyte populations in the spinal cord during EAE. Higher

percentages and absolute numbers of CD4+ T cells were detected

in the spinal cord of GFAP-Cre OTUB1fl/fl mice at both days 15

and 22 p.i. (Fig 4A and B). In addition to CD4+ T cells, signifi-

cantly more CD8+ T cells, dendritic cells, and macrophages were

present in the spinal cord of GFAP-Cre OTUB1fl/fl mice during

EAE, whereas equal numbers of these leukocyte populations were

detected in the spleen and lymph node between the two mouse

strains (Fig EV4B and C). With respect to encephalitogenic IFN-c-
producing Th1 cells, IL-17-producing Th17 cells, and GM-CSF-

producing CD4+ T cells, the percentages of these three subpopu-

lations did not differ between the two genotypes (Fig 4C), indicat-

ing that OTUB1 deficiency in astrocytes does not affect the

composition of these CD4+ T-cell subsets in the CNS. However,

A

C

D E

F

G

H

B

Figure 2.
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due to the increased numbers of CD4+ T cells in the spinal cord

of GFAP-Cre OTUB1fl/fl mice during EAE (Fig 4B), the absolute

number of all three CD4+ T-cell subpopulations was increased in

the spinal cord of GFAP-Cre OTUB1fl/fl mice (Fig 4D), explaining

the more severe EAE of these mice. Besides, at day 15 p.i., when

GFAP-Cre OTUB1fl/fl mice displayed significantly higher clinical

scores and more weight loss (Figs 3E and EV4F), numbers of

encephalitogenic T cells in the spleen and lymph node were

comparable between the two genotypes (Fig EV4D and E), indi-

cating that the increased infiltration of leukocytes in the spinal

cord GFAP-Cre OTUB1fl/fl mice is exclusively mediated by OTUB1

deficiency in astrocytes.

Transcription of CXCL10 and NOS2 at day 15 p.i. and transcrip-

tion of TNF, IFN-c, GM-CSF, IL-6, CXCL10, CCL2, and NOS2 at day

22 p.i. were significantly increased in GFAP-Cre OTUB1fl/fl mice

(Fig 4E). Given that astrocytes are the major inducible source of IL-

6, CXCL10, CCL2, and NOS2 in the CNS during neuroinflammation

and that astrocyte-mediated cytokine and chemokine production is

associated with EAE pathogenesis and development, the enhanced

expression of these proinflammatory genes in GFAP-Cre OTUB1fl/fl

A

D

E F

C

B

Figure 3. Upregulation of OTUB1 in astrocytes limits EAE severity.

A Activated GFAP+ astrocytes in the spinal cord upregulate OTUB1 in EAE at maximal disease activity (day 15 p.i.) in an OTUB1fl/fl mouse (arrowheads), but not in a
GFAP-Cre OTUB1fl/fl mouse. Note the OTUB1-expressing neuron in an OTUB1fl/fl mouse which is surrounded by GFAP-expressing processes of an activated astrocyte
(asterisk).

B Inflammatory infiltrates in the spinal cord (encircled by a dotted line) of an OTUB1fl/fl and GFAP-Cre OTUB1fl/fl mouse at day 15 p.i.
C At day 22 p.i., astrocytes have downregulated OTUB1 expression while neurons express OTUB1 in an OTUB1fl/fl mouse (asterisk). Astrocytes in a GFAP-Cre OTUB1fl/fl

mouse are OTUB1-negative while neurons express OTUB1 (asterisk).
D At day 22 p.i., demyelination in a GFAP-Cre OTUB1fl/fl mouse is much more severe and extended as compared to an OTUB1fl/fl mouse. Inflammation persists in the

GFAP-Cre OTUB1fl/fl mouse, whereas it has resolved in an OTUB1fl/fl mouse.
E EAE was induced in GFAP-Cre OTUB1fl/fl mice (n = 29) and OTUB1fl/fl control littermates (n = 29) by MOG35–55 peptide immunization with pertussis toxin. Graph

represents data pooled from four experiments with seven to eight mice per group and shows the mean clinical scores � SEM. Statistical analysis was performed
using Mann–Whitney U-test; *P < 0.05.

F EAE was induced in GFAP-Cre OTUB1fl/fl mice (n = 12) and OTUB1fl/fl control littermates (n = 12) by MOG35–55 peptide immunization without pertussis toxin. Graph
represents the mean clinical scores � SEM. Statistical analysis was performed using Mann–Whitney U-test; *P < 0.05.

Data information: (A–D) All photographs are representative of three mice per group; original magnification ×400; scale bars correspond to 50 lm. (A, C) Double
immunofluorescence with rabbit anti-OTUB1 (Cy3) and mouse anti-GFAP (FITC). (B, D) CV-LFB staining.
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mice implies that astrocyte-derived OTUB1 limits EAE severity by

inhibiting proinflammatory gene production in astrocytes. In good

agreement, expression of CXCL10, CXCL11, and NOS2 was signifi-

cantly increased in astrocytes isolated from GFAP-Cre OTUB1fl/fl

mice at day 15 p.i. (Fig 4F). In addition, expression of CXCL1,

CCL2, and IL-6 was slightly increased in astrocytes of GFAP-Cre

OTUB1fl/fl mice (Figs 4F and EV4G). Collectively, these data show

that OTUB1 inhibits expression of proinflammatory genes in astro-

cytes during EAE.

To understand how OTUB1 inhibits proinflammatory gene

expression in astrocytes, we stimulated cultured primary astrocytes

with IFN-c, IL-17, and TNF, which are detrimental cytokines

secreted by autoimmune CD4+ T cells in EAE, respectively. IL-17

and TNF induced nearly equal amounts of gene transcription in

OTUB1-sufficient and OTUB1-deficient astrocytes (Figs 4G and

EV4H), suggesting that OTUB1 has no influence on IL-17- and TNF-

mediated astrocyte activation. However, upon IFN-c stimulation,

OTUB1-deficient astrocytes produced significantly more CXCL10,

CXCL11, CCL2, and NOS2 (Fig 4G), indicating that OTUB1 negatively

regulates IFN-c-activated signaling pathways. Interestingly, OTUB1

mRNA levels were downregulated in a time-dependent manner upon

IFN-c stimulation (Fig EV5A), further illustrating that IFN-c signaling

and OTUB1 act antagonistically. Taken together, these results show

that astrocytic OTUB1 ameliorates EAE by inhibiting IFN-c-induced
proinflammatory gene production in astrocytes.

OTUB1 inhibits IFN-c-activated signaling by targeting SOCS1

To analyze the molecular mechanism of the inhibitory activity of

OTUB1 on IFN-c-mediated astrocyte activation, we studied the IFN-

c-activated JAK2-STAT1 signaling pathway by WB analysis. As illus-

trated in Fig 5A, phosphorylation of STAT1 at both tyrosine 701 and

serine 727 sites was strongly increased in IFN-c-stimulated OTUB1-

deficient astrocytes. Consistently, WB analysis of cytosolic and

nuclear fractions of IFN-c-activated astrocytes showed that the

increased phosphorylation of STAT1 was detected in both the cyto-

plasm and the nucleus, resulting in increased nuclear translocation

of STAT1 in OTUB1-deficient astrocytes (Fig 5B). In good agree-

ment, in vivo STAT1 mRNA expression of astrocytes was induced in

both mouse strains by EAE with significantly higher levels in

OTUB1-deficient astrocytes at day 15 p.i. (Fig 5C). In addition,

phosphorylation of JAK2, which is the upstream kinase of STAT1,

was strongly elevated in the OTUB1-deficient astrocytes (Fig 5A),

indicating that the increased STAT1 activation is caused by the

hyperactivation of JAK2.

SOCS1, an inhibitor of JAK2, was very weakly present in unstim-

ulated cells of both OTUB1-sufficient and OTUB1-deficient astro-

cytes (Fig 5A). Upon IFN-c stimulation, SOCS1 protein expression

was induced in both genotypes with higher levels in OTUB1-suffi-

cient astrocytes (Fig 5A). In sharp contrast, higher levels of SOCS1

mRNA were induced in OTUB1-deficient astrocytes upon IFN-c
treatment (Fig 5D), which may be caused by the elevated activity of

the SOCS1-inducing transcription factor STAT1 (Fig 5A). Given that

STAT1 mediates its own transcription and its transcription is

elevated in astrocytes during EAE (Maier et al, 2002; Itoh et al,

2018), the significantly increased transcription of STAT1 in OTUB1-

deficient astrocytes as compared to OTUB1-sufficient astrocytes in

EAE (Fig 5C) shows that the JAK-STAT1 signaling is more activated

in the absence of OTUB1 in vivo.

Table 1. OTUB1 deletion in astrocytes expedites disease onset and
exacerbates symptoms of EAE.

Genotype
Disease
incidencea

Day of
disease onsetb

Maximal
clinical scorec

OTUB1fl/fl 26/29 (89.7%) 16.2 � 1.2 2.2 � 0.2

GFAP-Cre
OTUB1fl/fl

29/29 (100%) 13.2 � 0.8 3.0 � 0.1

Statisticsd P < 0.05 P < 0.05

aEAE was induced by MOG35–55 peptide immunization with pertussis toxin in
GFAP-Cre OTUB1fl/fl mice (n = 29, pooled from four experiments with seven
to eight mice per group) and OTUB1fl/fl control littermates (n = 29, pooled
from four experiments with seven to eight mice per group). Data show
absolute numbers of mice with disease versus all mice of one group and
additionally the percentage of mice with disease.
bThe day of disease onset was defined as the first day with a clinical score of
at least 0.5. Data show the mean � SD of the day of disease onset of GFAP-
Cre OTUB1fl/fl mice (n = 29) and OTUB1fl/fl control mice (n = 29).
cThe maximal clinical score of each mouse was recorded. Data show the
mean � SD of the maximal clinical score of GFAP-Cre OTUB1fl/fl mice
(n = 29) and OTUB1fl/fl control mice (n = 29).
dDifferences between GFAP-Cre OTUB1fl/fl and OTUB1fl/fl were analyzed using
Mann–Whitney U-test (for maximal clinical score) and Kaplan–Meier survival
curve followed by Gehan–Breslow–Wilcoxon test (for day of disease onset).

Table 2. OTUB1 reduces demyelination in the spinal cord of mice
with EAE.

Genotype

Demyelinated area (%)a

Day 0 Day 22 p.i.

OTUB1fl/fl 0b 1.9 � 0.2

GFAP-Cre OTUB1fl/fl 0 10.4 � 0.3

Statisticsc P > 0.05 P < 0.0001

aCervical spinal cord serial cross sections (≥ 10 per mouse) were stained with
CV-LFB. The demyelinated area was defined as the area lacking CV-LFB
staining and was measured using ZEN imaging software. The demyelinated
area is expressed as the percentage of the total spinal cord area of the same
section, which is set as 100%.
bData show the mean of demyelinated areas of three mice per group � SD
at days 0 (non-immunized) and 22 p.i., respectively.
cDifferences between GFAP-Cre OTUB1fl/fl and OTUB1fl/fl mice were analyzed
using two-tailed Student’s t-test.

Table 3. OTUB1 inhibits astrocyte activation in EAE.

Genotype

GFAP+ astrocytes/HPFa

Day 0 Day 15 p.i. Day 22 p.i.

OTUB1fl/fl 17.71 � 0.9b 47.9 � 1.2 49.81 � 0.9

GFAP-Cre
OTUB1fl/fl

20.6 � 1.2 71.6 � 1.6 71.7 � 1.4

Statisticsc P > 0.05 P < 0.0001 P < 0.0001

aThe number of activated astrocytes was determined microscopically by
counting GFAP+ astrocytic cell bodies in 20 high-power fields (HPF,
magnification ×400) of the longitudinally orientated cervical spinal cord of
individual mouse at days 0 (non-immunized), 15, and 22 p.i., respectively.
bData show the mean number of activated GFAP+ astrocytes of three mice
per experimental group � SD.
cDifferences between GFAP-Cre OTUB1fl/fl and OTUB1fl/fl mice were analyzed
using two-tailed Student’s t-test.
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As shown in Fig 4G, TNF and IL-17 stimulation induced equal

gene transcription in OTUB1-sufficient and OTUB1-deficient astro-

cytes, suggesting that OTUB1 plays only a minor or even no role in

signaling pathways regulated by these cytokines. Indeed, activation

of NF-jB and MAPK signaling pathways was equally induced in

OTUB1-sufficient and OTUB1-deficient astrocytes upon TNF stimu-

lation (Fig EV5B). Collectively, these data indicate that OTUB1

negatively regulates IFN-c-induced STAT1 activation potentially by

regulation of SOCS1.

To further explore the mechanism of action by OTUB1, we inves-

tigated the interaction of OTUB1 with SOCS1 in unstimulated and

IFN-c-stimulated astrocytes by immunoprecipitation of OTUB1 and

WB for SOCS1. The interaction of OTUB1 with SOCS1 was induced

by IFN-c in a time-dependent manner (Fig 5E). In addition, OTUB1

was found to interact with JAK1 and JAK2 constitutively, but this

interaction was independent of IFN-c treatment (Fig 5E). Since (i)

JAK2 activity is negatively regulated by SOCS1 (Narazaki et al,

1998), (ii) SOCS1 protein levels are critically regulated by K48 ubiq-

uitination-mediated proteasomal degradation (Wang et al, 2017b),

and (iii) OTUB1 can stabilize target proteins by reducing K48 ubiq-

uitination (Edelmann et al, 2009), we hypothesized that OTUB1

inhibits JAK2-STAT1 signaling indirectly by regulating SOCS1 stabil-

ity. To confirm this hypothesis, SOCS1 was immunoprecipitated

from IFN-c-stimulated OTUB1-sufficient and OTUB1-deficient astro-

cytes. WB analysis of the immunocomplex revealed that K48-

specific ubiquitination of SOCS1 was strongly increased in the

absence of OTUB1 (Fig 5F). Transfection of astrocytes with SOCS1-

MYC, K48 ubiquitin-HA, and OTUB1-GFP plasmids followed by

immunoprecipitation with anti-MYC antibody further confirmed that

OTUB1 reduces the K48-specific ubiquitination of SOCS1 upon IFN-

c stimulation (Appendix Fig S2A). Of note, in the overexpression

system, OTUB1 constantly interacted with SOCS1. No interaction

was observed between SOCS1-MYC and GFP (Appendix Fig S2B),

excluding the possibility that OTUB1-GFP interacts with SOCS1-

MYC through GFP.

Structurally, OTUB1 contains an N-terminal ubiquitin-binding

domain (amino acid 1–47) and a C-terminal OTU domain (amino

acid 85–270), which harbors the catalytic cysteine C91. To

investigate which domain of OTUB1 is required for the binding

and deubiquitination of SOCS1, we generated two OTUB1

mutants. The N terminus of OTUB1 is deleted in the OTUB1-ΔN-

GFP mutant, and the OTUB1-C91S-GFP mutant is catalytically

inactive. Both OTUB1-ΔN-GFP and OTUB1-C91S-GFP mutants

interacted with SOCS1 (Fig 5G), indicating that the N terminus is

not essential for the interaction between OTUB1 and SOCS1.

However, IFN-c-induced K48 ubiquitination of SOCS1 was

strongly enhanced in the presence of OTUB1-ΔN-GFP, suggesting

that the N terminus of OTUB1 is required for reducing K48 ubiq-

uitination of SOCS1.

OTUB1 inhibits IFN-c-induced astrocyte activation by
stabilizing SOCS1

Consistent with the well-established mechanism that K48 ubiquiti-

nation is associated with proteasomal degradation, we found that

the stability of overexpressed SOCS1 protein was strongly compro-

mised in the absence of OTUB1 (Figs 6A and B, and Appendix Fig

S2C). Since the OTUB1-ΔN-GFP mutant did not reduce K48 ubiquiti-

nation of SOCS1 (Fig 5G), this mutant failed to stabilize

overexpressed SOCS1 as efficiently as wild-type OTUB1 and the

OTUB1-C91S-GFP mutant (Fig 6C).

To study the impact of OTUB1 on endogenous SOCS1, OTUB1-

sufficient and OTUB1-deficient astrocytes were stimulated with IFN-

c for 4 h followed by cycloheximide treatment. Consistent with

Fig 5A, less amount of SOCS1 protein was induced in OTUB1-defi-

cient astrocytes by IFN-c (Fig 6D). The newly synthesized SOCS1

was degraded rapidly, and this process was further accelerated in

the absence of OTUB1 (Fig 6D), showing that the reduced induction

of SOCS1 protein in OTUB1-deficient astrocytes is caused by the

increased degradation. The induction of endogenous SOCS1 by IFN-

c was strongly reduced in the absence of the N terminus of OTUB1

(Appendix Fig S2D), which is consistent with the observation that

the N terminus of OTUB1 is required for the stability of overex-

pressed SOCS1 (Fig 6C). These findings demonstrate that OTUB1

negatively regulates IFN-c-activated JAK2-STAT1 signaling by K48

deubiquitination and stabilization of SOCS1.

◀ Figure 4. Increased leukocyte infiltration and proinflammatory gene transcription in the spinal cord of GFAP-Cre OTUB1fl/fl mice during EAE.

A Percentages of CD4+ and CD8+ T cells infiltrating the spinal cord of OTUB1fl/fl and GFAP-Cre OTUB1fl/fl mice were analyzed by flow cytometry at days 15 (n = 7 for
OTUB1fl/fl group; n = 9 for GFAP-Cre OTUB1fl/fl group) and 22 (n = 4 for OTUB1fl/fl group; n = 5 for GFAP-Cre OTUB1fl/fl group) p.i. Representative dot plots are shown.

B Absolute number of infiltrating leukocytes in the spinal cord of OTUB1fl/fl and GFAP-Cre OTUB1fl/fl mice at days 15 (n = 7 for OTUB1fl/fl group; n = 9 for GFAP-Cre
OTUB1fl/fl group) and 22 (n = 4 for OTUB1fl/fl group; n = 5 for GFAP-Cre OTUB1fl/fl group) p.i. was calculated based on flow cytometry results. Data show mean + SEM.
Two-tailed Student’s t-test was used, *P < 0.05.

C Infiltrating CD4+ T cells were further analyzed by flow cytometry for their ability to produce GM-CSF, IFN-c, and IL-17 at days 15 and 22 p.i., respectively.
Representative dot plots are shown.

D Absolute number of infiltrating GM-CSF-, IFN-c-, and IL-17-producing CD4+ T cells at days 15 (n = 7 for OTUB1fl/fl group; n = 9 for GFAP-Cre OTUB1fl/fl group) and 22
(n = 4 for OTUB1fl/fl group; n = 5 for GFAP-Cre OTUB1fl/fl group) p.i. was calculated based on flow cytometry results (mean + SEM). Two-tailed Student’s t-test was
used, *P < 0.05.

E Relative expression of GM-CSF, IFN-c, IL-17, TNF, IL-6, CXCL1, CXCL10, CXCL11, CCL2, and NOS2 mRNA in the spinal cord of OTUB1fl/fl and GFAP-Cre OTUB1fl/fl mice at
days 15 and 22 p.i. was determined by quantitative real-time PCR. Data are presented as the relative increase over unimmunized control mice (n = 3 for all groups).
Data show mean + SEM. Two-tailed Student’s t-test was used, *P < 0.05.

F Astrocytes were isolated from unimmunized and diseased OTUB1fl/fl and GFAP-Cre OTUB1fl/fl mice at day 15 p.i., respectively. Relative expression of CXCL10, CXCL11,
CCL2, and NOS2 mRNA was determined by quantitative real-time PCR. Data are presented as relative increase in genes at day 15 p.i. over gene expression of
astrocytes from unimmunized control mice (n = 3 for all groups). Data show mean + SEM. Statistical analysis was performed using two-tailed Student’s t-test;
*P < 0.05.

G Primary astrocytes isolated from OTUB1fl/fl (n = 3) and GFAP-Cre OTUB1fl/fl (n = 3) mice were left untreated or stimulated with IFN-c (10 ng/ml), IL-17 (50 ng/ml), and
TNF (10 ng/ml), respectively, for 16 h. mRNA levels of CXCL10, CXCL11, CCL2, and NOS2 were detected by quantitative real-time PCR. Data are shown as relative
increase over untreated controls (mean + SEM). Two-tailed Student’s t-test was used, *P < 0.05.
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To directly confirm that OTUB1 inhibits IFN-c-induced gene

production by targeting SOCS1, we knocked down SOCS1 in primary

astrocytes isolated from OTUB1fl/fl and GFAP-Cre OTUB1fl/fl mice

with siRNA. Among the three SOCS1 siRNAs tested, SOCS1 siRNA-2

reduced SOCS1 protein levels by almost 60% as compared to

nonsense siRNA and it was chosen for further experiments (Fig 6E).

SOCS1 knockdown significantly increased the transcription of

CXCL10, CCL2, and NOS2 in OTUB1-sufficient astrocytes (Fig 6F). In

contrast, these genes were not significantly upregulated in SOCS1

siRNA-treated OTUB1-deficient astrocytes as compared to nonsense

siRNA-treated OTUB1-deficient cells. The failure to upregulate gene

expression in OTUB1-deficient astrocytes further indicates that the

increased K48 ubiquitination-mediated degradation of SOCS1 limits

the immunostimulatory effect of SOCS1 inhibition. Taken together,

our results show that OTUB1 inhibits IFN-c-induced astrocyte activa-

tion by stabilizing SOCS1, thereby suppressing the production of

proinflammatory genes, in particular, chemokines, in astrocytes.

OTUB1 inhibits type I IFN-dependent astrocyte activation

Since SOCS1 inhibits type I IFN-induced signaling and type I IFN signal-

ing in astrocytes regulates neuroinflammation in EAE (Rothhammer

et al, 2016; Torre et al, 2017), we studied the impact of OTUB1 on

IFN-b-induced astrocyte activation. Upon IFN-b stimulation, phospho-

rylation of STAT1 was induced in both OTUB1-competent and OTUB1-

deficient astrocytes with a stronger induction in OTUB1-deficient cells

(Fig 7A). In contrast to IFN-c, type I IFN did not reduce OTUB1 mRNA

expression (Fig 7B). Expression of CXCL10, CXCL11, NOS2, and CCL2

mRNA was induced in both genotypes upon IFN-b stimulation

(Fig 7C–F). In contrast to IFN-c, IFN-b treatment induced only signifi-

cantly elevated CXCL11 and CCL2 mRNA production in OTUB1-defi-

cient as compared to OTUB1-expressing astrocytes. Collectively, these

data show that STAT1 activation and chemokine mRNA production of

astrocytes induced by IFN-b can also be partially suppressed by

OTUB1. Interestingly, Torre et al (2017) showed that a loss-of-function

mutation in USP15 ameliorates EAE by dampening type I interferon

signaling, which drives the production of chemokines and cytokines in

the spinal cord. Therefore, OTUB1 might ameliorate EAE by inhibiting

both type I and type II interferon responses in astrocytes.

Discussion

IFN-c plays both detrimental and protective roles in MS and EAE,

which are critically dependent on cell type, cell maturation status,

dosage, and disease stage (Arellano et al, 2015; Ottum et al, 2015).

Interestingly, studies have shown that high amounts of IFN-c in the

CNS are disease-promoting in both MS and EAE (Ottum et al, 2015).

Elevated levels of IFN-c are found in MS lesions, and cerebrospinal

fluid levels of IFN-c correlate with MS severity (Vartanian et al,

1995; Khaibullin et al, 2017). Th1 cells are the primary source of

IFN-c in EAE, and adoptive transfer of encephalitogenic Th1 cells

induces EAE in recipient mice (Axtell et al, 2010). IFN-c induces the

production of various cytokines and chemokines in astrocytes, and

targeted silencing of IFN-c signaling in astrocytes ameliorates EAE.

Here, we identified upregulation of OTUB1 in activated astrocytes in

demyelinating lesions of treatment-naı̈ve MS patients and in mice

with EAE. We propose that the astrocyte-specific upregulation of

OTUB1 in MS and EAE is induced by inflammatory stimuli, since

in vivo astrocyte activation, severity of inflammation, and OTUB1

expression of activated astrocytes correlated positively. Interest-

ingly, human and murine neurons and some oligodendrocytes

expressed OTUB1 in the normal CNS without obvious upregulation

in CNS autoimmunity. In neurons, OTUB1 has been shown to stabi-

lize Tau (Wang et al, 2017a), indicating that neuron-specific OTUB1

might participate in neurodegenerative diseases. It is probable that,

in neurons and oligodendrocytes, OTUB1 function is not regulated

by proinflammatory stimuli.

OTUB1 served as a crucial negative regulator of IFN-c-mediated

astrocyte activation, and targeted deletion of OTUB1 in astrocytes

exacerbated EAE. In vitro, OTUB1 deficiency increased the IFN-c-
induced production of leukocyte-recruiting chemokines (CXCL10,

CXCL11, and CCL2) and proinflammatory molecules (NOS2) of

astrocytes, which is consistent with the in vivo data of increased

transcription of CXCL10, CXCL11, and NOS2 in EAE of GFAP-Cre

OTUB1fl/fl mice. The increased production of chemokines leads to

an augmented recruitment of encephalitogenic IFN-c-, IL-17-, and

GM-CSF-producing CD4+ T cells to the CNS. Of note, stimulation

with IL-17, which activates the NF-jB pathway in astrocytes and

contributes to the astrocyte-dependent induction of EAE (Kang

◀ Figure 5. OTUB1 inhibits IFN-c-activated JAK2-STAT1 signaling pathway by manipulating SOCS1.

A Primary astrocytes from OTUB1fl/fl and GFAP-Cre OTUB1fl/fl mice were treated with IFN-c (10 ng/ml) for indicated times and analyzed by Western blot with indicated
antibodies.

B Primary astrocytes from OTUB1fl/fl and GFAP-Cre OTUB1fl/fl mice were treated with IFN-c (10 ng/ml) for indicated times. Cytoplasmic and nuclear extracts were
separated and analyzed by WB with indicated antibodies.

C Astrocytes were selectively isolated by MACS from OTUB1fl/fl and GFAP-Cre OTUB1fl/fl mice at days 0 and 15 p.i., respectively. Relative expression of STAT1 mRNA was
determined by quantitative real-time PCR. Data show the relative increase in STAT1 mRNA over that of unimmunized control mice (n = 3 for all groups;
mean + SEM). Two-tailed Student’s t-test was used, *P < 0.05.

D Primary astrocytes from OTUB1fl/fl (n = 3) and GFAP-Cre OTUB1fl/fl (n = 3) mice were stimulated with IFN-c (10 ng/ml) for indicated times. mRNA was isolated and
analyzed by quantitative real-time PCR for SOCS1. Data show the relative increase over untreated controls (mean + SEM). Statistical analysis was performed using
two-tailed Student’s t-test; *P < 0.05.

E Primary astrocytes from wild-type mice were stimulated with IFN-c (10 ng/ml) for indicated times. Proteins were immunoprecipitated from whole cell lysates with
anti-OTUB1 antibody and analyzed by WB with antibodies against JAK1, JAK2, SOCS1, and OTUB1.

F Primary astrocytes from OTUB1fl/fl and GFAP-Cre OTUB1fl/fl mice were left untreated or treated with IFN-c (10 ng/ml) for 30 min. Proteins were immunoprecipitated
with anti-SOCS1 antibody and analyzed by WB for SOCS1, OTUB1, and K48 ubiquitin.

G Primary astrocytes from GFAP-Cre OTUB1fl/fl mice were cotransfected with SOCS1-MYC, K48 ubiquitin-HA, and OTUB1-GFP/OTUB1-ΔN-GFP/OTUB1-C91S-GFP
plasmids. Twenty-four hours after transfection, cells were left untreated or stimulated with IFN-c (10 ng/ml) for 30 min before lysation. Proteins were
immunoprecipitated with anti-MYC antibody and analyzed by WB for MYC, GFP, and HA.

Source data are available online for this figure.
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et al, 2010), did not result in an increased CXCL1 and IL-6 produc-

tion in OTUB1-deficient astrocytes. This stresses the importance of

OTUB1-regulated IFN-c signaling in astrocytes and indicates that

OTUB1 ameliorates EAE by suppressing IFN-c-induced production

of proinflammatory chemokines and molecules in astrocytes.

In EAE, OTUB1 limited mRNA production of STAT1, which is the

key transcription factor induced by IFN-c and, furthermore, inhib-

ited IFN-c-induced JAK-STAT1 signaling indirectly by stabilization

of SOCS1. SOCS1 is an inhibitor of IFN-c-induced signaling, and it

functions by (i) binding to the phosphorylated Tyr1007 residue of
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JAK2 and inhibiting JAK2 kinase activity (Narazaki et al, 1998;

Yasukawa et al, 1999); and (ii) binding to the phosphotyrosine resi-

dues of the IFN-c receptor. In addition, SOCS1 induces K48 ubiquiti-

nation and proteasomal degradation of phosphorylated JAK2 by

recruiting the Elongin BC complex (Kamizono et al, 2001). The

activity of SOCS1 is strongly diminished by degradation of SOCS1

protein. SOCS1 protein levels are markedly reduced in the absence

of the carboxy-terminal SOCS box, and this reduction can be

reversed by proteasome inhibitors, suggesting that the SOCS box

protects SOCS1 protein from proteasome-mediated degradation

(Narazaki et al, 1998). The Elongin BC complex, which plays a role

in ubiquitin-mediated degradation, interacts with SOCS1 and also

regulates its stability. The E3 ligase TRIM8, which has been shown

to ubiquitinate target proteins for proteasomal degradation, induces

the degradation of SOCS1. However, we did not detect an interac-

tion of OTUB1 with TRIM8 excluding that OTUB1 regulated SOCS1

stability via TRIM8 (data not shown). A recent study confirmed that

K48-linked ubiquitination was the cause for SOCS1 degradation

(Wang et al, 2017b). In the present study, we identified that OTUB1,

which preferentially prevents K48 polyubiquitination of target

proteins (Edelmann et al, 2009; Wang et al, 2009), physically inter-

acts with SOCS1 and reduces its K48 ubiquitination, thereby stabiliz-

ing SOCS1 protein.

In contrast to the IFN-c-induced interaction between OTUB1

and SOCS1 in untransfected astrocytes, overexpression of OTUB1

and SOCS1 leads to interaction of the two proteins even in the

absence of IFN-c. This observation is consistent with a previous

study showing that OTUB1 constantly interacts with SMAD3

under overexpression conditions (Herhaus et al, 2013). Both

OTUB1 mutants, i.e., the ΔN OTUB1 mutant lacking the N-term-

inal ubiquitin-binding domain and the C91S OTUB1 mutant lack-

ing catalytic activity, still interacted with SOCS1, indicating that

the N terminus and the catalytic residue C91 of OTUB1 are not

essential for the association with SOCS1. In contrast, the C91

residue, but not the N terminus, of OTUB1 was required for inter-

action of OTUB1 with SMAD3 (Herhaus et al, 2013), whereas

both the N-terminal (amino acids 1–160) and C-terminal (amino

acids 161–271) domains of OTUB1 bind to p53 (Sun et al, 2012).

These data show that OTUB1 uses different domains for binding

to different substrates. Although the ΔN OTUB1 mutants

interacted with SOCS1, it failed to reduce K48-linked ubiquitina-

tion and degradation of SOCS1, suggesting that the N terminus of

OTUB1 is critical for SOCS1 stability.

In addition to acting as a canonical DUB that directly removes

ubiquitin from substrates, OTUB1 can prevent the formation of

polyubiquitin chains through a non-canonical DUB activity, which

inhibits ubiquitination of target proteins by obstructing E2

enzyme/E3 ligase-dependent ubiquitin transfer (Nakada et al,

2010; Juang et al, 2012; Sato et al, 2012; Wiener et al, 2012).

The canonical DUB activity is mainly exerted by the catalytic

residue C91, and the non-canonical DUB activity requires the N-

terminal ubiquitin-binding domain, which recognizes E2 and

polyubiquitin chains (Juang et al, 2012; Wiener et al, 2012). The

canonical DUB activity of OTUB1 cleaves K48-linked polyubiqui-

tin chains from Tau, MDMX, FOXM1, and c-IAP1, while the non-

canonical activity is essential for inhibiting the ubiquitination of

SMAD3, chromatin, and p53 (Nakada et al, 2010; Sun et al,

2012; Herhaus et al, 2013). Our finding that K48-linked ubiquiti-

nation of SOCS1 was not inhibited by the OTUB1 ΔN mutant

indicates that OTUB1 might directly block the ubiquitination of

SOCS1 in astrocytes.

In contrast to the protective function of astrocyte-derived OTUB1

in EAE, the catalytic activity of OTUB1 mediates K48 deubiquitina-

tion of Tau resulting in the stabilization and aggregation of Tau and

exacerbation of neurodegeneration (Wang et al, 2017a). Thus, both

the catalytic and the ubiquitination blocking mechanisms of OTUB1-

mediated protein stabilization play important, yet distinct roles in

CNS pathologies. This indicates that the function of OTUB1 is

strongly influenced by the K48-polyubiquitinated target protein, the

affected cell type, and the underlying disease. The latter assumption

is also supported by our observation that OTUB1 expression in

neuroectodermal cells is required for embryogenic development.

The strong expression of OTUB1 in astrocytes of MS patients is

potentially a mechanism to ameliorate the neuroinflammation, and

it will be interesting to determine whether different types of MS,

i.e., relapsing–remitting versus chronic progressive, show a different

pattern of astrocytic OTUB1 expression.

With respect to neuroinflammation, recent studies point to DUBs

as critical regulators of autoimmune CNS disorders. Polymorphisms

in or close to the human genes USP18 and TNFAIP3 are associated

◀ Figure 6. OTUB1 inhibits IFN-c-induced proinflammatory gene expression in astrocytes by stabilizing SOCS1.

A Primary astrocytes from OTUB1fl/fl and GFAP-Cre OTUB1fl/fl mice were transfected with SOCS1-MYC plasmids. Twenty-four hours after transfection, cells were treated
with cycloheximide (CHX, 100 lg/ml) for indicated times. SOCS1 protein levels were analyzed by WB (upper panel). The lower panel shows the relative protein levels
of SOCS1 normalized to Tubulin (n = 3 for both groups). Data show mean � SEM. Statistical analysis was performed using two-tailed Student’s t-test; *P < 0.05.

B Primary astrocytes from GFAP-Cre OTUB1fl/fl mice were transfected with SOCS1-MYC plasmids or cotransfected with SOCS1-MYC + OTUB1-GFP plasmids. Twenty-
four hours after transfection, cells were treated with CHX (100 lg/ml) for indicated times. SOCS1 protein levels were analyzed by WB (upper panel). The lower panel
shows the relative protein levels of SOCS1 normalized to Tubulin (n = 3 for both groups; mean � SEM). Two-tailed Student’s t-test was used, *P < 0.05.

C Primary astrocytes from GFAP-Cre OTUB1fl/fl mice were cotransfected with SOCS1-MYC and OTUB1-GFP/OTUB1-ΔN-GFP/OTUB1-C91S-GFP plasmids. Twenty-four
hours after transfection, cells were treated with CHX (100 lg/ml) for indicated times. SOCS1 protein levels were analyzed by WB (left panel). The right panel shows
the relative protein levels of SOCS1 normalized to Tubulin (n = 4 for both groups). Data represent mean � SEM. Two-tailed Student’s t-test was used, *P < 0.05.

D Primary astrocytes from OTUB1fl/fl and GFAP-Cre OTUB1fl/fl mice were stimulated with IFN-c (10 ng/ml) for 4 h. Thereafter, cells were treated with CHX (100 lg/ml)
for indicated times. Whole cell lysates were analyzed by WB with indicated antibodies.

E Primary astrocytes from OTUB1fl/fl mice were transfected with SOCS1-MYC plasmids. Five hours later, astrocytes were subsequently transfected with different siRNAs
or left untreated. Twenty-four hours after siRNA transfection, protein was isolated and analyzed by WB for SOCS1 expression.

F Primary astrocytes from OTUB1fl/fl and GFAP-Cre OTUB1fl/fl mice were transfected with nonsense siRNA and SOCS1 siRNA-2. Twenty-four hours after transfection, cells
were stimulated with IFN-c (10 lg/ml) for 16 h before mRNA isolation. Quantitative real-time PCR was performed to detect mRNA levels of CXCL10, CCL2, and NOS2
(n = 4 for all groups). Data show mean + SEM. Statistical analysis was performed using two-tailed Student’s t-test; *P < 0.05.

Source data are available online for this figure.
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with MS susceptibility (De Jager et al, 2009; Malhotra et al, 2013).

In good agreement, USP18 expression of microglia (Goldmann et al,

2015) and, as we have shown previously, TNFAIP3 expression of

astrocytes ameliorated EAE. These data together with the expression

of OTUB1 in astrocytes of MS patients and the inhibitory role of

astrocytic OTUB1 on EAE may suggest manipulation of DUBs as an

attractive strategy to tackle neuroinflammation.

Materials and Methods

Mice

To obtain OTUB1-deficient mice, we generated a targeting vector, in

which exons 2 and 3 of OTUB1 were flanked by LoxP sites. A 3.1-kb

fragment was used as 50 homology region, and a 4.0-kb fragment

was used as 30 homology region. Art B6/3.6 embryonic stem cells

derived from C57BL/6 NTac mice were transfected with the targeting

vector and positively selected by neomycin and puromycin resis-

tance. The FRT-flanked NeoR and F3-flanked PuroR cassettes were

subsequently removed from correctly targeted clones by crossing

with a FLP-deleter strain, generating OTUB1wt/fl mice. OTUB1wt/fl

mice were crossed with C57BL/6 Rosa26-Cre mice to generate

Rosa26-Cre OTUB1wt/fl mice, which were further crossed with

C57BL/6 mice to remove the Rosa 26-Cre, producing OTUB1wt/Δ

mice. Nestin-Cre OTUB1wt/fl mice were generated by crossing

C57BL/6 Nestin-Cre mice (Tronche et al, 1999) with OTUB1fl/fl mice.

OTUB1fl/fl mice were also crossed with C57BL/6 GFAP-Cre (Bajenaru

et al, 2002) and Synapsin-Cre (Zhu et al, 2001) mice to obtain

GFAP-Cre OTUB1fl/fl and Synapsin-Cre OTUB1fl/fl mice, respectively.

Genotyping of offsprings was carried out by PCR of tail DNA with

primers targeting Rosa26-Cre, Nestin-Cre, GFAP-Cre, Synapsin-Cre,

and OTUB1fl/fl, respectively. Wild-type C57BL/6J mice were

obtained from Janvier (Le Genest-Saint-Isle, France). Animal care

and experimental procedures were performed under SPF conditions

in the animal facility of the Otto-von-Guericke University Magdeburg

according to European regulations and approved by state authorities

(Landesverwaltungsamt Halle, Germany).

EAE induction and assessment

EAE was induced in 8- to 12-week-old female mice by subcutaneous

immunization with 200 lg of myelin oligodendrocyte glycoprotein

(MOG)35–55 peptide (JPT, Berlin, Germany) emulsified in complete

Freund’s adjuvant (Merck, Darmstadt, Germany) supplemented

with 800 lg of killed Mycobacterium tuberculosis (Merck). As indi-

cated in the experiments, mice were additionally challenged with

two intraperitoneal injections of 200 ng pertussis toxin (Sigma-

Aldrich), dissolved in 200 ll PBS, on days 0 and 2 p.i. EAE symp-

toms were scored daily in a double-blinded way according to a scale

of increasing severity from 0 to 5 as follows: 0, no signs; 0.5, partial

tail weakness; 1, limp tail or slight slowing of righting from supine

position; 1.5, limp tail and slowing of righting; 2, partial hind limb

weakness; 2.5, dragging of hind limb(s) without complete paralysis;

3, complete paralysis of at least one hind limb; 3.5, hind limb paral-

ysis and slight weakness of forelimbs; 4, severe forelimb weakness;

and 5, moribund or dead. Daily clinical scores were displayed as the

mean of all individual disease scores within each group.

Leukocyte isolation and flow cytometry

Leukocytes were isolated from the spinal cord by Percoll gradients

(GE Healthcare, Munich, Germany) and counted with the hemocy-

tometer. Leukocytes were stained for CD4 (GK1.5), CD8 (53-6.7),

CD3 (145-2C11), CD45 (30-F11), CD19 (1D3), B220 (RA3-6B),

CD11c (N418), Ly6C (AL-21), CD11b (M1/70), and F4/80 (T45-

2342) followed by flow cytometry. The absolute numbers of

A

CB

E

F

D

Figure 7. OTUB1 inhibits IFN-b-induced STAT1 activation and gene
transcription.

A Primary astrocytes from OTUB1fl/fl and GFAP-Cre OTUB1fl/fl mice were
treated with IFN-b (10 ng/ml) for indicated times. Whole cell lysates
were analyzed by WB with indicated antibodies.

B–F Primary astrocytes from OTUB1fl/fl (n = 3) and GFAP-Cre OTUB1fl/fl (n = 3)
mice were treated with IFN-b (10 ng/ml) for 16 h. Quantitative real-time
PCR was performed to detect OTUB1 (B), CXCL10 (C), CXCL11 (D), CCL2
(E), and NOS2 (F) mRNA levels. Data show mean + SEM. Two-tailed
Student’s t-test was used, *P < 0.05.

Source data are available online for this figure.
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individual leukocyte populations were calculated based on the

number of total leukocytes and the percentage of each population

acquired by flow cytometry. For the detection of intracellular cytoki-

nes, isolated leukocytes were treated with 50 ng/ml PMA, 500 ng/

ml ionomycin, and 1 ll/ml brefeldin A in RPMI 1640 medium

supplemented with 10% FCS, 1% NEAA, and 1% L-glutamine at

37°C for 4 h. After cell surface staining with CD3 (145-2C11), CD4

(RM4-5), and CD45 (30-F11) antibodies, cells were fixed and perme-

abilized with Intracellular Fixation/Permeabilization Kit (Thermo

Fisher Scientific, Dreieich, Germany), and then stained with IL-17

(TC11-18H10), IFN-c (XMG1.2), and GM-CSF (MP1-22E9) antibod-

ies, respectively. All antibodies were purchased from BD Bio-

sciences (Heidelberg, Germany). Flow cytometry was performed

with a FACSCanto II (BD Biosciences), and data were analyzed with

FlowJo software.

Histopathology

Mice anesthetized with methoxyflurane were perfused with 0.1 M

PBS followed by 4% paraformaldehyde in PBS. After embedding in

paraffin, sections of brains and spinal cords were used for hemalum

and eosin and cresyl violet–luxol fast blue (CV-LFB) staining.

Expression of CD45 (BD Biosciences, HI30), CD3 (Thermo Fisher

Scientific, PA1-37282), Mac3 (BD Biosciences, M3/84), and rabbit

glial fibrillary acidic protein (GFAP; Dako, Waldbronn, Germany,

GA52461-2) was demonstrated in an ABC protocol with 3,30

diaminobenzidine (Merck) and H2O2 as substrate.

For double immunofluorescence studies, mouse brain and spinal

cord sections were consecutively stained with rabbit anti-OTUB1

(Thermo Fisher Scientific, PA5-58684), goat anti-rabbit-Cy3

(Dianova, Hamburg, Germany), mouse anti-GFAP (Merck Millipore,

GA5), or mouse anti-NeuN (Merck Millipore, A60) with M.O.M. Kit

(Vectastain, Vector, Burlingame, CA) with Streptavidin-FITC accord-

ing to manufacturer’s instructions (Vector). In addition, OTUB1

staining was followed by incubation of sections with mouse anti-

NogoA detected by goat anti-mouse Alexa Fluor 488.

Formalin-fixed, paraffin-embedded archival brain biopsy tissue

of 10 human MS cases (Table EV1) was stained with rabbit anti-

OTUB1 plus goat anti-rabbit-Cy3 (Dianova), and mouse anti-GFAP

(Merck Millipore) plus rat anti-mouse-BSP (Dianova) followed by

Extravidin-FITC (Merck). In addition, OTUB1 staining was followed

by incubation of sections with mouse anti-NogoA detected by goat

anti-mouse Alexa Fluor 488 (Dianova). Control stainings were

performed by omission of the primary anti-OTUB1 and anti-GFAP

antibodies, respectively. Human brain biopsy tissue was obtained

from the CNS tissue collection of the Department of Neuropathol-

ogy, University of Cologne (Germany; Table EV1, cases 1–5, 11–13),

and the Institute of Neuropathology of the University Medical Center

Göttingen (Germany; Table EV1, cases 6–10). The study was

performed in accordance with national and local ethics regulations

and followed the rules of the Declaration of Helsinki of 1975,

revised in 2008.

Histological quantification of demyelination and
astrocyte activation

To determine the extent of demyelination, serial cross sections of

the cervical spinal cord were stained with CV-LFB. Myelination of at

least ten spinal cord sections per mouse was measured using the

ZEN imaging software (Zeiss, Oberkochen, Germany). The percent-

age of demyelinated areas as evidenced by lack of LFB staining was

calculated with the total spinal cord area of the respective section

set as 100%.

To determine astrocyte activation, longitudinally orientated serial

spinal cord sections were stained with anti-GFAP. The numbers of

GFAP+ astrocytes were determined microscopically by counting

GFAP+ astrocytic cell bodies in 20 high-power fields (HPF, magnifi-

cation ×400) per mouse.

Quantitative RT–PCR

Total mRNA was isolated from the spinal cord and cultured astro-

cytes with RNeasy Kit (Qiagen, Hilden, Germany). The SuperScript

Reverse Transcriptase Kit (Thermo Fisher Scientific) was used to

generate cDNA. Quantitative RT–PCR for OTUB1 (Mm00506597),

TNF (Mm00443258), IFN-c (Mm00801778), IL-17 (Mm00439619),

GM-CSF (Mm01290062), IL-6 (Mm00446190), SOCS1

(Mm00782550), nitric oxide synthase 2 (NOS2; Mm00440485),

chemokine (C-X-C motif) ligand 1 (CXCL1; Mm00433859), CXCL10

(Mm00445235), CXCL11 (Mm00444662), chemokine (C-C motif)

ligand 2 (CCL2; Mm99999056), and hypoxanthine phosphoribosyl-

transferase (HPRT; Mm01545399) was performed on the LightCycler

480 system (Roche, Mannheim, Germany). All primers were

purchased from Thermo Fisher Scientific. The ratio between the

respective gene and corresponding HPRT was calculated per sample

according to the ΔΔ cycle threshold method (Livak & Schmittgen,

2001).

Primary astrocyte culture and treatment

Primary astrocytes were isolated from 1- to 2-day-old newborn mice

as published before (Wang et al, 2013b). The purity of astrocyte

cultures was more than 95%, as determined by immunofluores-

cence staining for GFAP and counterstaining with DAPI. To delin-

eate the signaling pathways, astrocytes were stimulated respectively

with 10 ng/ml IFN-b (R&D Systems, Minneapolis, MN), 10 ng/ml

TNF, 50 ng/ml IL-17, and 10 ng/ml IFN-c (Peprotech, Hamburg,

Germany). Expression plasmids pCMV6-SOCS1-MYC, pCMV6-GFP,

pCMV6-OTUB1-GFP (OriGene, Rockville, MD), pCMV6-OTUB1-DN-
GFP, and pCMV6-OTUB1-C91S-GFP (generated with Q5 Site-

Directed Mutagenesis Kit) were transfected into primary astrocytes

with Lipofectamine 3000 reagent (Thermo Fisher Scientific) accord-

ing to manufacturer’s instructions. For the detection of SOCS1

protein stability, 24 h after transfection with expression plasmids,

astrocytes were treated with 100 lg/ml cycloheximide (Merck) for

indicated times. For SOCS1 knockdown, primary astrocytes were

transfected with SOCS1 siRNA (OriGene) in combination with Lipo-

fectamine RNAiMAX reagent (Thermo Fisher Scientific).

Astrocyte isolation from adult mice

Spinal cords were isolated from naı̈ve mice and EAE mice at day 15

p.i. Single-cell suspension was generated with NeuroCult Enzymatic

Dissociation Kit (Stemcell Technologies, Cologne, Germany) accord-

ing to manufacturer’s instructions. Astrocytes were separated with

Mouse anti-ACSA-2 Microbead Kit (Miltenyi Biotec, Bergisch
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Gladbach, Germany), and the purity of isolated astrocytes was

determined by FACS analysis with anti-ACSA-2-PE antibody (Mil-

tenyi Biotec, 130-102-365).

Western blot (WB)

Mouse organs and cultured astrocytes were lysed in RIPA lysis

buffer supplemented with protease inhibitor cocktail and PMSF (all

from Cell Signaling, Frankfurt, Germany). NE-PER Nuclear and

Cytoplasmic Extraction Kit (Thermo Fisher Scientific) was used to

isolate cytoplasmic and nuclear protein. Cell lysates were cleared by

centrifugation at 14,000 g at 4°C for 20 min. Supernatants were

harvested and denatured in lane marker reducing sample buffer

(Thermo Fisher Scientific) at 99°C for 5 min. WB was performed

with antibodies against OTUB1 (Novus Biologicals, NBP1-49934)

1:2,000, b-Tubulin (Sigma-Aldrich, T8328) 1:5,000, HDAC (Santa

Cruz Biotechnology, sc-81598) 1:500, SOCS1 (Santa Cruz Biotech-

nology, sc-9021) 1:500, JAK1 (Millipore, 05-1154) 1:500, phospho-

JAK2 (CST, #3771) 1:500, JAK2 (CST, #3230) 1:500, K48-specific

ubiquitin (CST, #4289) 1:1,000, GAPDH (CST, #5174) 1:1,000, GFP-

Tag (OriGene, TA150041) 1:5,000, GFAP (CST, #3670) 1:1,000,

phospho-STAT1 (701) (CST, #9167) 1:1,000, phospho-STAT1 (727)

(CST, #8826) 1:1,000, STAT1 (CST, #9172) 1:1,000, phospho-IjBa
(CST, #2859) 1:1,000, IjBa (CST, #4812) 1:1,000, phospho-p38

(CST, #9215) 1:1,000, p38 (CST, #9212) 1:1,000, phospho-ERK

(CST, #9101) 1:1,000, ERK (CST, #9102) 1:1,000, phospho-JNK

(CST, #9251) 1:1,000, JNK (CST, #9252) 1:1,000, HA-Tag (CST,

#3724) 1:2,000, and MYC-Tag (CST, #2276) 1:2,000. Blots were

developed with an ECL Plus Kit (GE Healthcare). WB images were

captured with the Intas Chemo Cam Luminescent Image Analysis

system (INTAS Science Imaging Instruments, Göttingen, Germany)

and analyzed using the LabImage 1D software (Kapelan Bio-Imaging

Solutions, Leipzig, Germany).

Immunoprecipitation

Whole cell lysates were prepared as described in “Western blot”. In

a preclearing process, cell lysates were incubated with GammaBind

G Sepharose beads (GE Healthcare) under continuous shaking at

4°C for 1 h. The beads were removed by centrifugation at 14,000 g

at 4°C for 10 min. Equal amounts of lysates were incubated with

anti-OTUB1 (2 lg/mg lysate), anti-SOCS1 (2 lg/mg lysate), and

anti-MYC (1 lg/mg lysate) antibodies, respectively, under continu-

ous shaking at 4°C overnight. The immunocomplexes were subse-

quently captured by incubating with fresh GammaBind G Sepharose

beads at 4°C for 2 h. The beads were washed five times with PBS by

pulse centrifugation at 14,000 g at 4°C for 10 s. The beads were then

resuspended in 2× lane marker reducing sample buffer and boiled at

99°C for 5 min. Thereafter, the samples were centrifuged at

14,000 g at 4°C for 1 min, and the supernatant was collected for

WB.

Statistics

The two-tailed Student’s t-test was used for the detection of statisti-

cal differences in all experiments except for the EAE curves (Mann–

Whitney U-test), disease onset (Kaplan–Meier survival curve

followed by Gehan–Breslow–Wilcoxon test), and maximal scores

(Mann–Whitney U-test). P-values < 0.05 were considered as signifi-

cant. All experiments were performed at least twice.

Expanded View for this article is available online.
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