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Abstract

CREB-binding protein (CBP) participates in numerous transcription events. However, cell-

intrinsic inhibitors of CBP are poorly defined. Here, we found that cellular USP12 interacts

with the HAT domain of CBP and inhibits CBP’s acetyltransferase activity. Interestingly,

USP12 positively regulates interferon (IFN) antiviral signaling independently of its deubiquiti-

nase activity. Furthermore, we found that in IFN signaling USP12 translocates from the cyto-

plasm to the nucleus. The decrease in cytoplasmic USP12 facilitates CBP-induced

acetylation and activation of IFN signaling proteins in the cytoplasm. Moreover, USP12

accumulation in the nucleus blocks CBP-induced acetylation of phosphorylated STAT1 (p-

STAT1) and therefore inhibits the dephosphorylation effects of TCPTP on p-STAT1, which

finally maintains nuclear p-STAT1 levels and IFN antiviral efficacy. USP12 nuclear translo-

cation extends our understanding of the regulation of the strength of IFN antiviral signaling.

Our study uncovers a cell-intrinsic regulation of CBP acetyltransferase activity and may pro-

vide potential strategies for IFN-based antiviral therapy.

Author summary

Activated p-STAT1 is a determinant for the strength of IFN antiviral signaling. We and

other groups have demonstrated that activated p-STAT1 is regulated by multiple protein

post-translational modifications, including phosphorylation, acetylation and ubiquitina-

tion. In this study, we revealed that CBP-mediated acetylation regulation of p-STAT1 is

modulated by the deubiquitinase USP12 in a deubiquitinase activity-independent man-

ner. USP12 translocates into the nucleus in IFN signaling, which critically regulates

nuclear p-STAT1 levels and IFN antiviral activity by inhibiting CBP’s acetyltransferase

activity. Importantly, we demonstrated that USP12 is a cell-intrinsic inhibitor of the acet-

yltransferase CBP. These findings promote the understanding of delicate regulation of

both CBP-mediated acetylation and IFN antiviral signaling.
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Introduction

Protein acetylation has recently attracted much attention due to its broad-spectrum and essen-

tial roles in regulating cellular functions. As an evolutionarily conserved post-translational

modification (PTM) of proteins, protein acetylation is catalyzed by at least five distinct families

of acetyltransferases [1–7]. Among these acetyltransferases, the CREB-binding protein (CBP)

and its homologue P300 are ubiquitously expressed in most types of cells in not only all mam-

mals but also flies, worms and plants [8, 9]. Recent time-resolved acetylome analyses have

revealed the rapid dynamics and broad scope of CBP/P300 acetylation reactions at thousands

of sites [10]. CBP and P300 can regulate over 400 transcription factors and numerous regula-

tory proteins [11], which makes CBP/P300 a major regulation of essential cellular activities,

such as proliferation, cell cycle, differentiation, apoptosis and DNA damage responses [12].

Despite closely related features in structure and function, CBP and P300 can play distinct

roles in cellular activities [13]. CBP contains several major domains that control either the

interaction with different proteins or the acetyltransferase activity of CBP. CBP localizes

mostly in the nucleus to regulate transcription events by acetylating a large number of tran-

scription-related factors [11, 14, 15]. For example, in interferon (IFN) signaling pathway,

nuclear CBP can acetylate tyrosine 701-phosphorylated STAT1 (pY701-STAT1). Acetylation

of pY701-STAT1 results in the recruitment of the phosphatase TCPTP, which in turn downre-

gulates the levels of nuclear pY701-STAT1 and inhibits transcriptional expression of Inter-

feron-stimulated genes (ISGs) [16]. During DNA damage response, CBP can acetylate p53 and

other proteins for transcription regulation [17, 18]. The central roles of CBP in regulating cel-

lular functions have spurred efforts to develop specific inhibitors of the acetyltransferase CBP

in preclinical studies [19]. In particular, a small molecule inhibitor (ICG-001) blocks the bind-

ing of CBP to β-catenin, decreases tumorigenic phenotypes and promotes drug sensitivity in

tumors [20, 21]. However, to our knowledge, cell-intrinsic inhibitors of the acetyltransferase

activity of CBP have not been identified thus far.

The regulation of the acetyltransferase activity of CBP remains largely unexplored. Several

reports have demonstrated the influence of CBP PTMs on its acetyltransferase activity. Phos-

phorylation of CBP has been shown to affect CBP acetyltransferase activity in cell-cycle pro-

gression [22, 23]. CBP methylation could enhance its acetyltransferase activity in estrogen

receptor signaling [24]. Apparently, these PTMs produce a relatively stable activity status of

CBP in cells. Given that CBP mediates the acetylation of a multitude of cellular proteins, the

stable CBP activity status could be disadvantageous to the differential regulation of various

intracellular signaling pathways. Thus, one could ask whether CBP activity undergoes more

flexible regulations to adapt to the rapid switch between inhibition and activation of signaling

pathways.

In our mass spectroscopy analysis, we noticed an interaction between USP12 and CBP.

USP12 belongs to the ubiquitin-specific protease family of deubiquitinases (DUBs). It has been

reported that USP12 can upregulate levels of several proteins by its deubiquitinase activity

[25–27]. Interestingly, we found that USP12 did not affect CBP protein levels, suggesting a cat-

alytic activity-independent regulation by USP12. Intriguingly, we found that USP12 signifi-

cantly inhibited CBP-mediated pan-acetylation effects in cells. Furthermore, our results

demonstrated that USP12 could be a cellular inhibitor of the acetyltransferase CBP.

Based on these findings, we sought to determine the significance and mechanism of the

USP12/CBP interaction. Given that CBP regulates both the cytoplasmic signaling and the

nuclear transcription factor STAT1 in IFN signaling, we further focused on studying the roles

of the USP12/CBP interaction in IFN signaling. We found that IFN signaling stimulated trans-

location of USP12 from the cytoplasm to the nucleus. The decrease in cytoplasmic USP12

USP12 inhibits CBP activity to maintain STAT1 antiviral signaling
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facilitates CBP-mediated acetylation of IFN signaling proteins. The accumulation of USP12 in

the nucleus blocks the acetylation effect of CBP on pY701-STAT1, thus inhibiting the binding

and dephosphorylation effects of TCPTP on nuclear pY701-STAT1. As a consequence, USP12

translocation from cytoplasm to nucleus is critical for both activation and sustainment of IFN

signaling. Our findings could provide new strategies for inhibiting CBP acetyltransferase activ-

ity in cells and for improving IFN-based antiviral therapy.

Results

USP12 interacts with CBP and blocks the acetyltransferase activity of CBP

To explore the role of USP12 in innate antiviral immunity, we first performed mass spectrom-

etry analysis to identify the potential binding proteins of USP12. We noticed some PTM-

related proteins in the mass spectrometry data (Fig 1A). Among them, the acetyltransferase

CBP attracted our attention. Thus, we further confirmed the interaction between USP12 and

CBP. Flag-HA tagged USP12 (FH-USP12) can bind with HA-CBP (S1A Fig) or endogenous

CBP (S1B Fig). In bone marrow-derived macrophages (BMDMs) isolated from mice and

RAW264.7 cells, endogenous USP12 also interacted with endogenous CBP (Fig 1B and 1C).

Importantly, USP12 constitutively binds with CBP in mouse primary lung and liver cells (Fig

1D). Given that USP12 is a member of the deubiquitinases, we speculated that USP12 could

upregulate CBP protein levels. However, we found that either knockdown (Fig 1E) or overex-

pression (S1C Fig) of USP12 did not noticeably affect CBP protein levels. To further determine

the USP12-mediated regulation of CBP, we analyzed the key interacting domain of CBP with

USP12. Interestingly, USP12 can interact with the HAT domain of CBP. Deletion of CBP’s

HAT domain abolished the binding of USP12 (Fig 1F). In vitro binding assay further demon-

strated that USP12 binds with the HAT domain of CBP (Fig 1G). Using bacterially expressed

USP12 and CBP proteins, we also confirmed the interaction between USP12 and the HAT

domain of CBP (Fig 1H). Together, these findings demonstrated that USP12 constitutively

binds with CBP in cells.

Given that the HAT domain harbors the acetyltransferase activity of CBP, we speculated

that USP12 could affect CBP’s acetyltransferase activity by binding with its HAT domain. To

address this possibility, HA-CBP was overexpressed in cells. We found that HA-CBP pro-

moted cellular pan-acetylation levels, which were further enhanced by USP12 knockdown (Fig

2A), suggesting that cellular USP12 could inhibit CBP-mediated acetylation. In line with this

observation, overexpression of USP12 restricted CBP-mediated pan-acetylation in a dose-

dependent manner (Fig 2B, right). It is well known that p300 exerts the similar action with

CBP in acetylation regulations. However, USP12 overexpression did not reduce pan-acetyla-

tion of cellular proteins induced by p300 (Fig 2B, left). Interestingly, we noticed that overex-

pression of USP12 upregulated p300 protein levels (Fig 2B, left), while knockdown of USP12

inhibited the expression of endogenous p300 proteins (S2A Fig). We further found that

FH-USP12 can interact with HA-p300 in cells (S2B Fig). Importantly, USP12 removed ubiqui-

tination of endogenous p300 proteins (S2C Fig). These findings suggest that differently from

the role of USP12 in regulating CBP, USP12 could be a deubiquitinase of p300. In addition,

overexpression of USP46, which shares more than 90% amino acid sequences identity with

USP12, did not inhibit the cellular pan-acetylation induced by CBP (Fig 2C). Furthermore, we

found that CBP-mediated acetylation of other proteins, including HDAC1 (Fig 2D) and

STAT1 (Fig 2E), was also blocked by USP12 overexpression. Taken together, these findings

suggest that USP12 binds to the HAT domain of CBP and blocks CBP’s acetyltransferase activ-

ity in cells.

USP12 inhibits CBP activity to maintain STAT1 antiviral signaling
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USP12 inhibits CBP-mediated acetylation and activation of IFN signaling

proteins in the cytoplasm

To reveal the significance of the USP12/CBP interaction in innate antiviral signaling, we focused

on the IFN-induced signaling pathway. CBP has been reported to be located primarily in the

nucleus. Upon IFN stimulation, CBP translocates from nucleus to cytoplasm and acetylates some

signaling proteins, including IFNAR2 and STAT2, and in turn promotes the formation of the

ISGF3 transcriptional complex for IFN signaling activation [28]. Based on this dynamic regulation

of CBP, we speculated that USP12 could restrict CBP-mediated acetylation and activation of IFN

signaling in the cytoplasm (Fig 3A). Our data showed that knockdown of USP12 promoted acety-

lation of both HA-IFNAR2 (Fig 3B, left) and Flag-STAT2 (Fig 3C, left). Similarly, when CBP was

overexpressed to enhance acetylation modifications of cellular proteins, CBP-mediated acetylation

of HA-IFNAR2 (Fig 3B, right) and Flag-STAT2 (Fig 3C, right) in the cytoplasm was upregulated

by USP12 knockdown. These results suggest that USP12 could regulate cytoplasmic CBP’s acetyla-

tion action and therefore restrict excessive activation of IFN signaling in intact cells. Importantly,

in IFN signaling, the formation of the ISGF3 complex in the cytoplasm was significantly enhanced

by USP12 knockdown (Fig 3D). Collectively, we think that USP12 is a negative regulator of CBP-

mediated activation of IFN signaling in the cytoplasm. Given that the cytoplasm contains both

CBP and USP12, one can understand the importance of nuclear CBP translocation to the cyto-

plasm, which could promote the activation of IFN signaling.

USP12 translocates from the cytoplasm to the nucleus in IFN signaling

Given that the USP12/CBP interaction blocks IFN signaling activation in the cytoplasm and

that CBP translocates from the nucleus to the cytoplasm, we next wanted to determine whether

and how USP12 translocates between the nucleus and cytoplasm during IFN signaling. It has

been reported that in TCR signaling, USP12 translocates from the nucleus to the cytoplasm to

deubiquitinate LAT and Trat1 proteins [27]. Here, we treated RAW264.7 cells with mouse

IFNβ (mIFNβ) for different times. To our surprise, we observed that during mIFNβ treatment,

cytoplasmic USP12 protein levels dramatically decreased and nuclear USP12 protein levels

increased accordingly (Fig 4A), suggesting that USP12 translocates from the cytoplasm to the

nucleus in IFN signaling. This translocation manner is totally different from that in TCR sig-

naling. To confirm this dynamic regulation of USP12, we used two additional cell lines,

HEK293T and HCT116 cells. Consistently, IFNα treatment induced USP12 nuclear transloca-

tion in both HEK293T (Fig 4B) and HCT116 (Fig 4C) cells. This phenomenon was further

confirmed by the nuclear import of exogenously expressed HA-USP12 in IFN signaling (Fig

4D). To directly observe the nuclear translocation of USP12, we used HeLa cells to perform an

immunofluorescence assay by confocal microscopy. The results showed that endogenous

USP12 interacted with endogenous CBP in intact cells, and IFNα treatment promoted USP12

nuclear accumulation (Fig 4E and S3 Fig). Collectively, we demonstrated that IFN signaling

strongly stimulates USP12 translocation from the cytoplasm to the nucleus.

Fig 1. USP12 interacts with the HAT domain of CBP. (A) HEK293T cells were transfected with empty vectors or Flag-HA-USP12 (FH-USP12). The whole cell

lysates (WCL) were subjected to immunoprecipitation using Flag (M2) beads. The interacting proteins were analyzed by mass spectrometry (N = 2). (B, C)

Immunoprecipitation analysis of the interaction between endogenous USP12 and CBP in BMDMs (B) and RAW264.7 cells (C). (D) Immunoprecipitation analysis of

the interaction between endogenous USP12 and CBP in mouse primary lung and liver cells. (E) Western blot analysis of endogenous CBP levels in RAW264.7 cells

transfected with either control shRNAs (shCON) or shRNAs against USP12 (shUSP12). (F) The interaction analysis in HEK293T cells cotransfected with FH-USP12

and HA-CBP wild-type (WT) or Myc-CBP mutants including CBP-TK (1–952), CBP-CBC (953–1281), CBP-HAT (1204–1881) as indicated. (G) In vitro binding

assay for analysis of the interaction between FH-USP12 and Myc-CBP mutants, including CBP-TK (1–952), CBP-CBC (953–1281), CBP-HAT (1204–1881), which

were immunoprecipitated from HEK293T cells transfected with the corresponding plasmids. (H) In vitro binding assay for analysis of the interaction between

bacterially expressed GST-USP12 proteins and His-CBP mutant proteins, including CBP-HAT (1324–1700) and CBP-CBC (989–1317), which were purified from E.

coli.

https://doi.org/10.1371/journal.ppat.1008215.g001
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USP12 maintains nuclear p-STAT1 levels by blocking acetylation and

subsequent dephosphorylation of p-STAT1 in the nucleus

CBP has been reported to acetylate p-STAT1 in the nucleus, which results in the binding of the

phosphatase TCPTP to p-STAT1, and subsequent dephosphorylation and downregulation of

p-STAT1. Similarly, we also found that mutation of two reported key acetylation sites, Lys410

Fig 2. USP12 blocks the acetyltransferase activity of CBP. (A) Western blot analysis of pan-acetylation (Pan-ace) levels in HEK293T cells cotransfected with

HA-CBP, together with either control shRNAs (shCON) or shRNAs against USP12 (shUSP12). (B) Western blot analysis of pan-acetylation levels in HEK293T cells

cotransfected with either HA-P300 (left) or HA-CBP (right), together with empty vectors (CON) or increasing amounts of HA-USP12. (C) Western blot analysis of

pan-acetylation levels in HEK293T cells cotransfected with HA-CBP and (or) HA-USP46. (D) Immunoprecipitation analysis of Flag-HDAC1 acetylation in

HEK293T cells cotransfected with Flag-HDAC1, HA-CBP, and (or) HA-USP12. (E) Immunoprecipitation analysis of Flag-STAT1 acetylation and the interaction

between Flag-STAT1 and HA-CBP in HEK293T cells cotransfected with Flag-STAT1, HA-CBP, and (or) HA-USP12. ace-, acetylated.

https://doi.org/10.1371/journal.ppat.1008215.g002
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and Lys413, resulted in increased levels of p-STAT1 in cells after 2 hours of IFN treatment

(S4A Fig), suggesting that STAT1 acetylation at Lys410 and Lys413 could not significantly

affect STAT1 phosphorylation and activation at the initial stage of IFN treatment, but regulate

p-STAT1 levels in the nucleus as a negative feedback signal, which is consistent with CBP-

mediated regulation of p-STAT1 acetylation and levels in the nucleus at the late stage of IFN

treatment.

Given that we have demonstrated that USP12 translocates into the nucleus in IFN signaling,

we next sought to determine whether USP12 regulates p-STAT1 levels through CBP. Firstly,

we noticed that HA-CBP interacted with Flag-STAT1 and induced Flag-STAT1 acetylation

(Fig 2E, lane 3). Overexpression of USP12 did not noticeably affect the interaction between

Fig 3. USP12 inhibits CBP-mediated acetylation and activation of IFN signaling proteins in the cytoplasm. (A) The model for CBP cytoplasm

translocation and subsequent acetylation of IFN signaling proteins. (B) Immunoprecipitation analysis of IFNAR2 acetylation in the cytoplasm of 2fTGH cells

cotransfected with HA-CBP and HA-IFNAR2, together with or without shUSP12 as indicated. (C) Immunoprecipitation analysis of STAT2 acetylation in the

cytoplasm of HEK293T cells cotransfected with HA-CBP and Flag-STAT2, together with or without shUSP12. (D) Western blot analysis of ISGF3 complex in

the cytoplasm of HEK293T cells transfected with shCON or shUSP12, and then stimulated with IFNα (1,500 IU/ml) for 30 min using native Non-SDS PAGE

gels.

https://doi.org/10.1371/journal.ppat.1008215.g003
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HA-CBP and Flag-STAT1 but significantly blocked Flag-STAT1 acetylation (Fig 2E, lane 3 vs.

4), suggesting that USP12 could inhibit CBP-mediated acetylation of STAT1. Furthermore, in

IFN signaling, CBP-mediated acetylation of STAT1 was inhibited by USP12 overexpression

(Fig 5A). Knockdown of USP12 promoted CBP-mediated acetylation of p-STAT1 induced by

IFN (Fig 5B). We next performed an in vitro acetylation assay to observe the role of USP12 in

CBP-mediated STAT1 acetylation. The results showed that CBP induced Flag-STAT1 acetyla-

tion in vitro, which was gradually inhibited by increasing amounts of FH-USP12 (Fig 5C), sug-

gesting that USP12 blocks the acetylation effect of CBP on STAT1.

Given that USP12 inhibits p-STAT1 acetylation, we next observed the binding of TCPTP

with p-STAT1. We found that overexpression of USP12 restricted the interaction between

IFN-induced p-STAT1 and endogenous TCPTP in HEK293T cells (Fig 5D) and HeLa cells

(S4B Fig). The inhibitory effect of USP12 on the p-STAT1 and TCPTP interaction was further

confirmed in the nucleus (Fig 5E). Consistently, the IFN-induced interaction between p-

STAT1 and TCPTP was inhibited by USP12 overexpression (S4C Fig). However, USP12 did

not inhibit the interaction between p-STAT1 and another phosphatase, SHP2 (S4D Fig).

Moreover, we demonstrated that in IFN signaling, USP12 interacted with CBP but not with

either p-STAT1 or TCPTP (Fig 5F), suggesting that USP12 affects the p-STAT1 and TCPTP

interaction through targeting CBP. In line with the decreased binding of TCPTP, IFN-induced

p-STAT1 levels in the nucleus were substantially enhanced by USP12 overexpression (Fig 5G).

Importantly, knockout of CBP abolished USP12-mediated upregulation of p-STAT1 levels

(Fig 5H). Taken together, these findings suggest that USP12 maintains nuclear p-STAT1 levels

by blocking CBP-mediated acetylation and subsequent TCPTP-mediated dephosphorylation

of p-STAT1 in the nucleus.

USP12 sustains cellular p-STAT1 levels and promotes IFN signaling and

antiviral response

Given that IFN signaling strongly stimulates nuclear import of cytoplasmic USP12 (Fig 4), we

speculated that in cells with USP12 overexpression, IFN signaling will deliver the majority of

cytoplasmic USP12 into the nucleus (Fig 4D), which releases CBP activity for stronger activa-

tion of IFN signaling and sustains nuclear p-STAT1 levels. Thus, we speculated that USP12

overexpression could positively regulate cellular p-STAT1 levels and IFN antiviral activity. As

expected, USP12 overexpression upregulated IFN-induced levels of p-STAT1 (Fig 6A and S5A

Fig). However, USP46 did not upregulate p-STAT1 levels in IFN signaling (S5B Fig). We

noticed that USP12 did not noticeably affect the levels of p-Tyk2 and p-JAK1 (Fig 6A). More-

over, USP12 did not promote IFNα/β production (Fig 6B) or the promoter activity of IFNβ
(S6A Fig). These results suggest that USP12 could target those signaling proteins downstream

of JAK1/Tyk2, which is consistent with our above observation showing that USP12 regulates

p-STAT1 levels by blocking CBP’s acetyltransferase activity. ISRE-luciferase has been widely

used to measure the magnitude of IFN signaling. We found that knockdown of USP12 signifi-

cantly inhibited IFNα-induced ISRE-luciferase activity (Fig 6C), whereas overexpression of

USP12 enhanced ISRE-luciferase activity induced by IFNα (S6B Fig). To analyze IFN signal-

ing-induced downstream gene expression, the mRNA levels of three representative ISGs

Fig 4. USP12 translocates from cytoplasm to nucleus in IFN-I signaling. (A) Western blot analysis of USP12 protein levels in the cytoplasm and

nucleus of RAW264.7 cells treated with mouse mIFNβ (500 IU/ml) for 0, 1 and 3 hrs. (B and C) Western blot analysis of USP12 protein levels in the

cytoplasm and nucleus of HEK293T (B) or HCT116 (C) cells treated with IFNα (1,000 IU/ml) for 0, 1.5, 3 and 4.5 hrs. (D) Western blot analysis of

HA-USP12 levels in the nucleus of HEK293T cells transfected with HA-USP12 and then treated with IFNα (1,000 IU/ml) as indicated. (E) HeLa cells

were treated with IFNα (3,000 IU/ml) for 6 hrs. Cellular CBP and USP12 proteins were stained by specific antibodies, and cell nuclei were stained by

DAPI. The fluorescent images were captured with the Nikon A1 confocal microscope.

https://doi.org/10.1371/journal.ppat.1008215.g004

USP12 inhibits CBP activity to maintain STAT1 antiviral signaling

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008215 January 3, 2020 9 / 26

https://doi.org/10.1371/journal.ppat.1008215.g004
https://doi.org/10.1371/journal.ppat.1008215


USP12 inhibits CBP activity to maintain STAT1 antiviral signaling

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008215 January 3, 2020 10 / 26

https://doi.org/10.1371/journal.ppat.1008215


(IFIT1, ISG15, and ISG54) were detected. USP12 knockdown decreased the mRNA levels of

all three ISGs induced by IFNα (Fig 6D). Conversely, USP12 overexpression markedly pro-

moted IFNα-induced ISG mRNA expression (S6C Fig). These findings demonstrate that

USP12 is a positive regulator of IFN signaling.

Next, we sought to determine whether USP12 regulates IFN-mediated antiviral activity.

Vesicular stomatitis virus (VSV) has been widely used as a sensitive viral model to assess IFN

antiviral activity. Using VSV-GFP, which is a VSV virus with a GFP gene, we found that

knockdown of USP12 significantly inhibited IFNα-mediated antiviral activity (Fig 6E), and

overexpression of USP12 promoted IFN-mediated antiviral activity (S6D and S6E Fig). Using

Western blot analysis, we confirmed that USP12 enhanced IFN-mediated antiviral response

(Fig 6F). Given that viral infection stimulates IFN secretion, we speculated that virus-induced

IFN signaling could be enhanced by USP12. Therefore, USP12 overexpression could enhance

cellular antiviral activity. In line with this speculation, knockdown of USP12 remarkably pro-

moted VSV infection (Fig 6G), while USP12 overexpression inhibited VSV infection (S6F

Fig). Similarly, USP12 knockdown promoted infection of another RNA virus H1N1 (Fig 6H).

Importantly, in STAT1-deficient cells (U3A), the ability of USP12 to inhibit viral infection was

largely attenuated (Fig 6I). Taken together, these findings suggest that USP12 enhances p-

STAT1 signaling and IFN antiviral efficacy.

The deubiquitinase activity of USP12 is not required for the regulation of

CBP-mediated acetylation, p-STAT1 levels and IFN antiviral activity

The aforementioned results demonstrated that USP12 binds to the HAT domain of CBP and

blocks CBP’s acetylation action. In conjugation with the result showing that USP12 did not

upregulate CBP protein levels (Fig 1E), we speculated that the deubiquitinase activity of

USP12 could not be essential for USP12-mediated regulation of CBP action and subsequent

IFN antiviral signaling. Thus, we mutated the cysteine 48 residue of USP12 to produce catalyti-

cally inactive mutants, USP12-C48S [29] and USP12-C48A [30]. We found that USP12-C48S

still enhanced IFNα-induced p-STAT1 levels (Fig 7A) and promoted ISRE-luciferase activity

induced by IFNα (Fig 7B). Similarly, USP12-C48A had the same ability to enhance p-STAT1

levels in IFN signaling as USP12-wild type (WT) (Fig 7C). As a consequence, both

USP12-C48A (Fig 7D and 7E) and USP12-C48S (Fig 7E) significantly inhibited viral infection

with a similar efficiency as USP12-WT. It has recently been reported that the histidine 173 res-

idue (H173) is also important for the deubiquitinase activity of USP12. Thus, we further con-

structed a USP12-C48S/H173D (CSHD) mutant. Consistently, as compared with USP12-WT,

the USP12-C48S/H173D mutant had a similar ability to inhibit viral infection (Fig 7F). Given

that we have demonstrated that the effects of USP12 on IFN antiviral signaling were achieved

via inhibiting CBP’s acetylation action, we further determined whether the catalytically inac-

tive mutant of USP12 could inhibit the acetylation modification induced by CBP. Our results

Fig 5. USP12 maintains nuclear p-STAT1 levels by blocking acetylation and subsequent dephosphorylation of p-STAT1 in the nucleus.

(A) Immunoprecipitation analysis of STAT1 acetylation in the nucleus of RAW264.7 cells cotransfected with HA-CBP and (or) FH-USP12 as

indicated, and then treated with mouse IFNβ (500 IU/ml) for 2 hrs. (B) Immunoprecipitation analysis of pY701-STAT1 (p-STAT1) acetylation

in HEK293T cells cotransfected with HA-CBP and (or) shUSP12 as indicated, and then treated with IFNα (1,000 IU/ml) for 2 hrs. (C) In vitro
acetylation assay for analysis of the effects of FH-USP12 on FH-CBP-mediated Flag-STAT1 acetylation. (D) Immunoprecipitation analysis of

the interaction between p-STAT1 and TCPTP in HEK293T cells transfected with HA-USP12 and then treated with IFNα (1,000 IU/ml) for 2

hrs. (E) Immunoprecipitation analysis of the interaction between p-STAT1, ace-STAT1 and TCPTP in the nucleus of HEK293T cells

transfected with Myc-TCPTP and HA-USP12, followed by IFNα (1,000 IU/ml) treatment for 2 hrs. (F) Immunoprecipitation analysis of the

interaction between FH-USP12 and p-STAT1 or TCPTP or CBP in HEK293T cells transfected with FH-USP12 and then stimulated with IFNα
(1,000 IU/ml) as indicated. (G) Western blot analysis of p-STAT1 levels in the nucleus of HEK293T cells transfected with or without HA-USP12

and then treated with IFNα (1,000 IU/ml) as indicated. (H) Immunoprecipitation analysis of tyrosine 701 phosphorylation of Flag-STAT1 in

CBP+/+ (Cas9-CON) or CBP-/- (Cas9-CBP) HEK293T cells cotransfected with Flag-STAT1, together with either vectors or HA-USP12.

https://doi.org/10.1371/journal.ppat.1008215.g005
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Fig 6. USP12 sustains cellular p-STAT1 levels and promotes IFN-I signaling and antiviral activity. (A) Western blot analysis of the levels of p-STAT1,

p-Tyk2 and p-Jak1 in HEK293T cells transfected with increasing amounts of HA-USP12 and then stimulated with IFNα (1,000 IU/ml) for 3 hrs. (B)
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showed that, compared with USP12-WT, the USP12-C48S/H173D mutant can similarly

inhibit CBP-mediated pan-acetylation in cells (Fig 7G). Collectively, these findings suggest

that USP12 inhibits CBP-mediated acetylation and promotes IFN antiviral activity indepen-

dently of its deubiquitinase activity.

USP12 deficiency attenuates host antiviral response and IFN antiviral efficacy

To further understand the physiological function of USP12 in cells, we knocked out cellular

USP12 by CRISPR-Cas9-mediated genome editing in both 293T and HCT116 cells (Fig 8A).

We observed that USP12 deficiency largely attenuates cellular antiviral ability against VSV

(Fig 8B). Consistently, the results from experiments with other viruses, including SeV and

HSV, supported that USP12 is a positive regulator of cellular antiviral ability (Fig 8C). Mecha-

nistically, USP12 deficiency promoted the binding of TCPTP to p-STAT1 (Fig 8D), thus

decreasing p-STAT1 levels in IFN signaling (Fig 8E). As a consequence, USP12 deficiency sig-

nificantly inhibited IFN-induced ISRE-luciferase activity (Fig 8F). Importantly, in USP12-defi-

cient cells, IFN-mediated antiviral efficacy was dramatically inhibited (Fig 8G).

Moreover, we utilized an in vivo siRNA strategy to knock down mouse USP12. We found

that the levels of USP12 in mouse livers significantly decreased by the injection of siRNAs

against USP12 (siUSP12) (Fig 8H). Consistently, the pan-acetylation levels of liver tissues in

the siUSP12 mice were higher than that in control siRNAs (siNC) mice (Fig 8H). When these

mice were challenged with VSV viruses, cellular ISGs levels in mouse livers were significantly

attenuated by siUSP12 injection (Fig 8I). As a consequence, the viral loads were higher in the

livers of mice administered siUSP12 than those of mice administered control siRNAs (Fig 8J).

These findings suggest that USP12 critically regulates host IFN antiviral response in vivo.

Our study showed that IFN-induced p-STAT1 signaling undergoes delicate regulation in

the nucleus. A large number of CBP proteins in the nucleus severely endanger nuclear p-

STAT1 levels by inducing TCPTP-mediated dephosphorylation of p-STAT1. However, IFN

signaling stimulates the nuclear import of USP12, which blocks CBP’s acetylation action by

binding with its HAT domain in the nucleus, thus playing pivotal roles in maintaining nuclear

p-STAT1 levels and efficient IFN antiviral activity (Fig 9). In addition, USP12 translocation

from the cytoplasm to the nucleus facilitates CBP-induced acetylation and activation of IFN

signaling proteins in the cytoplasm (Fig 9). Taken together, our study reveals that USP12 is a

critical regulator of IFN antiviral response.

Discussion

The acetyltransferase CBP plays critical roles in transcription regulation by acetylating a multi-

tude of cellular proteins, including signaling proteins and transcription-related factors. In light

Quantitative real-time PCR (Q-PCR) analysis of IFNβ mRNA levels in RAW264.7 cells transfected with either control shRNAs (shCON) or shRNAs

against USP12 (shUSP12), and then infected with SeV (MOI = 1.0) as indicated. (C) HEK293T cells were transfected with either control shRNAs (shCON)

or shRNAs against USP12 (shUSP12), together with ISRE-Luc and Renilla. The luciferase activity was measured 20 hrs after IFNα (1,000 IU/ml) treatment.

(D) Q-PCR analysis of representative ISGs (IFIT1, ISG15 and ISG54) mRNA levels in HEK293T cells transfected with either shCON or shUSP12, and then

treated with IFNα (1,000 IU/ml) for 8 hrs. (E) RAW264.7 cells transfected with control shRNAs (shCON) or shRNAs against USP12 (shUSP12) were

treated with mouse IFNβ (30 IU/ml) overnight. Cells were challenged by VSV-GFP (MOI = 0.5). After 24 hrs, VSV-GFP levels were analyzed by

fluorescence. (F) RAW264.7 cells transfected with shCON or shUSP12 were treated with mouse IFNβ (30 IU/ml) overnight, and then cells were challenged

by VSV (MOI = 1.0). After 20 hrs, the levels of VSV-G, USP12 and Tubulin were immunoblotted as indicated. (G) RAW264.7 cells were transfected with

shCON or shUSP12, and then cells were challenged by VSV (MOI = 1.0). After 20 hrs, the levels of VSV-G, USP12 and Tubulin were analyzed using

indicated antibodies. (H) RAW264.7 cells transfected with shCON or shUSP12 were challenged with H1N1 (MOI = 0.2, 20 hrs). Viral RNA levels were

analyzed by Q-PCR. (I) Western blot analysis of VSV-G protein levels in 2fTGH cells and U3A cells (STAT1 deficiency) transfected with HA-USP12 and

then challenged with VSV (MOI = 0.5) for 20 hrs. NS, not significant (p>0.05). ��p<0.01 and ���p<0.001 (two-tailed unpaired Student’s t-test). Data are

shown as mean and s.d. of three biological replicates (B, C, D, H).

https://doi.org/10.1371/journal.ppat.1008215.g006
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Fig 7. The deubiquitinase activity of USP12 is not required for the regulation of CBP-mediated acetylation, p-STAT1 levels and IFN antiviral

response. (A) Western blot analysis of p-STAT1 levels in HEK293T cells transfected with HA-USP12 (WT or C48S mutant) and then stimulated with IFNα
(1,000 IU/ml) for 6 hrs. (B) HEK293T cells were transfected with HA-USP12 (WT or C48S mutant), together with ISRE-Luc and Renilla. The luciferase

activity was measured after IFNα (1,000 IU/ml) treatment for 20 hrs. (C) Western blot analysis of p-STAT1 levels in HEK293T cells transfected with

HA-USP12 (WT or C48A mutant) and then stimulated with IFNα (1,000 IU/ml) for 6 hrs. (D) Western blot analysis of VSV-G protein levels in HEK293T

cells transfected with HA-USP12 (WT or C48A mutant) and then challenged with VSV (MOI = 0.5) for 20 hrs. (E) Q-PCR analysis of VSV viral RNA levels

in HEK293T cells transfected with empty vectors or HA-USP12 (WT or C48S or C48A mutant) and then challenged with VSV as (D). (F) Q-PCR analysis

of VSV RNA levels in HEK293T cells transfected with HA-USP12-WT or -C48S/H173D (CSHD) and then challenged with VSV as (D). (G) Western blot
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of its significance in essential cellular activities, studies on the regulation of CBP’s acetyltrans-

ferase activity have been attracting great interest. Some PTMs of CBP that are involved in its

acetyltransferase activity have been reported [22, 23, 31–33]. In addition, viral proteins such as

the adenovirus EIA, E6 and E7 proteins of HPV, and the Tax protein of HTLV [34–36] can

also affect the acetyltransferase activity of CBP. However, cell-intrinsic inhibitors of CBP have

not been identified. In this study, we demonstrated that USP12 can bind with the HAT domain

of CBP in vivo and in vitro. As a result, USP12 inhibits CBP-induced acetylation of cellular

proteins. These findings reveal an intrinsic inhibitory regulation of CBP’s acetyltransferase

activity.

USP12, as one member of the deubiquitinases, regulates the stability and levels of several

cellular proteins dependently on its deubiquitinase activity [25–27]. However, our study clearly

uncovers that USP12 affects CBP action independently of its deubiquitinase activity, which is

not surprising. Given that USP12 binds to the HAT domain of CBP and blocks its acetyltrans-

ferase domain, the deubiquitinase activity of USP12 is not required for its inhibitory effect on

CBP function. We also demonstrated that USP12 interacted with CBP, but not either p-

STAT1 or TCPTP, suggesting that the regulation of USP12 on both TCPTP binding and p-

STAT1 levels is through CBP. Thus, our study uncovers a noncatalytic regulatory mechanism

of USP12 in innate antiviral immunity.

CBP has both a stimulatory and inhibitory effect on many of cellular signaling pathways,

depending on different protein substrates targeted by CBP. This makes it difficult to observe

the final effects of CBP activity deficiency on these signaling pathways. In IFN signaling, CBP

was reported to translocate from the nucleus to cytoplasm, which plays essential roles in acety-

lation and activation of IFN signaling proteins and the formation of the ISGF3 signaling com-

plex [28]. Thus, we turned to IFN signaling to study the significance of the CBP/USP12

interaction. To our surprise, in IFN signaling USP12 translocates from the cytoplasm to the

nucleus. Furthermore, we demonstrated that the decrease in USP12 in the cytoplasm markedly

promoted CBP-induced acetylation of IFNAR2 and STAT2, which resulted in increased for-

mation of the ISGF3 complex. Thus, USP12 translocation to the nucleus facilitates IFN signal-

ing activation in the cytoplasm. Moreover, we further found that the increase in nuclear

USP12 blocked CBP-mediated acetylation of p-STAT1, thus inhibiting the binding of TCPTP

and sustaining nuclear p-STAT1 levels and subsequent IFN antiviral signaling. Our findings

reveal an inverse translocation of USP12 and CBP as an efficient regulatory mechanism for

IFN signaling activation and maintenance.

A recent report showed that in TCR signaling, USP12 translocates from the nucleus to the

cytoplasm, where USP12 deubiquitinates and stabilizes LAT and Trat1 and prevents their lyso-

some-dependent degradation in T cells. This report about USP12 translocation in TCR signal-

ing is different from our findings in IFN signaling. We demonstrated that in many different

types of cells, IFN signaling can stimulate the nuclear import of USP12. The different translo-

cation manners of USP12 in various signaling pathways suggest that USP12 undergoes

dynamic regulation in different cellular compartments for efficient signaling delivery or

activation.

This study identifies USP12 as an intrinsic inhibitor of CBP in cells. The USP12/CBP inter-

action may provide a critical balance for cellular acetylation regulation, since CBP possesses

such broad-spectrum and potent acetylation abilities. Breaking this balance could push the

activation of cellular signaling pathways induced by extracellular or intracellular stimulants

analysis of pan-acetylation levels in HEK293T cells cotransfected with HA-CBP and (or) HA-USP12 (WT or C48S/H173D). �p<0.05, ��p<0.01 and
���p<0.001 (two-tailed unpaired Student’s t-test). Data are shown as mean and s.d. of three biological replicates (B, E, F).

https://doi.org/10.1371/journal.ppat.1008215.g007
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Fig 8. USP12 deficiency attenuates IFN signaling and antiviral activity. (A) Western blot analysis of endogenous USP12 levels in

USP12+/+(CON) or USP12-/-(USP12-Cas9) HEK293T cells or HCT116 cells made by the CRISPR-Cas9-mediated genome editing. (B)

USP12+/+(CON) or USP12-/-(USP12-Cas9) HEK293T cells were infected with VSV (MOI = 0.5) for 20 hrs. Viral RNA levels were analyzed

USP12 inhibits CBP activity to maintain STAT1 antiviral signaling

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008215 January 3, 2020 16 / 26

https://doi.org/10.1371/journal.ppat.1008215


(Fig 9). As demonstrated in our study, IFN signaling stimulates USP12 translocation from the

cytoplasm to the nucleus, which maintains IFN-induced p-STAT1 levels in the nucleus for effi-

cient antiviral activity. Uncovering this USP12/CBP interaction and its significance in signal-

ing pathways not only extends our understanding of the essential regulation of CBP

acetyltransferase activity but also promotes the development of new strategies for the interven-

tion of disease-related signaling pathways.

by Q-PCR. (C) USP12+/+(CON) or USP12-/-(USP12-Cas9) HCT116 cells were challenged with SeV (MOI = 0.5, 20 hrs) or HSV

(MOI = 1.0, 8 hrs). Viral RNA levels were analyzed by Q-PCR. (D) Immunoprecipitation analysis of the interaction between p-STAT1, ace-

STAT1 and Myc-TCPTP in USP12+/+(CON) or USP12-/-(USP12-Cas9) HEK293T cells transfected with Myc-TCPTP and then treatment

with IFNα (1,000 IU/ml) for 2 hrs. (E) Western blot analysis of p-STAT1 levels in USP12+/+(CON) or USP12-/-(USP12-Cas9) HEK293T

cells stimulated with IFNα (1,000 IU/ml) for 0, 1, 3, 6 hrs. (F) USP12+/+(CON) or USP12-/-(USP12-Cas9) HEK293T cells were transfected

with ISRE-Luc and Renilla. The luciferase activity was measured 20 hrs after IFNα (1,000 IU/ml) treatment. (G) Q-PCR analysis of viral

RNA levels in USP12+/+(CON) or USP12-/-(USP12-Cas9) HEK293T cells pretreated with IFNα (30 IU/ml) overnight and then challenged

by VSV (MOI = 1.0) for 20 hrs. (H) Mice (N = 3, per group) were administrated with either negative control siRNAs (siNC) or siRNAs

against mouse USP12 (siUSP12) by tail vein injection. Western blot analysis of USP12 protein levels and the pan-acetylation levels in

mouse livers as indicted. (I and J) Mice (N = 5, per group) were injected with siNC or siUSP12 twice (once per day). 48 hrs after initial

injection, mice were infected with VSV (2X108 pfu per mouse) for 24 hrs. The representative ISGs (IFIT1, Viperin) mRNA (I) or Viral

RNA (J) levels in mouse liver tissues were analyzed by Q-PCR. �p<0.05, ��p<0.01 and ���p<0.001 (two-tailed unpaired Student’s t-test).

Data are shown as mean and s.d. of three biological replicates (B, C, F, G, I, J).

https://doi.org/10.1371/journal.ppat.1008215.g008

Fig 9. A proposed model of regulation of the IFN-JAK/STAT1 signaling by USP12. USP12 translocates from

cytoplasm to nucleus in IFN signaling. The decrease in cytoplasmic USP12 levels facilitates CBP-mediated acetylation

and activation of IFN signaling. USP12 accumulation in the nucleus maintains activated p-STAT1 levels by blocking

CBP-mediated acetylation of p-STAT1 and subsequent TCPTP-mediated dephosphorylation of p-STAT1, which

enables efficient IFN antiviral response.

https://doi.org/10.1371/journal.ppat.1008215.g009
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Materials and methods

Mice

C57BL/6 mice were purchased from the Laboratory Animal Center of Soochow University.

Mice were maintained and bred in special-pathogen-free (SPF) conditions in the Experi-

mental Animal Center of Soochow University. 6–8 weeks old mice were used in most of

experiments.

Ethics statement

Animal care and use protocol adhered to the National Regulations for the Administration of

Affairs Concerning Experimental Animals. All protocols and procedures for mice study were

approved by the ethics committee of the Scientific Investigation Board of Soochow Univer-

sity (Identification No. 201901A166), and were performed in accordance with the Labora-

tory Animal Management Regulations of the Scientific Investigation Board of Soochow

University.

Cells isolation from mice

Mouse tissues were prepared from the 6–8 weeks adult mice. Briefly, mouse tissues were cut

into pieces and grinded to cell suspension. Mouse primary lung cells and liver cells were col-

lected and prepared for further experiments. Bone marrows were derived from 8 weeks old

mice, and the cells were cultured in RPMI medium and then stimulated by GM-CSF (50 ng/

ml) for BMDMs differentiation.

Cell Lines, plasmids, transfection and reagents

HEK293T (human embryonic kidney 293T), HCT116 (human colon cancer), A549 (lung ade-

nocarcinoma), HeLa (human cervical cancer) and RAW264.7 (mouse peritoneal macrophage)

cells were obtained from American Type Culture Collection. 2fTGH (human fibrosarcoma)

cells were gifts from Dr. S.Y. Fuchs (University of Pennsylvania). U3A (STAT1-deficient

human fibrosarcoma) cells were obtained from Dr. GQ Chen. Cells were cultured in Dulbec-

co’s modified Eagle’s medium (DMEM; HyClone) supplemented with 10% FBS (GIBCO, Life

Technologies), 1% penicillin-streptomycin at 37˚C under 5% CO2.

HA-USP12, USP12-C48S and shUSP12 were nice gifts from Dr. Christel Brou (Institut Pas-

teur, France). USP12-C48A and USP12-C48S/H173D were generated by QuickChange Light-

ning site-Directed Mutagenesis Kit (Stratagene). Flag-HA-USP12 was generated in the

pOZ-FH vector (Addgene #32516) using PCR amplification from HA-USP12. HA-USP46 was

kindly provided by Dr. J. Wade Harper (Harvard Medical School, Addgene plasmids). ISRE--

Luc, Flag-STAT1, IFNβ-Luc, and Renilla plasmids were described as previously. Bacterially

expressed His-CBP (989–1317) plasmids were a nice gift from Dr. Peter E. Wright (the Scripps

Research Institute), and bacterially expressed His-CBP (1324–1700) plasmids were purchased

from Addgene (#99340). Bacterially expressed GST-USP12 plasmids were generated by PCR

amplification from the cDNA of RAW264.7 cells. HA-CBP, Flag-HA-CBP and HA-p300 were

nice gifts from Dr. T. Kang (Sun Yat-sen University, China). TCPTP and Myc-SHP2 were gifts

from Dr. Y. E. Chinn (Soochow University, China). Myc-His-TCPTP was generated by PCR

from TCPTP plasmids. All the plasmids were confirmed by DNA sequencing. All transient

transfections were carried out using LongTrans (UCallM, TF/07) according to the manufac-

turer’s instruction. Recombinant human IFNα was purchased from PBL Interferon Source.

IFNα was used at the concentration of 1,000 IU/ml, unless stated otherwise.
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Immunoprecipitation and immunoblotting

For immunoblotting, cells were harvested using Nonidet P-40% lysis buffer containing 150

mM NaCl, 20 mM Tris-HCl (PH 7.4), 1% Nonidet P-40, 0.5 mM EDTA, 0.2 mM Na3VO4, 0.5

mM NaF and PMSF (50 μg/ml). When protein ubiquitination was examined, RIPA buffer

(Beyotime) was used and N-ethylmaleimide (10 mM) was added into the lysis buffer. The col-

lected supernatant was incubated with specific antibodies overnight at 4˚C on a rotor. Next,

Protein G agarose beads (Millipore, #16–266) were added and incubated for additional 3 hrs

on a rotor at 4˚C. After washing three times with high-salt (500 mM NaCl) washing buffer and

twice with normal washing buffer (150 mM NaCl, 20 mM Tris-HCl (PH 7.4), 1% Nonidet P-

40, 0.5 mM EDTA), the immunoprecipitates were eluted by boiling with loading buffer con-

taining β–mercaptoethanol for 10 min and analyzed by SDS-PAGE, followed by transferring

to PVDF membranes. The membranes were probed with the primary antibodies overnight at

4˚C, followed by the secondary antibodies (HRP-conjugated Goat anti-mouse or Goat anti-

rabbit). SuperSignal West Dura Extended kits (Thermo Scientific) were used to visualize the

immunoreactive bands. For immunoprecipitation of Flag-tagged proteins, M2 Affinity Gel

(Sigma, A2220) was used in lysates for 4 hrs on a rotor at 4˚C. Image J program (http://rsbweb.

nih.gov/ij/download.html) was used for densitometric analysis of western blotting.

In this article, following antibodies were used: antibodies against USP12 (1:500, Abcam,

#ab89870), pY701-STAT1 (1:1,000, Cell Signaling, #9167), p-JAK1 (1:200, Santa Cruz, sc-

16773), p-Tyk2 (1:500, Cell Signaling, #9321), STAT1 (1:1,000, Cell Signaling, #9172), JAK1

(1:1,000, Santa Cruz, sc-1677), Tyk2 (1:500, Cell Signaling, #14193), TCPTP (1:500, Santa

Cruz, sc-373835), CBP (1:1,000, Cell Signaling, #7389), p300 (1:500, Santa Cruz, sc-48343),

Acetylated-Lysine (1:1,000, Cell Signaling, #9441), VSV-G (1:2,000, Santa Cruz, sc-66180), HA

(1:1,000, Abcam, ab9110), Flag (1:5,000, Sigma, F7425), Myc (1:2,000, Abmart, M20002H), β-

Actin (1:1,000, Proteintech, #66009-1-Ig), Lamin B1 (1:1,000, Proteintech, 12987-1-AP),

Alpha-Tubulin (1:5,000, Proteintech, 66031-1-Ig). Image J program (http://rsbweb.nih.gov/ij/

download.html) was used for densitometric analysis of western blots.

Cytoplasmic and nuclear proteins extraction

Cells were washed in cold PBS and then harvested in harvest lysis buffer containing 10 mM

HEPES (PH 7.9), 50 mM NaCl, 0.5 mM Sucrose, 0.1 mM EDTA, 0.5% Triton X-100, 1mM

DTT, 10 mM Sodium pyrophosphate decahydrate, 0.5 M NaF, 0.2 M Na3VO4, 1 mM PMSF

and protease inhibitor mixtures (Sigma) on ice. The supernatant was collected for the cyto-

plasmic extract after centrifuging for 5 min at 1,500 rpm. The pellet was resuspended with

Buffer A containing 10 mM HEPES (PH 7.9), 10 mM KCl, 0.1 mM EGTA, 0.1 mM EDTA, 1

mM DTT, 1 mM PMSF and protease inhibitors mixtures. Centrifuge for 5 min at 1,500 rpm

and then remove the supernatant. Then four volume of buffer C containing 10 mM HEPES

(PH 7.9), 500 mM NaCl, 0.1 mM EGTA, 0.1 mM EDTA, 0.1% Nonidet P-40, 1 mM DTT, 1

mM PMSF and protease inhibitors mixtures were added. Vortex for 30 min at 4˚C and then

centrifuge for 10 min at 14,000 rpm. The supernatant was collected as the nuclear extract.

Tubulin-α and Lamin B1 were used as loading controls for the cytoplasm and nucleus,

respectively.

Mass spectrometry analysis (MS)

SDS-PAGE gels were stained with the Silver Staining kits (Beyotime, P0017S). The gel bands

from control and experimental groups were carefully excised, and then were digested with

trypsin. The resulting tryptic peptides were purified using C18 Zip Tip. Then the peptides

were analyzed by an Orbitrap Elite hybrid mass spectrometer (Thermo Fisher) coupled with a
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Dionex LC. The peptide spectrum matches (PSMs) for Flag-HA-USP12 were obtained after

the database search using Proteome Discoverer 1.4 against a UniProt protein database contain-

ing 89,796 entries with the addition of 247 common contaminants.

In vitro acetylation assay

HEK293T cells were transfected with Flag-STAT1, or Flag-HA-USP12, or Flag-HA-CBP. Cells

were harvested and the lysates were subjected to immunoprecipitation with M2 beads (anti-

Flag). Flag immunoprecipitates were eluted with the Flag peptides (Sigma). Then Flag-STAT1,

Flag-HA-USP12 and Flag-HA-CBP were added to the acetylation reaction buffer (1 mM DTT,

20 μM Ac-CoA, 50 μM Tris-HCl, PH 8.0, 0.1 mM EDTA, 10% glycerol) for reaction at 30˚C

for 60 min. Flag-STAT1 was immunoprecipitated by STAT1 antibodies and the acetylation

levels were analyzed using SDS-PAGE and western blotting.

Expression of prokaryotic proteins

Total RNAs were isolated from RAW264.7 cells using TRIzol reagent (Invitrogen). The cDNA

was produced by reverse transcription using oligo (dT). Mouse USP12 primers were used to

construct bacterially expressed plasmids. The primers are as following: USP12 forward, 5’-CG

CGGATCCCCATGGAAATCCTAATGACAGTC-3’ and reverse, 5’-CCGCTCGAGGTCCC

GAGACTGATAGAAAA-3’. The PCR products were cloned into pGEX-5X-1 vector and were

expressed in E. coli. BL21.

The E. coli. BL21 bacteria containing USP12 expression plasmids were picked and put into

300 ml liquid LB medium for shaking at 37˚C. When OD600 of liquid medium was 0.6–0.8,

IPTG (final concentration 1 mM) was added to LB for an additional 12 h culture at 16˚C. After

centrifuging, the bacteria precipitation was resuspended in 1 x PBS and then was lysed. The

lysates were further centrifuged, and the supernatant was collected and incubated with DNase

I for 1 h at 4˚C. Then the supernatant was incubated with specific antibody columns overnight

at 4˚C. After adding elution buffer, the bacterially expressed proteins were collected and used

for further binding assay.

Reporter gene assay

For analysis of IFN-β production, cells were transfected with IFNβ-luciferase and Renilla plas-

mids, together with or without HA-USP12. After 48 hrs, cells were infected with SeV for 24

hrs and then collected. For analysis of IFN-induced transcriptional activity, cells were trans-

fected with the ISRE-Luciferase together with Renilla plasmids and (or) HA-USP12. After 48

hrs, cells were treated with IFNα for 24 hrs. Then the Luciferase activity was measured using

the Dual-Luciferase Reporter Assay System (Promega, #E1910).

RNA isolation and real-time PCR

Total RNAs were extracted from different cells using TRIzol reagent (Invitrogen). The cDNA

was produced by reverse transcription using oligo (dT), and then analyzed by quantitative

real-time PCR (Q-PCR) using IFIT1, ISG15, ISG54, SeV, H1N1, HSV-UL46, VSV, β-actin,

IFN-α, and IFN-β specific primers and SYBR GreenSupermix (Bio-Rad Laboratories). The

primer sequences were as follows:

IFIT1, 5‘-CACAAGCCATTTTCTTTGCT-3’

and 5‘-ACTTGGCTGCATATCGAAAG-3’;

ISG15, 5‘-GGGACCTGACGGTGAAGATG-3’

and 5‘-CGCCGATCTTCTGGGTGAT-3’;
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ISG54, 5‘-CACCTCTGGACTGGCAATAGC-3’

and 5‘-GTCAGGATTCAGCCGAATGG-3’;

VSV, 5‘-ACGGCGTACTTCCAGATGG-3’

and 5‘-CTCGGTTCAAGATCCAGGT-3’;

SeV, 5‘- GATGACGATGCCGCAGCAGTAG-3’

and 5‘- CCTCCGATGTCAGTTGGTTCACTC-3’;

H1N1, 5‘-TTCTAACCGAGGTCGAAACG-3’

and 5‘-ACAAAGCGTCTACGCTGCAG-3’;

HSV-UL46, 50-CTTGCCGGTCTGCCACAG-30

and 50-CTCCAATCGCCGGTTCCTCC-30;

IFN-α, 5‘-TGGGAACAGAGCCTCCTAGA-3’

and 5‘-CAGGCACAAGGGCTGTATTT-3’;

IFN-β, 5‘-CATTACCTGAAGGCCAAGGA-3’

and 5‘-CAGCATCTGCTGGTTGAAGA-3’;

β-actin, 5‘-ACCAACTGGGACGACATGGAGAAA-3’

and 5‘-ATAGCACAGCCTGGATAGCAACG-3’.

The relative expression of the target genes was normalized to β-actin mRNA. The results

were analyzed from three independent experiments and were shown as the average mean ±SD.

Viral infection in vitro
Vesicular stomatitis virus (VSV) and Sendai virus (SeV) were obtained from Dr. Chen Wang

(Shanghai Institutes for Biological Science, Chinese Academy of Science, China). Influenza A

Virus (H1N1, PR/8/34) was a gift from Dr. Jianfeng Dai (Soochow University, China). Herpes

simplex virus (HSV) was provided by Dr. Chunfu Zheng (Fujian Medical University, China).

VSV-GFP was a gift from Dr. Chunsheng Dong (Soochow University, China). When IFN anti-

viral activity was determined, cells were pretreated with IFNα (50 IU/ml) for 16 hrs. After

washing twice, cells were challenged by VSV or VSV-GFP at a multiplicity of infection (MOI)

of 0.5 for 2 hrs. The infection medium was removed by washing twice. Cells were fed with

fresh medium containing 10% FBS and incubated for another 24 hrs. Immunofluorescence or

western blotting was used to analyze viral infection. To assess cellular antiviral abilities against

VSV, SeV, H1N1, and HSV, cells were challenged with different viruses for 2 hrs. Then the

supernatant was removed and cells were returned to the medium containing 10% FBS. After

20 hrs infection, cells were collected and viral RNAs were analyzed by quantitative real-time

PCR.

Viral infection in vivo
The siRNAs targeting mouse USP12 (5’- GGAAUACCUGCUACUGCAAdTdT-3’) (siUSP12)

were synthesized by the Biomics Biotechnologies (China). Mice were injected with negative

control siRNAs (siNC) or siUSP12 by tail vein injection at a dose of 37.5 μg/mice twice (once

per day). 48 hrs after initial injection, mice were infected with VSV viruses (2X108 pfu per

mouse) for 24 hrs. The livers were taken to detect the levels of VSV and ISGs by quantitative

real-time PCR (Q-PCR), or the levels of pan-acetylation and USP12 protein by western

blotting.

CRISPR-Cas9-mediated genome editing

Small guide RNAs targeting human USP12 (5’-CACCGATTCGCCTCCA TCTGTACCA-3’)

were cloned into the lentiCRISPRv2 vector, which was a nice gift from Dr. Fangfang Zhou

(Soochow University, China). The constructs were then transfected into HEK293T cells. 48
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hrs after transfection, the supernatant was collected and used to infect either HEK293T or

HCT116 cells. After 48 hrs, the infected cells were placed under puromycin (1.5 μg/ml) selec-

tion for one week and then were transferred to 96-well plates to grow until further

experiments.

Immunofluorescence and confocal microscopy assay

For immunofluorescence microscopy analyses, VSV-GFP-infected cells were pictured with

upright fluorescence microscope (Tokyo, Japan). Magnification was 200. Immunofluorescence

Confocal assay was stated as described previously. Briefly, cells were stimulated with IFNs and

fixed in 4% paraformaldehyde at room temperature. Then cells were permeabilized with 0.5%

Triton X-100 and blocked with 5% BSA. Cells were incubated with either an anti-USP12 anti-

body (1:50, Santa Cruz, sc-82072) or an anti-CBP antibody (1:50, Thermofisher, MA5-13634)

overnight, followed by staining with either 488 goat anti-mouse IgG (Alexa Fluor, A11001) or

594 goat anti-rabbit IgG (Alexa Fluor, A11012). Cell nuclei were stained with DAPI for 1 min,

and the fluorescent images were captured with the Nikon A1 confocal microscope.

Statistical analysis

Two-tailed Student’s t-test was used to analyze the comparison between different groups. Data

represent the mean ± sd. All differences were considered statistically significant when

p< 0.05.

Supporting information

S1 Fig. USP12 interacts with CBP. (A) Immunoprecipitation analysis of the interaction

between Flag-HA-USP12 (FH-USP12) and HA-CBP in HEK293T cells. (B) Immunoprecipita-

tion analysis of the interaction between CBP and USP12 in HEK293T cells transfected with

empty vectors (-) or FH-USP12. (C) Western blot analysis of HA-CBP levels in HEK293T cells

cotransfected with either empty vectors (CON) or increasing amounts of HA-USP12, together

with HA-CBP.

(TIF)

S2 Fig. USP12 interacts with p300 and regulates p300 ubiquitination and protein levels.

(A) Western blot analysis of p300 protein levels in RAW264.7 cells transfected with either con-

trol shRNAs (shCON) or shRNAs against USP12 (shUSP12). (B) Immunoprecipitation analy-

sis of the interaction between FH-USP12 and HA-p300 in HEK293T cells. (C) HEK293T cells

transfected with empty vectors (-) or HA-USP12. Cells then were treated with MG132 (10 μM)

for 4 h. Immunoprecipitation (IP) and immunoblotting (IB) were performed as indicated.

(TIF)

S3 Fig. USP12 translocates from cytoplasm to nucleus in IFN-I signaling. HeLa cells were

treated with IFNα (3,000 IU/ml) for 0, 1, 3 and 6 hrs. Cellular USP12 proteins were stained by

specific USP12 antibodies, and cell nuclei were stained by DAPI. The fluorescent images were

captured with the Nikon A1 confocal microscope.

(TIF)

S4 Fig. USP12 inhibits the interaction between p-STAT1 and TCPTP. (A) STAT1-defi-

ciency fibroblast cells U3A were transfected with Flag-STAT1-WT or Flag-STAT1-K410R,

K413R (KKRR), followed by treatment with IFNα (1,000 IU/ml) as indicated. Phosphorylated

STAT1 at Tyr701 (p-STAT1) was analyzed using a specific antibody. (B) Immunoprecipitation

analysis of the interaction between p-STAT1 and TCPTP in HeLa cells transfected with
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HA-USP12 and then treated with IFNα (1,000 IU/ml) for 2 hrs. (C) Immunoprecipitation

analysis of the interaction between p-STAT1 and TCPTP in HEK293T cells transfected with

HA-USP12 and then treated with IFNα (1,000 IU/ml) for 0, 1, and 2 hrs. (D) Immunoprecipi-

tation analysis of the interaction between p-STAT1 and Myc-SHP2 in HEK293T cells cotrans-

fected with HA-USP12 and (or) Myc-SHP2 and then treated with IFNα (1,000 IU/ml) for 2

hrs.

(TIF)

S5 Fig. USP12 but not USP46 upregulates p-STAT1 levels in IFN-I signaling. (A) Western

blot analysis of p-STAT1 levels in HEK293T cells transfected with HA-USP12 and then treated

with IFNα (1,000 IU/ml) for 0, 1, 3, and 6 hrs. (B) Western blot analysis of p-STAT1 levels in

HEK293T cells transfected with HA-USP46 and then treated with IFNα (1,000 IU/ml) for 0, 1,

3, and 6 hrs.

(TIF)

S6 Fig. USP12 promotes IFN-I signaling and antiviral response. (A) HEK293T cells were

transfected with empty vectors (CON) or HA-USP12, together with IFNβ-Luciferase and

Renilla. The luciferase activity was measured 20 hrs after SeV (MOI = 0.5) infection. (B)

HEK293T cells were transfected with empty vertors (CON) or HA-USP12, together with

ISRE-Luc and Renilla. The luciferase activity was measured 20 hrs after IFNα (1,000 IU/ml)

treatment. (C) Q-PCR analysis of representative ISGs (IFIT1, ISG15 and ISG54) mRNA levels

in HEK293T cells transfected with empty vectors (CON) or HA-USP12, and then treated with

IFNα (1,000 IU/ml) for 8 hrs. (D) HEK293T cells transfected with empty vectors (CON) or

HA-USP12 were treated with IFNα (50 IU/ml) overnight. Cells were challenged by VSV-GFP

(MOI = 0.5). After 24 hrs, VSV-GFP levels were detected by fluorescence. (E) 2fTGH cells

transfected with or without HA-USP12 were treated with IFNα (30 IU/ml) overnight, and

then cells were challenged by VSV (MOI = 1.0). After 20 hrs, the level of VSV viral RNA was

analyzed by Q-PCR. (F) Western blot analysis of VSV-G protein levels in HCT116 cells trans-

fected with HA-USP12 and then challenged with VSV (MOI = 0.5) for 20 hrs. NS, not signifi-

cant (p>0.05), �p<0.05 and ���p<0.001 (two-tailed unpaired Student’s t-test). Data are shown

as mean and s.d. of three biological replicates.

(TIF)

Acknowledgments

We thank Dr. Serge Y. Fuchs from University of Pennsylvania, Dr. Christel Brou from Institut

Pasteur of France, and Dr. Peter E. Wright from the Scripps Research Institute for important

plasmids and valuable discussions. We also thank all members of Hui lab for helpful discus-

sions and Xuemei Zhu for technical support.

Author Contributions

Conceptualization: Hui Zheng.

Data curation: Jin Liu, Yukang Yuan, Yibo Zuo.

Formal analysis: Jin Liu, Yukang Yuan, Yibo Zuo, Hui Zheng.

Funding acquisition: Hui Zheng.

Investigation: Jin Liu, Lincong Jin, Xiangjie Chen, Yukang Yuan, Yibo Zuo, Hui Zheng.

USP12 inhibits CBP activity to maintain STAT1 antiviral signaling

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008215 January 3, 2020 23 / 26

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1008215.s005
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1008215.s006
https://doi.org/10.1371/journal.ppat.1008215


Methodology: Jin Liu, Lincong Jin, Xiangjie Chen, Yukang Yuan, Yibo Zuo, Ying Miao, Qian

Feng, Hongguang Zhang, Fan Huang, Tingting Guo, Liting Zhang, Li Zhu, Feng Qian,

Chuanwu Zhu.

Project administration: Jin Liu.

Resources: Hui Zheng.

Software: Jin Liu.

Supervision: Hui Zheng.

Validation: Jin Liu.

Visualization: Jin Liu.

Writing – original draft: Jin Liu, Hui Zheng.

Writing – review & editing: Jin Liu, Hui Zheng.

References
1. Berger SL. Gene activation by histone and factor acetyltransferases. Curr Opin Cell Biol. 1999; 11

(3):336–41. Epub 1999/07/08. https://doi.org/10.1016/S0955-0674(99)80046-5 PMID: 10395565.

2. Bararia D, Trivedi AK, Zada AA, Greif PA, Mulaw MA, Christopeit M, et al. Proteomic identification of the

MYST domain histone acetyltransferase TIP60 (HTATIP) as a co-activator of the myeloid transcription

factor C/EBPalpha. Leukemia. 2008; 22(4):800–7. Epub 2008/02/02. https://doi.org/10.1038/sj.leu.

2405101 PMID: 18239623.

3. Grienenberger A, Miotto B, Sagnier T, Cavalli G, Schramke V, Geli V, et al. The MYST domain acetyl-

transferase Chameau functions in epigenetic mechanisms of transcriptional repression. Curr Biol.

2002; 12(9):762–6. Epub 2002/05/15. https://doi.org/10.1016/s0960-9822(02)00814-x PMID:

12007422.

4. Dumay-Odelot H, Marck C, Durrieu-Gaillard S, Lefebvre O, Jourdain S, Prochazkova M, et al. Identifica-

tion, molecular cloning, and characterization of the sixth subunit of human transcription factor TFIIIC. J

Biol Chem. 2007; 282(23):17179–89. Epub 2007/04/06. https://doi.org/10.1074/jbc.M611542200

PMID: 17409385.

5. Ishii S, Yamada M, Satoh T, Monden T, Hashimoto K, Shibusawa N, et al. Aberrant dynamics of histone

deacetylation at the thyrotropin-releasing hormone gene in resistance to thyroid hormone. Mol Endocri-

nol. 2004; 18(7):1708–20. https://doi.org/10.1210/me.2004-0067 WOS:000222259000011. PMID:

15131262

6. Vries RGJ, Prudenziati M, Zwartjes C, Verlaan M, Kalkhoven E, Zantema A. A specific lysine in c-Jun is

required for transcriptional repression by E1A and is acetylated by p300. Embo J. 2001; 20(21):6095–

103. https://doi.org/10.1093/emboj/20.21.6095 WOS:000172104000028. PMID: 11689449

7. Sterner DE, Berger SL. Acetylation of histones and transcription-related factors. Microbiol Mol Biol R.

2000; 64(2):435–+. https://doi.org/10.1128/Mmbr.64.2.435–459.2000 WOS:000087486200006.

8. Bordoli L, Netsch M, Luthi U, Lutz W, Eckner R. Plant orthologs of p300/CBP: conservation of a core

domain in metazoan p300/CBP acetyltransferase-related proteins. Nucleic Acids Res. 2001; 29

(3):589–97. https://doi.org/10.1093/nar/29.3.589 WOS:000166786300001. PMID: 11160878

9. Yuan LWC, Giordano A. Acetyltransferase machinery conserved in p300/CBP-family proteins. Onco-

gene. 2002; 21(14):2253–60. https://doi.org/10.1038/sj.onc.1205283 WOS:000174555300014. PMID:

11948408

10. Weinert BT, Narita T, Satpathy S, Srinivasan B, Hansen BK, Scholz C, et al. Time-Resolved Analysis

Reveals Rapid Dynamics and Broad Scope of the CBP/p300 Acetylome. Cell. 2018; 174(1):231–+.

https://doi.org/10.1016/j.cell.2018.04.033 WOS:000437005800023. PMID: 29804834

11. Bedford DC, Kasper LH, Fukuyama T, Brindle PK. Target gene context influences the transcriptional

requirement for the KAT3 family of CBP and p300 histone acetyltransferases. Epigenetics-Us. 2010; 5

(1):9–15. https://doi.org/10.4161/epi.5.1.10449 WOS:000274790700002. PMID: 20110770

12. Dyson HJ, Wright PE. Role of Intrinsic Protein Disorder in the Function and Interactions of the Tran-

scriptional Coactivators CREB-binding Protein (CBP) and p300. J Biol Chem. 2016; 291(13):6714–22.

Epub 2016/02/07. https://doi.org/10.1074/jbc.R115.692020 PMID: 26851278; PubMed Central PMCID:

PMC4807259.

USP12 inhibits CBP activity to maintain STAT1 antiviral signaling

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008215 January 3, 2020 24 / 26

https://doi.org/10.1016/S0955-0674(99)80046-5
http://www.ncbi.nlm.nih.gov/pubmed/10395565
https://doi.org/10.1038/sj.leu.2405101
https://doi.org/10.1038/sj.leu.2405101
http://www.ncbi.nlm.nih.gov/pubmed/18239623
https://doi.org/10.1016/s0960-9822(02)00814-x
http://www.ncbi.nlm.nih.gov/pubmed/12007422
https://doi.org/10.1074/jbc.M611542200
http://www.ncbi.nlm.nih.gov/pubmed/17409385
https://doi.org/10.1210/me.2004-0067
http://www.ncbi.nlm.nih.gov/pubmed/15131262
https://doi.org/10.1093/emboj/20.21.6095
http://www.ncbi.nlm.nih.gov/pubmed/11689449
https://doi.org/10.1128/Mmbr.64.2.435459.2000
https://doi.org/10.1093/nar/29.3.589
http://www.ncbi.nlm.nih.gov/pubmed/11160878
https://doi.org/10.1038/sj.onc.1205283
http://www.ncbi.nlm.nih.gov/pubmed/11948408
https://doi.org/10.1016/j.cell.2018.04.033
http://www.ncbi.nlm.nih.gov/pubmed/29804834
https://doi.org/10.4161/epi.5.1.10449
http://www.ncbi.nlm.nih.gov/pubmed/20110770
https://doi.org/10.1074/jbc.R115.692020
http://www.ncbi.nlm.nih.gov/pubmed/26851278
https://doi.org/10.1371/journal.ppat.1008215


13. Kasper LH, Fukuyama T, Biesen MA, Boussouar F, Tong C, de Pauw A, et al. Conditional knockout

mice reveal distinct functions for the global transcriptional coactivators CBP and p300 in T-cell develop-

ment. Mol Cell Biol. 2006; 26(3):789–809. Epub 2006/01/24. https://doi.org/10.1128/MCB.26.3.789-

809.2006 PMID: 16428436; PubMed Central PMCID: PMC1347027.

14. Chan HM, La Thangue NB. p300/CBP proteins: HATs for transcriptional bridges and scaffolds. J Cell

Sci. 2001; 114(Pt 13):2363–73. Epub 2001/09/18. PMID: 11559745.

15. Das C, Lucia MS, Hansen KC, Tyler JK. CBP/p300-mediated acetylation of histone H3 on lysine 56.

Nature. 2009; 459(7243):113–U23. https://doi.org/10.1038/nature07861 WOS:000265801300040.

PMID: 19270680

16. Kramer OH, Knauer SK, Greiner G, Jandt E, Reichardt S, Guhrs KH, et al. A phosphorylation-acetyla-

tion switch regulates STAT1 signaling. Gene Dev. 2009; 23(2):223–35. https://doi.org/10.1101/gad.

479209 WOS:000262796700010. PMID: 19171783

17. Sakaguchi K, Herrera JE, Saito S, Miki T, Bustin M, Vassilev A, et al. DNA damage activates p53

through a phosphorylation-acetylation cascade. Gene Dev. 1998; 12(18):2831–41. https://doi.org/10.

1101/gad.12.18.2831 WOS:000076154600003. PMID: 9744860

18. Jang ER, Choi JD, Lee JS. Acetyltransferase p300 regulates NBS1-mediated DNA damage response.

FEBS Lett. 2011; 585(1):47–52. Epub 2010/11/27. https://doi.org/10.1016/j.febslet.2010.11.034 PMID:

21108945.

19. Santer FR, Hoschele PPS, Oh SJ, Erb HHH, Bouchal J, Cavarretta IT, et al. Inhibition of the Acetyl-

transferases p300 and CBP Reveals a Targetable Function for p300 in the Survival and Invasion Path-

ways of Prostate Cancer Cell Lines. Mol Cancer Ther. 2011; 10(9):1644–55. https://doi.org/10.1158/

1535-7163.MCT-11-0182 WOS:000294668900012. PMID: 21709130

20. Gang EJ, Hsieh YT, Pham J, Zhao Y, Nguyen C, Huantes S, et al. Small-molecule inhibition of CBP/

catenin interactions eliminates drug-resistant clones in acute lymphoblastic leukemia. Oncogene. 2014;

33(17):2169–78. https://doi.org/10.1038/onc.2013.169 WOS:000334996000003. PMID: 23728349

21. Chan KC, Chan LS, Ip JC, Lo C, Yip TT, Ngan RK, et al. Therapeutic targeting of CBP/beta-catenin sig-

naling reduces cancer stem-like population and synergistically suppresses growth of EBV-positive

nasopharyngeal carcinoma cells with cisplatin. Sci Rep. 2015; 5:9979. Epub 2015/04/22. https://doi.

org/10.1038/srep09979 PMID: 25897700; PubMed Central PMCID: PMC4404684.

22. Legube G, Trouche D. Regulating histone acetyltransferases and deacetylases. EMBO Rep. 2003; 4

(10):944–7. Epub 2003/10/07. https://doi.org/10.1038/sj.embor.embor941 PMID: 14528264; PubMed

Central PMCID: PMC1326399.

23. Schwartz C, Beck K, Mink S, Schmolke M, Budde B, Wenning D, et al. Recruitment of p300 by C/EBP-

beta triggers phosphorylation of p300 and modulates coactivator activity. EMBO J. 2003; 22(4):882–92.

Epub 2003/02/08. https://doi.org/10.1093/emboj/cdg076 PMID: 12574124; PubMed Central PMCID:

PMC145436.

24. Ceschin DG, Walia M, Wenk SS, Duboe C, Gaudon C, Xiao Y, et al. Methylation specifies distinct estro-

gen-induced binding site repertoires of CBP to chromatin. Genes Dev. 2011; 25(11):1132–46. Epub

2011/06/03. https://doi.org/10.1101/gad.619211 PubMed Central PMCID: PMC3110952. PMID:

21632823

25. Joo HY, Jones A, Yang C, Zhai L, Smith ADt, Zhang Z, et al. Regulation of histone H2A and H2B deubi-

quitination and Xenopus development by USP12 and USP46. J Biol Chem. 2011; 286(9):7190–201.

Epub 2010/12/25. https://doi.org/10.1074/jbc.M110.158311 PMID: 21183687; PubMed Central PMCID:

PMC3044976.

26. Moretti J, Chastagner P, Liang CC, Cohn MA, Israel A, Brou C. The Ubiquitin-specific Protease 12

(USP12) Is a Negative Regulator of Notch Signaling Acting on Notch Receptor Trafficking toward Deg-

radation. J Biol Chem. 2012; 287(35):29429–41. https://doi.org/10.1074/jbc.M112.366807

WOS:000308286900021. PMID: 22778262

27. Jahan AS, Lestra M, Swee LK, Fan Y, Lamers MM, Tafesse FG, et al. Usp12 stabilizes the T-cell recep-

tor complex at the cell surface during signaling. P Natl Acad Sci USA. 2016; 113(6):E705–E14. https://

doi.org/10.1073/pnas.1521763113 WOS:000369571700007. PMID: 26811477

28. Tang XL, Gao JS, Guan YJ, McLane KE, Yuan ZL, Ramratnam B, et al. Acetylation-dependent signal

transduction for type I interferon receptor. Cell. 2007; 131(1):93–105. https://doi.org/10.1016/j.cell.

2007.07.034 WOS:000249934700014. PMID: 17923090

29. Cohn MA, Kee Y, Haas W, Gygi SP, D’Andrea AD. UAF1 Is a Subunit of Multiple Deubiquitinating

Enzyme Complexes. J Biol Chem. 2009; 284(8):5343–51. https://doi.org/10.1074/jbc.M808430200

WOS:000263416600064. PMID: 19075014

30. Aron R, Pellegrini P, Green EW, Maddison DC, Opoku-Nsiah K, Wong JS, et al. Deubiquitinase Usp12

functions noncatalytically to induce autophagy and confer neuroprotection in models of Huntington’s

USP12 inhibits CBP activity to maintain STAT1 antiviral signaling

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008215 January 3, 2020 25 / 26

https://doi.org/10.1128/MCB.26.3.789-809.2006
https://doi.org/10.1128/MCB.26.3.789-809.2006
http://www.ncbi.nlm.nih.gov/pubmed/16428436
http://www.ncbi.nlm.nih.gov/pubmed/11559745
https://doi.org/10.1038/nature07861
http://www.ncbi.nlm.nih.gov/pubmed/19270680
https://doi.org/10.1101/gad.479209
https://doi.org/10.1101/gad.479209
http://www.ncbi.nlm.nih.gov/pubmed/19171783
https://doi.org/10.1101/gad.12.18.2831
https://doi.org/10.1101/gad.12.18.2831
http://www.ncbi.nlm.nih.gov/pubmed/9744860
https://doi.org/10.1016/j.febslet.2010.11.034
http://www.ncbi.nlm.nih.gov/pubmed/21108945
https://doi.org/10.1158/1535-7163.MCT-11-0182
https://doi.org/10.1158/1535-7163.MCT-11-0182
http://www.ncbi.nlm.nih.gov/pubmed/21709130
https://doi.org/10.1038/onc.2013.169
http://www.ncbi.nlm.nih.gov/pubmed/23728349
https://doi.org/10.1038/srep09979
https://doi.org/10.1038/srep09979
http://www.ncbi.nlm.nih.gov/pubmed/25897700
https://doi.org/10.1038/sj.embor.embor941
http://www.ncbi.nlm.nih.gov/pubmed/14528264
https://doi.org/10.1093/emboj/cdg076
http://www.ncbi.nlm.nih.gov/pubmed/12574124
https://doi.org/10.1101/gad.619211
http://www.ncbi.nlm.nih.gov/pubmed/21632823
https://doi.org/10.1074/jbc.M110.158311
http://www.ncbi.nlm.nih.gov/pubmed/21183687
https://doi.org/10.1074/jbc.M112.366807
http://www.ncbi.nlm.nih.gov/pubmed/22778262
https://doi.org/10.1073/pnas.1521763113
https://doi.org/10.1073/pnas.1521763113
http://www.ncbi.nlm.nih.gov/pubmed/26811477
https://doi.org/10.1016/j.cell.2007.07.034
https://doi.org/10.1016/j.cell.2007.07.034
http://www.ncbi.nlm.nih.gov/pubmed/17923090
https://doi.org/10.1074/jbc.M808430200
http://www.ncbi.nlm.nih.gov/pubmed/19075014
https://doi.org/10.1371/journal.ppat.1008215


disease. Nat Commun. 2018; 9(1):3191. Epub 2018/09/30. https://doi.org/10.1038/s41467-018-05653-

z PMID: 30266909; PubMed Central PMCID: PMC6162324.

31. Xu W, Chen HW, Du KY, Asahara H, Tini M, Emerson BM, et al. A transcriptional switch mediated by

cofactor methylation. Science. 2001; 294(5551):2507–11. https://doi.org/10.1126/science.1065961

WOS:000172927700046. PMID: 11701890

32. Thompson PR, Wang DX, Wang L, Fulco M, Pediconi N, Zhang DZ, et al. Regulation of the p300 HAT

domain via a novel activation loop. Nat Struct Mol Biol. 2004; 11(4):308–15. https://doi.org/10.1038/

nsmb740 WOS:000220692900013. PMID: 15004546

33. Karukurichi KR, Wang L, Uzasci L, Manlandro CM, Wang Q, Cole PA. Analysis of p300/CBP Histone

Acetyltransferase Regulation Using Circular Permutation and Semisynthesis. J Am Chem Soc. 2010;

132(4):1222–+. https://doi.org/10.1021/ja909466d WOS:000275084800021. PMID: 20063892

34. Arany Z, Newsome D, Oldread E, Livingston DM, Eckner R. A family of transcriptional adaptor proteins

targeted by the E1A oncoprotein. Nature. 1995; 374(6517):81–4. Epub 1995/03/02. https://doi.org/10.

1038/374081a0 PMID: 7870178.

35. Kwok RPS, Laurance ME, Lundblad JR, Goldman PS, Shih HM, Connor LM, et al. Control of cAMP-reg-

ulated enhancers by the viral transactivator Tax through CREB and the co-activator CBP. Nature. 1996;

380(6575):642–6. https://doi.org/10.1038/380642a0 WOS:A1996UF74100051. PMID: 8602268

36. Chakravarti D, Ogryzko V, Kao HY, Nash A, Chen H, Nakatani Y, et al. A viral mechanism for inhibition

of p300 and PCAF acetyltransferase activity. Cell. 1999; 96(3):393–403. Epub 1999/02/20. https://doi.

org/10.1016/s0092-8674(00)80552-8 PMID: 10025405.

USP12 inhibits CBP activity to maintain STAT1 antiviral signaling

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008215 January 3, 2020 26 / 26

https://doi.org/10.1038/s41467-018-05653-z
https://doi.org/10.1038/s41467-018-05653-z
http://www.ncbi.nlm.nih.gov/pubmed/30266909
https://doi.org/10.1126/science.1065961
http://www.ncbi.nlm.nih.gov/pubmed/11701890
https://doi.org/10.1038/nsmb740
https://doi.org/10.1038/nsmb740
http://www.ncbi.nlm.nih.gov/pubmed/15004546
https://doi.org/10.1021/ja909466d
http://www.ncbi.nlm.nih.gov/pubmed/20063892
https://doi.org/10.1038/374081a0
https://doi.org/10.1038/374081a0
http://www.ncbi.nlm.nih.gov/pubmed/7870178
https://doi.org/10.1038/380642a0
http://www.ncbi.nlm.nih.gov/pubmed/8602268
https://doi.org/10.1016/s0092-8674(00)80552-8
https://doi.org/10.1016/s0092-8674(00)80552-8
http://www.ncbi.nlm.nih.gov/pubmed/10025405
https://doi.org/10.1371/journal.ppat.1008215

