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SUMMARY

Small heterodimer partner (SHP) is an orphan nuclear
receptor that acts as a transcriptional co-repressor
by interacting with nuclear receptors and transcrip-
tion factors. Although SHP plays a negative regula-
tory function in various signaling pathways, its role
in virus infection has not been studied. Here, we
report that SHP is a potent negative regulator of the
virus-mediated type I IFN signaling thatmaintains ho-
meostasis within the antiviral innate immune system.
Upon virus infection, SHP interacts specifically with
CREB-binding protein (CBP) in the nucleus, thereby
obstructingCBP/b-catenin interaction competitively.
Consequently, SHP-deficient cells enhance antiviral
responses, including transcription of the type I IFN
gene, upon virus infection. Furthermore, SHP-defi-
cient mice show higher levels of IFN production and
are more resistant to influenza A virus infection. Our
results suggest that SHP is a nuclear regulator that
blocks transcription of the type I IFN gene to inhibit
excessive innate immune responses.

INTRODUCTION

Type I interferons (IFNs) are secreted by cells in response to

infection by RNA or DNA viruses and are essential components

for the innate antiviral immune response (Akira et al., 2006; Fujii,

2004; Isaacs and Lindenmann, 1957; Seo and Hahm, 2010;

Weber and Haller, 2007). Host pattern-recognition receptors

(PRRs) such as Toll-like receptors (TLRs), RIG-I-like receptors,

and intracellular DNA sensors recognize viruses; activation of

PRRs leads to engagement of transcription factors IRF-3 and
Ce
This is an open access article under the CC BY-N
nuclear factor kB (NF-kB) via activation of PRR-specific adaptor

molecules and kinases (Akira et al., 2006; Alexopoulou et al.,

2001; Dragan et al., 2007; Fitzgerald et al., 2003; Goubau

et al., 2013; Hemmi et al., 2004; Lin et al., 1998; McWhirter

et al., 2004; Sin et al., 2012). Transcription factors ultimately

induce transcription of type I IFNs, which inhibit viral replication

and transmission (Daly and Reich, 1995; Du et al., 1993; Munshi

et al., 1999;Wathelet et al., 1998). In particular, IRF-3 plays a crit-

ical role in immediate induction of interferon beta (IFN-b) (Honda

et al., 2006). Activation of IRF3 requires phosphorylation of its

C-terminal trans-activation domain by tank-binding kinase 1

(TBK1) or inhibitor-kB kinase ε (IKKε) (Fitzgerald et al., 2003;

Perry et al., 2004; Sharma et al., 2003). Phosphorylated IRF3

forms dimers and then translocate from the cytoplasm to the nu-

cleus to induce transcription of the gene encoding IFN-b (Honda

et al., 2006; Ikushima et al., 2013; Qin et al., 2003; Takahasi et al.,

2003). These activation processes are essential, but not suffi-

cient, for transcription of the IFN-b gene; additional interaction

with transcriptional co-activators is required to induce the DNA

binding activity of IRF3 to trigger expression of IFN-b genes in

the nucleus (Honda et al., 2006; Kim and Maniatis, 1997; Mania-

tis et al., 1998; Panne et al., 2007; Thanos and Maniatis, 1995;

Wathelet et al., 1998; Yie et al., 1999). CREB-binding protein

(CBP) promotes transcriptional activation by interacting with a

variety of transcription factors (Goldman et al., 1997; Shiama,

1997; Vo and Goodman, 2001). Upon virus infection, CBP asso-

ciates with activated IRF3 and co-activates transcription of the

IFN-b gene (Lin et al., 2000; Merika et al., 1998; Parekh and Ma-

niatis, 1999; Vo and Goodman, 2001; Yoneyama et al., 1998).

Recent studies show that b-catenin is also a co-activator of

IFN-b transcription, thereby allowing recruitment of CBP to

IRF3. In detail, after virus infection, b-catenin translocates to

the nucleus and interacts with the IFN-b gene promoter by bind-

ing to IRF-3 or T-cell specific transcription factor (TCF)/lymphoid

enhancer binding factor (LEF), and b-catenin plays key role as
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component of transcriptional activator complex to recruit CBP to

complete complex formation, leading to a marked increase in

transcriptional activity (Hillesheim et al., 2014; Marcato et al.,

2015; Yang et al., 2010).

These kinds of type I IFN signaling process, including tran-

scription and expression of the IFN-b gene, are essential for

rapid responses to invading viruses. However, excessive or un-

controlled activation of the IFN response has deleterious effects

on the host as it can cause tissue damage, autoimmune

disorders, and allergic reactions (Eisenächer and Krug, 2012;

Rönnblom, 2011; Theofilopoulos et al., 2005; Trinchieri, 2010).

Therefore, type I IFN signaling must be tightly regulated to main-

tain immune homeostasis. Recent studies have identified several

negative regulators that target multiple steps of the type I IFN

signaling cascade (Maniatis et al., 1992; Porritt and Hertzog,

2015); however, other negative transcriptional regulators of

IFN-b gene remain to be identified.

Small heterodimer partner (SHP, NR0B2) is an atypical orphan

members of the nuclear receptor (NR) superfamily. It differs from

conventional NRs because it has a unique structure in that it

lacks the classic DNA binding domain but contains a putative

ligand-binding domain (Lee et al., 1998; Seol et al., 1996). Even

though no physiological ligand for SHP has been identified,

numerous factors (including pathogenic or dangerous simulants)

induce expression of SHP in human organs and tissues (Kim

et al., 2004; Lee et al., 1998; Nishizawa et al., 2002; Sanyal

et al., 2002; Seol et al., 1996).

As a transcriptional co-repressor, SHP represses the tran-

scriptional activity of many genes by interacting with a diverse

set of NRs and transcription factors that regulate a variety of

physiological processes such as cholesterol metabolism (Garruti

et al., 2012; Lee and Moore, 2002), hepatic gluconeogenesis

(Lee et al., 2010), and apoptosis and inhibition of tumor growth

(Zhang et al., 2010). Moreover, recent studies identified SHP

as a negative regulator of innate immune signaling processes

such as TLR-induced inflammatory responses or NACHT (NAIP

[neuronal apoptosis inhibitory protein], CIITA [MHC class II tran-

scription activator], HET-E [incompatibility locus protein from

Podospora anserine] and TP1 (telomerase-associated protein]),

leucine-rich repeats (LRR), and pyrin domains (PYD) containing

protein 3 (NLRP3)-mediated inflammasome activation (Yang

et al., 2015). However, the exact biological role of SHP in virus-

triggered signaling pathways and the underlying mechanisms

is unknown.

Here, we show that SHP acts as a negative regulator of type I

IFN signaling during virus infection. Upon virus infection, SHP

translocates to the nucleus and interacts specifically with CBP,

thereby obstructing CBP/b-catenin interaction via competitive

binding. This ultimately blocks transcription of the type I IFN

gene. The data presented herein identify an additional role for

SHP as a regulatory molecule that inhibits excessive activation

of antiviral immune responses.

RESULTS

SHP�/� Mice Are More Resistant to Virus Infection
To determine whether SHP plays a physiological role in virus

infection in vivo, SHP+/+ and SHP�/� mice were intranasally in-
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fected with mouse adapted influenza A virus (H5N2). As shown

in Figure 1A, SHP�/�mice are more resistance to influenza A vi-

rus (H5N2) than SHP+/+ mice and showed significant survival

rate. The virus titer and replication in lungs isolated from

SHP+/+ and SHP�/� mice at 1, 3, and 5 dpi after infection with

influenza A virus (H5N2); the results showed that viral titers

were significantly lower in SHP�/� mice than in SHP+/+ mice

(Figure 1B). Additionally, we measured the amounts of IFN-b

and interleukin-6 (IL-6) in bronchoalveolar lavage (BAL) fluid

and serum on the indicated days post-infection by influenza A

virus (H5N2). After infection, the levels of IFN-b and IL-6

increased and SHP�/� mice contained more IFN-b and IL-6

than those from SHP+/+ mice (Figures 1C and 1D). Moreover,

we confirmed expression of mRNA encoding IFN-b and IFN-

b-related genes (antiviral genes) in the lungs by real-time PCR

at 3 dpi. Lungs from SHP�/� mice expressed higher levels of

mRNA than those of SHP+/+mice (Figure 1E). These results sug-

gest that SHP�/� mice were more resistant to influenza A virus

(H5N2) infection than SHP+/+mice due to the enhanced immune

responses.

Knockout or Knockdown of SHP Enhances Antiviral
Responses in Immune Cells and Fibroblasts
To identify the role of SHP during the virus infection, we isolated

bone-marrow-derived macrophages (BMDMs) from SHP+/+ and

SHP�/� mice. After infection with RNA (VSV-GFP and PR8-GFP)

and DNA (HSV-GFP) viruses, virus replication was measured in

BMDMs. As shown in Figure 2A, virus replication was consis-

tently decreased in SHP�/� BMDMs compared with that in

SHP+/+ BMDMs. Measurement of IFN-b and proinflammatory

cytokine IL-6 secretion in BMDMs after virus infection or poly(I:C)

and Poly(dA:dT) treatment, which mimic RNA and DNA viruses,

respectively, showed that IFN-b and IL-6 production was higher

in SHP�/� BMDMs than in SHP+/+ BMDMs (Figure 2B). Further-

more, to confirm the results in primary immune cells of lung, we

isolated alveolar macrophages (AMs) from SHP+/+ and SHP�/�

mice and infected them with PR8-GFP or HSV-GFP. At 12 and

24 h post-infection (hpi), cells and supernatants were harvested,

and the virus titers and concentrations of IFN-b and IL-6 were

measured. Viral replication in AMs from SHP�/� mice was lower,

and IL-6 and IFN-b secretion was higher than in AMs from

SHP+/+ mice (Figures 2C and 2D). These results suggest that

deficiency of SHP in primary immune cells exposed to RNA or

DNA viruses inhibits virus replication by increasing production

of type I IFN (IFN-b) and proinflammatory cytokine (IL-6). Addi-

tionally, we prepared SHP-knockdown immune cell line with

Raw264.7 cells by specific small hairpin RNA (shRNA) for the

SHP gene. Several kinds of SHP gene-specific shRNA were

tested and selected (Figure S1A), shRNA-mediated knockdown

of SHP in Raw264.7 cells was confirmed by real-time PCR (Fig-

ure S1B), and SHP-knockdown Raw264.7 cells were infected

with RNA viruses (VSV-GFP and PR8-GFP). Similar to SHP�/�

BMDMs or AMs, SHP knockdownRAW264.7 cells showed lower

levels of virus replication than control cells upon infection with

VSV-GFP and PR8-GFP (Figure 2E). Consistent with this, SHP

knockdown RAW264.7 cells showed the increased levels of

IFN-b and IL-6 production upon virus infection or treatment

with virus-mimicking stimulants (Poly(I:C) and 50ppp-dsRNA)



Figure 1. SHP�/� Mice Are More Resistant to Lethal Influenza A Virus Infection and Show Increased Cytokine Production

(A) SHP+/+ (n = 12) and SHP�/� (n = 17) mice were infected intranasally with 2 LD50 of H5N2. Mice were monitored daily for weight loss and survival. Body weight

was measured with surviving mice. Mice losing the body weight over the 25% were humanely euthanized and considered dead.

(B) After H5N2 (2 LD50) infection to SHP+/+ (n = 15) and SHP�/� (n = 15) mouse, lungs of five mice from each group were harvested at indicated time points and

homogenized to measure the viral loads, which were determined by TCID50.

(C and D) IFN-b and IL-6 levels were measured by ELISA in bronchoalveolar lavage (BAL) fluid (C) and serum (D) collected from H5N2 (2 LD50) uninfected or

infected SHP+/+ (n = 5) and SHP�/� (n- = 5) mice at indicated times.

(E) cDNA was prepared from total RNA extracted from lung of H5N2 (2 LD50)-infected SHP+/+ (n = 5) and SHP�/� (n- = 5) mice at 3 dpi, and qRT-PCR was

performed to evaluate gene expression of indicated genes.

Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 (Student’s t test or log-rank test). Data are representative of at least three independent

experiments.
(Figure 2F). Moreover, infection with DNA virus (HSV-GFP) or

treatment with a DNA virus-mimicking stimulant (Poly(dA:dT))

also showed similar results (Figures 2G and 2H). Additionally,

we confirmed the effects of SHP on virus replication or type I

IFN secretion with stable SHP-overexpressing Raw264.7 cells

by transfecting Raw264.7 cells with a SHP-encoding plasmid,

followed by selection with puromycin. Overexpression of SHP

was confirmed by immunoblot analysis (Figure S1C). Cells

were infected with VSV-GFP, PR8-GFP, or HSV-GFP, and virus

titers and cytokine (IFN-b and IL-6) secretion were measured.

Significant higher titers of viruses were measured in SHP-over-

expressing Raw264.7 cells compared to control cells, whereas

IFN-b and IL-6 secretion in SHP-overexpressing Raw264.7 cells

was lower than that in control cells (Figures S1D and S1E). Treat-

ment with Poly (I:C), 50ppp-dsRNA, or Poly(dA:dT) produced
similar results (Figure S1E). Similar experiments were conducted

using SHP-knockdown or -overexpressing HEK293T cells (Fig-

ure S2), again with similar results. Taken together, the data sug-

gest that SHP negatively regulates type I IFN or proinflammatory

cytokine secretion, thereby facilitating replication of RNA and

DNA viruses.

SHPSuppresses the Virus-Mediated Type I IFNSignaling
To further examine the effects of SHP on virus-mediated activa-

tion of the type I IFN signaling cascade, we analyzed virus-

induced phosphorylation of IRF-3, P-65, STAT1, and TBK1, all

of which are key signaling molecules in the type I IFN and

NF-kB pathways. SHP�/� BMDMs, SHP-knockdown Raw264.7

cells, SHP-overexpressing Raw264.7 cells, and corresponding

controls were infected with PR8-GFP and harvested at 0, 4, 8,
Cell Reports 27, 2105–2118, May 14, 2019 2107



Figure 2. Knockout or Knockdown of SHP Enhances Antiviral Immune Response in Bone-Marrow-Derived Macrophages, Alveolar Macro-

phage, and Raw264.7 Cells

(A and B) BMDMs extracted from SHP+/+ mice (BMDM/SHP+/+) and SHP�/� mice (BMDM/ SHP�/�) were infected with VSV-GFP (MOI = 1), PR8-GFP (MOI = 3),

and HSV-GFP (MOI = 2) or treated with Poly (I:C) (20 mg/mL) and Poly (dA:dT) (1 mg/mL). At 12 and 24 hpi, replication of VSV-GFP (MOI = 1), PR8-GFP (MOI = 3),

and HSV-GFP (MOI = 2) in BMDM/SHP+/+ and BMDM/SHP�/�were titrated by plague assay (A). At 12 and 24 hpi of VSV-GFP (MOI = 1), PR8-GFP (MOI = 3), and

HSV-GFP (MOI = 2) or hours post-treatment (hpt) of Poly (I:C) (20 mg/mL) and Poly (dA:dT) (1 mg/mL), IFN-b and IL-6 levels in the supernatants of BMDM/SHP+/+

and BMDM-SHP were measured by ELISA (B).

(C and D) AMs extracted from SHP+/+mice (AM/SHP+/+) and SHP�/�mice (AM/SHP�/�) were infected with PR8-GFP (MOI = 3) and HSV-GFP (MOI = 2). At 12 and

24 hpi, replication of PR8-GFP and HSV-GFP were titrated by plague assay (C), and levels of IFN-b and IL-6 in the supernatants were measured by ELISA (D).

(E) Raw264.7 cells were stably knocked down using lentivirus encoding control shRNA (Raw-scramble) or SHP-specific shRNA (Raw-sh-SHP). Cells were in-

fected with VSV-GFP (MOI = 1) and PR8-GFP (MOI = 3). GFP expression levels were visualized by fluorescence microscopy (2003magnification) at 24 hpi and

quantified using a fluorescence modulator at 12 and 24 hpi. Virus titers were measured by plaque assay at 12 and 24 hpi. Bar, 100 mm.

(F) IFN-b and IL-6 levels were measured by ELISA using supernatant of cells that were infected with VSV-GFP (MOI = 1) and PR8-GFP (MOI = 3) or treated with

Poly (I:C) (20 mg/mL) and 50ppp-dsRNA (1 mg/mL) at 12 and 24 hpi or hpt.

(G) After HSV-GFP (MOI = 1) infection to Raw-scramble and Raw-sh-SHP, GFP expression levels were visualized by fluorescence microscopy (200 3 magni-

fication) at 24 hpi and quantified using a fluorescence modulator at 12 and 24 hpi. Virus titers were measured by plaque assay at 12 and 24 hpi. Bar, 100 mm.

(H) Raw-scramble and Raw-sh-SHP culture supernatants were collected at 12 and 24 hpi of HSV-GFP (MOI = 1) or hpt of Poly (dA:dT) (1 mg/mL), and IFN-b and

IL-6 levels were measured by ELISA.

Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 (Student’s t test). Data are representative of at least three independent experiments.

See also Figures S1–S3.
12, and 16 hpi for immunoblot analysis. SHP�/� BMDMs and

SHP-knockdown Raw264.7 cells showed a marked increase in

phosphorylation of IRF-3, P-65, STAT1, and TBK1 compared

with control cells (Figures 3A and 3B). By contrast, phosphoryla-
2108 Cell Reports 27, 2105–2118, May 14, 2019
tion of IRF-3, P-65, STAT1, and TBK1 in SHP-overexpressing

Raw264.7 cells was lower than that in control cells (Figure S3A).

These results demonstrate that induction and activation of the

type I IFN and NF-kB pathways depend on the level of SHP.



Figure 3. SHP Negatively Regulates the Type I IFN Signaling upon Virus Infection

(A and B) BMDMs extracted from SHP+/+mice (BMDM/SHP+/+) andSHP�/�mice (BMDM/SHP�/�) (A) or control Raw264.7 (Raw-scramble) and SHP-knockdown

Raw264.7 (Raw-sh-SHP) cells (B) were infected with PR8-GFP (MOI = 3). Immunoblotting was performed with cells harvested at 0, 4, 8, 12, and 16 hpi to detect

phosphorylated (p-) IRF3, IRF3, p-p65, p65, p-STAT1, STAT1, p-TBK1, and TBK1. SHPmRNA levels weremeasured by qRT-PCR using total RNA extracted from

harvested cells.

(C and D) Total RNA were extracted from BMDM/SHP+/+ and BMDM/SHP�/� (C) or Raw-scramble and Raw-sh-SHP cells (D) at indicated times after PR8-GFP

(MOI = 3) infection. Expression levels of mRNA of indicated genes were analyzed by qRT-PCR.

Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 (Student’s t test). Data are representative of at least three independent experiments.

See also Figure S4.
Next, we measured expression of mRNA encoding IFN-b and

IFN-b-related genes by real-time PCR. SHP�/� BMDMs, SHP-

knockdown Raw264.7 cells, SHP-overexpressing Raw264.7

cells, and control cellswere harvested at the indicated times after

infection with PR8-GFP and total RNA extracted. Compared to

control cells, SHP�/� BMDMs and SHP-knockdown Raw 264.7

cells showed higher expression of mRNA encoding IFN-b and

IFN-b-related genes (Figures 3C and 3D), whereas SHP-overex-

pressing Raw 264.7 cells expressed less than control Raw 264.7

cells (Figure S3B). These results suggest that SHP is a negative

regulator of type I IFN signaling induced by virus infection.

SHP Translocates to the Nucleus upon Virus Infection
and Binds to CBP
SHP is present in both the nucleus and cytoplasm (Kim et al.,

2004). To confirm the location of SHP after virus infection, we

used SHP-FLAG-transfected HeLa cells and detected the SHP

with FLAG antibody. The location of SHP checked at 0, 4, 8,

12, and 16 hpi of H1N1. As shown in Figures 4A and 4B,

SHP was located in the cytoplasm and nucleus at 0 hpi.
SHP began translocating to the nucleus with the time, and

large number of SHP was located in the nucleus at 8 dpi,

which was confirmed by quantitative analysis of the ratio of

nuclear to cytosolic SHP (red) intensity. The highest value

was obtained at 8 hpi. Consistent with this result, SHP also

translocated to the nucleus of HEK293T cells after virus infec-

tion, with most cells showed nuclear assemblage of SHP at 8

dpi (Figures S4A–S4C). To analyze the kinetics of IFN-b and

SHP gene expression at the times of confirming SHP location,

we checked the mRNA level of IFN-b and SHP at 0, 2, 4, 6, 8,

and 12 hpi in SHP+/+ and SHP�/� BMDMs. The IFN-b mRNA

level was induced from 2 hpi, and the levels were higher in

SHP�/� BMDMs cells than SHP+/+ BMDMs after 8 hpi. The

mRNA of SHP increased from 6 hpi (Figure S4D). Consistent

with these results, control and SHP-knockdown Raw264.7

cells also showed similar data (Figure S4E). These results sug-

gested that SHP expression induced from 6 hpi and inhibits

IFN-b transcription from 8 hpi, and this 8 hpi is the same as

the time when large number of SHP was located in the nu-

cleus. Next, SHP-overexpressing HEK293T and Raw264.7
Cell Reports 27, 2105–2118, May 14, 2019 2109



Figure 4. SHP Translocates to Nucleus upon Virus Infection and Binds with CBP

(A and B) HeLa cells were transfected with SHP-FLAG plasmid and infected with H1N1. At indicated times after infection, SHP-FLAG was labeled by FLAG

antibody, which was visualized with red spot under confocal microscopy. Nuclei were stained using DAPI (blue). Bar, 10 mm (A). The ratio of SHP (red) intensity in

nucleus to that in cytoplasm was calculated with at least 50 cells from random fields of view (B).

(C) SHP-FLAG-overexpressing HEK293T and Raw264.7 cells were infected with PR8-GFP (MOI = 2) and harvested at 0, 4, 8, and 16 hpi. Cells were fractionated

to cytoplasm and nuclear extract. Lamin B and a-tubulin were used to confirm equal loading of cytoplasm and nuclear extract proteins, respectively.

(D) GST or GST-SHP plasmids were transfected with CBP-HA plasmid to HEK293T cells, and whole-cell lysates (WCLs) of these cells were subjected to the GST

pull-down (GST-PD) assay.

(E) WCLs obtained from FLAG or SHP-FLAG-overexpressing HEK293T and Raw264.7 cells were immunoprecipitated with FLAG antibody or control IgG.

(F) HEK293T cells transfected with SHP-FLAG plasmid were infected with PR8-GFP (MOI = 2) and harvested at 0, 4, 8, and 16 hpi. WCLs were subjected to

immunoprecipitation with FLAG antibody.

Data are representative of at least three independent experiments. See also Figure S5.
cells infected with the PR8-GFP virus were split into cyto-

plasmic and nuclear fractions, and SHP localization was

examined by immunoblot analysis with an anti-FLAG antibody.

SHP was present in both the cytosol and nucleus at 0 hpi;

however, SHP then translocated to the nucleus, with peak

expression detected at 8 hpi (Figure 4C). Next, we investigated

to identify the nuclear protein acting as a binding partner for

SHP. We selected CBP from several candidates because it

serves as a transcription co-activator, particularly with respect

to increasing transcription of IFN-b by forming an enhanceo-

some with other IFN-b transcription factors. Furthermore, a

previous study reports that SHP interacts with CBP (Yeo

et al., 2005). We confirmed the presence of CBP in the nucleus

at all time points after virus infection (Figure 4C). To clarify the
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mechanism by which SHP binds CBP, we co-transfected

HEK293T cells with SHP-FLAG and HA-CBP and immunopre-

cipitated SHP with an anti-FLAG antibody, followed by immu-

noblotting with an anti-HA antibody. The results confirmed that

SHP interacts with CBP (Figure 4D). Moreover, after immuno-

precipitation of SHP-FLAG, we detected an interaction

between endogenous CBP and SHP in HEK293T and

Raw264.7 cells using an anti-CBP antibody (Figure 4E).

Next, we examined the time-dependent interaction between

SHP and CBP after virus infection; binding between SHP

and CBP increased over time, peaking at 8 hpi (Figure 4F).

Taken together, these results demonstrate that SHP accumu-

lates in the nucleus after virus infection and binds strongly to

CBP at around 8 hpi.



Figure 5. SHP Binding to CBP Is Necessary for the Inhibition of Type I IFN Responses
(A) HEK293T cells were transfected with the indicated GST-CBP constructs (aa 1–360, 360–700, 700–1200, 1200–1680, 1670–1850, and 1850–2442; CBP1 to 6,

respectively) and STrEP-SHP plasmids, and GST pull-down (GST-PD) was performed.

(B) HEK293T cells were transfected with the indicated GST-SHP constructs (aa 1–90, 90–160, and 161–260) and HA-CBP plasmids. Whole cell lysate (WCL) was

obtained at 48 h post-transfection, and GST pull-down (GST-PD) was performed.

(C) GST or GST-CBP5 (aa 1670–1850 domain of CBP) was transfected with STrEP-SHP or STrEP-DSHP-AC (aa 90–160 domain deletionmutant of SHP) plasmids

in HEK293T cells. WCLs were subjected to GST-PD.

(D and E) After transient transfection of STrEP (control), STrEP-SHP or STrEP-DSHP-AC plasmids, VSV-GFP (MOI = 0.001), or PR8-GFP (MOI = 1) was infected to

HEK293T cells. GFP expression levels were visualized by fluorescencemicroscopy (2003magnification) at 24 hpi and quantified using a fluorescencemodulator

at 12 and 24 hpi. Virus titers were measured by plaque assay at 12 and 24 hpi. Bar, 100 mm (D). Culture supernatants were collected at 12 and 24 hpi, and IFN-b

and IL-6 levels were measured by ELISA (E).

Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 (Student’s t test). Data are representative of at least three independent experiments.

See also Figure S6.
SHP Interacts with CBP via a Specific Domain and
Regulates the Type I IFN Responses
Next, we identified the domain within CBP that interacts with

SHP. SHP was immunoprecipitated with various fragments of

CBP. Amino acids (aa) 1670–1850 of CBP interacted directly

with SHP (Figure 5A). Furthermore, to identify the domain within

SHP that binds CBP, we constructed three SHP fragments and

immunoprecipitated them with CBP. We found that aa 90–160

of SHP bound strongly to CBP (Figure 5B). Based on these re-

sults, we constructed a mutant of SHP (DSHP) lacking the aa

90–160 domain and confirmed that it was unable to bind to
CBP (Figure 5C). To confirm whether preventing interaction be-

tween SHP and CBP abolish the effects of SHP on type I IFN

signaling, we transfected HEK293T cells with SHP or DSHP

and then infected them with VSV-GFP or PR8-GFP. We found

that DSHP had no effect on viral replication or cytokine secretion

(Figures 5D and 5E). Viral replication and cytokine secretion by

DSHP-overexpressing HEK293T cells were similar to those in

control HEK293T cells. Consistent with previous results, SHP-

overexpressing HEK293T cells showed increased virus replica-

tion and reduced cytokine secretion. These results were

confirmed in HeLa cells (Figure S5). Thus, we identified specific
Cell Reports 27, 2105–2118, May 14, 2019 2111



domains within CBP and SHP that are responsible for the inter-

action between them. Also, binding of SHP to CBP is essential

for the role of SHP as a negative regulator of type I IFN signaling.

SHP Inhibits Interaction between CBP and b-Catenin
Competitively
Many cellular (e.g., b-catenin, STAT1, GATA-1 p73, and SYT)

and viral proteins (e.g., large T antigen of simian virus 40 and

pp90 of respiratory syncytial virus) bind to CBP via the aa

1670–1850 domain (Miyagishi et al., 2000). Among these, b-cat-

enin is a transcription factor for type I IFN genes and recruits CBP

to the enhanceosome. Here, we confirmed that b-catenin binds

to the aa 1670–1850 fragment of CBP but not to SHP (Figures

S6A and S6B). Thus, SHP and b-catenin bind to the same

domain of CBP and act as negative and positive regulators of

type I IFN signaling, respectively. Accordingly, we hypothesized

that SHP inhibits interaction between b-catenin and CBP by

binding to the aa 1670–1850 domain of CBP competitively. To

test this, we performed a competition assay by transfecting

HEK293T cells with different amounts of a SHP-FLAG plasmid.

In the presence of increasing amounts of SHP, CBP (aa 1670–

1850) or whole CBP were immunoprecipitated with anti-GST or

anti-FLAG antibodies, respectively, and b-catenin was detected.

Binding of the CBP fragment or whole CBP to b-catenin

decreased as the amount of SHP increased (Figures 6A and

6B). Additionally, we detected changes in endogenous binding

between b-catenin and CBP after transfection of increasing

amounts of a SHP-FLAG plasmid followed by infection by

PR8-GFP. Binding of b-catenin to CBP (which occurred at very

low levels at 0 hpi) increased after virus infection but fell signifi-

cantly as SHP expression increased (Figure 6C). To confirm

whether the absence of SHP show consistent results with previ-

ous overexpressing experiments, binding of CBP and b-catenin

was confirmed with BMDMs isolated from SHP+/+ and SHP�/�

mice. Binding of b-catenin to CBP increased after virus infection

in both SHP+/+ and SHP�/� BMDMs; however, the level of inter-

action was significantly higher in SHP�/� BMDMs (Figure S6C).

Moreover, we used control and SHP-overexpressing HEK293T

cells to compare the time course of b-catenin binding to CBP af-

ter PR8-GFP infection. In control HEK293T cells, binding of

b-catenin to CBP increased at 4 dpi before falling until 16 hpi;

however, this interaction was inhibited in SHP-overexpressing

HEK293T cells, and indeed no binding was detected at 12 and

16 hpi (Figure 6D). These results suggest that SHP inhibits bind-

ing of b-catenin to CBP by binding competitively to CBP. Also, to

confirm binding of b-catenin to CBP or SHP in the nucleus, PR8-

GFP-infected cells were fractionated and CBP was immunopre-

cipitated. In the nucleus, b-catenin began to interact with CBP at

4 hpi; this fell gradually after 8 hpi. By contrast, interaction be-

tween SHP and CBP started at 8 hpi and wasmaintained up until

16 hpi (Figure 6E). To confirm that SHP blocks the antiviral effect

of b-catenin, b-catenin-overexpressing HEK293T cells were

transfected with different amounts of SHP and then infected

with VSV-GFP. Replication of VSV-GFP reduced in b-catenin-

overexpressing HEK293T cells but increased after transfection

of SHP in dose-dependent manner (Figure 6F). In addition,

expression of IFN-b mRNA and protein were detected in a lucif-

erase assay and an ELISA, respectively. IFN-b mRNA or secre-
2112 Cell Reports 27, 2105–2118, May 14, 2019
tion levels in b-catenin overexpressed HEK293T cells increased

initially and then gradually reduced when SHP was transfected

dose-dependently (Figure 6G). To confirm the inhibitory effects

of SHP on the transcriptional activity of b-catenin and CBP, we

transfected HEK293T cells with pTOPFLASH (a luciferase re-

porter containing the TCF/LEF binding site) to check b-catenin-

mediated transcriptional activation. b-catenin induced an

approximately 3-fold increase in luciferase activity; the addition

of CBP increased luciferase activity in a dose-dependent

manner. By contrast, overexpression of SHP inhibited luciferase

activity in a dose-dependent manner (Figure 6H). These results

indicate that SHP inhibits b-catenin-mediated transcription of

the type I IFN gene by blocking interaction between b-catenin

and CBP.

An SHP-Derived Peptide and ICG-001 Negatively
Regulate the Antiviral Responses
To identify the residues within SHP that are responsible for

binding to CBP, we constructed several fragments of SHP (aa

92–109, 92–126, 92–143, and 92–161) and performed immuno-

precipitation experiments with CBP (Figure 7A). We found that

only aa 92–109 did not bind to CBP; thus, aa 109–126 are neces-

sary for binding to CBP. Based on this result and the structure of

SHP, we next designed a cell-permeable peptide by fusing the

HIV-1 Tat protein transduction domain (van den Berg and

Dowdy, 2011) to the peptide (TAT-SHP) that included aa 109–

126 of SHP. We examined its effects on VSV-GFP-infected

SHP+/+ and SHP�/� BMDMs. The TAT peptide was used as a

control (Figures 7B and 7C). TAT-SHP increased virus replication

in SHP+/+ and SHP�/� BMDMs (Figure 7B) and reduced IFN-b

and IL-6 secretion (Figure 7C) in a dose-dependent manner;

however, the effects were greater in SHP�/� BMDMs. We

confirmed that, like SHP, TAT-SHP acts as an inhibitor of CBP

binding to b-catenin (Figure 7D). The mRNA levels of IFN and

IFN-related genes also decreased by TAT-SHP (Figure 7E). Addi-

tionally, we conducted experiments using the chemical ICG-001,

which is an antagonist of Wnt/b-catenin/TCF-mediated tran-

scription that has been studied in relation to cancer therapy

(Emami et al., 2004). ICG-001 blocked interaction between

CBP and b-catenin and inhibited WNT signal-related gene tran-

scription (a mechanism similar to that used by SHP). To test

whether ICG-001 had an effect similar to that of SHP with

respect to type I IFN signaling, we measured VSV-GFP replica-

tion and IFN-b secretion in cells treated for 12 h with different

doses of ICG-00. Interestingly, VSV-GFP replication increased

in a manner dependent upon the dose of ICG-001 (Figure S7A),

whereas IFN-b and IL-6 mRNA and protein levels fell (Fig-

ure S7B). Also, transcription of IFN-related genes was sup-

pressed (Figure S7C). These results suggest that the TAT-SHP

peptide and ICG-001 have negative regulatory effects on type I

IFN signaling after virus infection and might function like SHP

in terms of blocking b-catenin-CBP-mediated transcription of

the IFN-b gene.

DISCUSSION

Activation of type I IFN signaling is an extremely powerful cellular

response that requires strict regulation to adequately control



Figure 6. SHP Inhibits the Interaction between CBP and b-Catenin after Virus Infection

(A) HEK293T cells were co-transfected with GST, GST-CBP5, Myc-b-catenin, and different amounts of STrEP-SHP plasmids as indication. CBP5-binding

proteins were detected with Myc and STrEP antibodies after immunoprecipitation of CBP5 by GST-PD.

(B) FLAG, CBP-FLAG, Myc-b-catenin, and different levels of STrEP-SHP were overexpressed in HEK293T cells as indication. WCLs were subjected to immu-

noprecipitation with FLAG antibody.

(C) HEK293T cells were transfected with different amounts of STrEP-SHP plasmid and infected with PR8-GFP (MOI = 2) as indication. Cells were harvested at

8 hpi and subjected to immunoprecipitation with CBP antibody.

(D) STrEP (Control) and STrEP-SHP-overexpressing HEK293T cells were infected with PR8-GFP (MOI = 2) and harvested at 0, 4, 8, 12, and 16 hpi. WCLs were

prepared to perform immunoprecipitation by CBP.

(E) STrEP-SHP-overexpressing HEK293T cells were infected with PR8-GFP (MOI = 3) and fractionated to cytoplasm and nuclear extract at 0, 4, 8, and 16 hpi.

These extracts were subjected to immunoprecipitation with CBP antibody.

(F andG) HEK293T cells were transfected withMyc-b-catenin and different amounts of STrEP-SHP plasmids and infected with VSV-GFP (MOI = 0.001). Virus titer

were measured by plaque assay using supernatants harvested at 16 hpi (F). IFN-b levels were analyzed by qRT-PCR and ELISA with cells and supernatants

harvested at 16 hpi, respectively (G).

(H) Myc-b-catenin, Myc-LEF, and pTOP-FLASH plasmids were transfected to HEK293T cells, along with increasing amount of FLAG-CBP and STrEP-SHP

plasmids as indication. At 24 h post-transfection, cells were harvested and luciferase activity was analyzed by luminometer.

Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 (Student’s t test). Data are representative of at least three independent experiments.

See also Figure S7.
invading viruses while avoiding damage to host tissue caused by

excessive inflammation or autoimmune responses (Eisenächer

and Krug, 2012; Rönnblom, 2011; Theofilopoulos et al., 2005;

Trinchieri, 2010). Recently, several negative regulators of the

type I IFN signaling pathway have been reported, all acting via

distinct mechanisms (Maniatis et al., 1992; Porritt and Hertzog,

2015). However, no study has reported a negative regulator of

IFN-b gene transcription system in nucleus upon virus infection.
Here, we identified that SHP is a potent negative regulator of

the virus-mediated type I IFN signaling pathway. First, we found

that SHP�/� mice were more resistant to a lethal influenza A vi-

rus than SHP+/+ mice; the former showed lower virus titers in

the lung and expressed more IFN-b and IL-6 in lungs and

serum. Second, in vitro studies revealed that SHP�/� BMDMs

and AMs, and SHP-knockdown Raw 264.7 and HEK293T cells,

show lower viral replication and higher IFN-b and IL-6 secretion
Cell Reports 27, 2105–2118, May 14, 2019 2113



Figure 7. An SHP-Derived Peptide Negatively Regulates Type I IFN Signaling

(A) GST and GST-SHP constructs (aa 92–109, 92–126, 92–143, and 92–161) were overexpressed in HEK293T cells with HA-CBP5, and GST pull-down (GST-PD)

was performed.

(B andC) BMDMs extracted from SHP+/+mice (BMDM/SHP+/+) andSHP�/�mice (BMDM/SHP�/�) were treated with different doses of TAT and TAT-SHP for 12 h

and infected with VSV-GFP (3MOI) for 16 h. GFP expression levels were visualized by fluorescence microscopy (2003 magnification) and quantified using a

fluorescence modulator. Virus titers were measured by plaque assay (B), and IFN-b and IL-6 levels were measured by ELISA (C).

(D) HEK293T cells were infected or non-infected with VSV-GFP (MOI = 0.001) for 4 h after treatment with indicated doses of TAT and TAT-SHP for 12 h.

Immunoprecipitation was performed with CBP antibody.

(E) BMDMs extracted from SHP�/� mice were treated TAT and TAT-SHP for 12 h, and cells were harvested at 12 hpi of VSV-GFP (MOI = 1). Total mRNA

was extracted from harvested cells, and gene expression of indicated genes in total mRNA was evaluated by qRT-PCR.

Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 (Student’s t test). Data are representative of at least three independent experiments.

See also Figure S7.
than control cells. Consistent with this, overexpression of SHP

in Raw264.7 and HEK293T cells suppressed antiviral re-

sponses. Third, SHP translocated to the nucleus upon virus

infection and interacted specifically with CBP, thereby blocking

its interaction with b-catenin via competitive binding; this re-

sulted in blockade of type I IFN gene transcription. Finally, an

SHP-derived peptide and ICG-001 had a negative regulatory

effect on type I IFN signaling by inhibiting interaction between

b-catenin and CBP. Taken together, these findings indicate

that SHP is a crucial nuclear regulator that blocks transcription

of the type I IFN gene to inhibit excessive antiviral innate im-

mune responses.

Previous studies show that SHP exerts a transcriptional co-

repressor function via protein-protein interactions with many

NRs involved in bile-acid biosynthesis, tumorigenesis, hepatic
2114 Cell Reports 27, 2105–2118, May 14, 2019
gluconeogenesis, and the estrogen and retinoid signal pathways

(Chanda et al., 2008; Garruti et al., 2012; Goodwin et al., 2000;

Lee et al., 2000, 2007, 2010; Lee and Moore, 2002; Seol et al.,

1998; Zhang et al., 2010, 2011). In addition, recent studies

show that SHP is a negative regulator of TLR-triggered inflam-

matory responses and NLRP3-mediated inflammasome re-

sponses (Yang et al., 2015; Yuk et al., 2011, 2016). In resting

cells, SHP first interacts with the NF-kB p65 subunit in the cyto-

plasm and inhibits its nuclear localization, thereby blocking its

proinflammatory transcriptional activity. However, TLR4 stimula-

tion causes SHP to interact with TRAF6, which inhibits poly-

ubiquitination of TRAF6 and induces downregulation of TLR

signaling (Yuk et al., 2011). In addition, SHP inhibits interaction

between NLRP3 and apoptosis-associated speck-like protein

containing a CARD (ASC) by binding competitively to NLRP3;



this leads eventually to inhibition of IL-1b and IL-18 production

during activation of the NLRP3 inflammasome (Yang et al.,

2015). Taken together, these studies indicate that SHP in the

cytoplasm of immune cells behaves as an adaptor molecule

that efficiently inhibits excessive inflammatory responses during

bacteria-related infection and inflammation.

In this study, we also showed that SHP acts as a negative

regulator of type I IFN signaling after virus infection. Interestingly,

our data show that SHP localizes to the nucleus after influenza

virus infection. Before virus infection, SHP is located in both

the cytoplasm and nucleus, but after virus infection almost all

SHP translocates to the nucleus at 8 dpi (as detected by

confocal microscopy assays [Figures 5A and 5B] and immuno-

blot analysis of cell fractions [Figure 5C]). However, these results

do not rule out the possibility that a small amount of SHP may

remain in the cytoplasm. Consequently, nuclear translocation

of SHP upon virus infection is completely different from its cyto-

plasmic function in response to bacteria-related infection or

inflammation. Previous studies suggest that the N terminus of

SHP favors nuclear translocation, and that other NRs may

interact with SHP to promote its nuclear translocation (Zhang

and Wang, 2013). However, we show the nuclear translocation

of SHP upon virus infection, although the upstream signaling

molecule that activates SHP and initiates nuclear translocation

remains to be identified.

Invading viruses trigger the IFN signaling cascade immedi-

ately, ultimately inducing expression of host defense molecules

such as type I IFNs, proinflammatory cytokines, and effector pro-

teins that inhibit viral replication and transmission (Akira et al.,

2006; Fujii, 2004; Isaacs and Lindenmann, 1957; Seo and

Hahm, 2010; Weber and Haller, 2007). However, overactive im-

mune responses caused by uncontrolled IFN signaling have

detrimental effects on the host. Therefore, the host innate im-

mune system has diverse molecular mechanisms that maintain

homeostasis and control IFN production.

In particular, most of negative regulators inhibit transmission

of type I IFN signaling via protein modification or protein-protein

interactions, and which finally cease activity of transcriptional

molecules (transcription factors IRF-3/7, NF-kB, and ATF/c-

Jun and transcription co-activators b-catenin and CBP) (Mania-

tis et al., 1992; Porritt and Hertzog, 2015). However, negative

regulators that directly affect transcriptional molecules are

rare. Here, we found that SHP acts as a negative regulator of

IFN-b gene transcription in the nucleus. Interestingly, in Figures

3A, 3B, and S4A, besides IFN-b gene transcription, phosphory-

lation of upstream molecules, TBK1 and IRF3, were also regu-

lated by SHP indirectly. We thought these results might have

come due to the positive feedback effect of type I IFN signaling

pathway. The initial secreted IFN-b binds to IFNAR1 and initiates

a robust transcriptional pathway (JAK-STAT pathway) to induce

expression of IFN-stimulated genes (ISGs). Induced ISGs are

involved in antiviral mechanism and positive feedback loop of

type I IFN signaling pathway (Schneider et al., 2014). For

example, RIG-I, MDA5, and STING, known as cytosolic viral

RNA and DNA sensors, kinds of the ISGs that are induced by

secreted IFN-b, and these molecules enhance the type I IFN

signaling pathway by sensing more pathogen-derived nucleic

acids (Bowie and Unterholzner, 2008; Honda et al., 2005; Hu
et al., 2011; Kang et al., 2002; Le Goffic et al., 2007; Ma et al.,

2015; Phipps-Yonas et al., 2008; Pothlichet et al., 2013). There-

fore, we thought that the higher secretion of IFN-b in SHP

knockout BMDMs and SHP knockdown RAW264.7 cells (in Fig-

ures 3A and 3B) induces the positive feedback loop more

strongly and enhances the type I IFN signaling pathway, which

increases phosphorylation of type I IFN signaling-related mole-

cules including TBK1 and IRF3.

Expression of IFN-b genes is dependent on a transcriptional

enhanceosome comprising transcriptional factors and co-acti-

vators, which binds to promoter regions (Maniatis et al., 1998;

Panne et al., 2007; Wathelet et al., 1998). Upon virus infection,

IRF3 interacts with CBP, a transcriptional co-activator, to form

the IFN-b enhanceosome (Wathelet et al., 1998). CBP increases

transcriptional synergy by binding to diverse gene-specific tran-

scriptional factors involved in DNA repair and in cell growth, dif-

ferentiation, and apoptosis (Goldman et al., 1997; Shiama, 1997;

Vo and Goodman, 2001). However, CBP plays a crucial role in

the enhanceosome by hyperacetylating the histone nucleosome

in the IFN-b promoter region, an event essential for inducing

expression of the IFN-b gene (Lin et al., 2000; Merika et al.,

1998; Parekh and Maniatis, 1999; Vo and Goodman, 2001; Yo-

neyama et al., 1998). Recently, b-catenin, a key molecule in

the Wnt signaling pathway, was also identified as a component

of the enhanceosome responsible for IFN-b transcriptional activ-

ity (Hillesheim et al., 2014; Marcato et al., 2015; Yang et al., 2010;

Zhu et al., 2011). b-catenin is deacetylated by PKC-activated

HDAC6, which results in nuclear translocation of b-catenin and

act as a coactivator of IRF3 (Yang et al., 2010). Also, b-catenin

increases transcription of target genes by recruiting the histone

acetyltransferase CBP (Mosimann et al., 2009; Yang et al.,

2010). CBP is recruited to the IFN-b enhanceosome and inter-

acts with IRF3, thereby synergistically activating IFN-b transcrip-

tion by promoting hyperacetylation of histones H3 and H4 in the

IFN-b promoter (Merika et al., 1998; Parekh and Maniatis, 1999;

Yang et al., 2010). Consequently, the combined action of all

three proteins (b-catenin, IRF3, and CBP) is required for full acti-

vation of the IFN-b promoter, which results in enhanced IFN-b

expression.

Interestingly, we found that SHP inhibits the CBP/b-catenin

interaction by binding competitively to the b-catenin binding

domain of CBP. The results of our competition assay suggest

that SHP and b-catenin interact competitively with CBP in a

manner dependent on the dose of SHP; this inhibits the b-cate-

nin-CBP-mediated antiviral effects (as shown by increased virus

replication and reduced IFN-b transcription and secretion).

These results indicate that SHP negatively regulates type I IFN

signaling by binding to CBP and inhibiting interaction between

CBP and b-catenin. Additionally, it has been reported that b-cat-

enin and LEF1 transcriptional complex supports the transcrip-

tion of IFN-related genes assistant with CBP binding. Consistent

with this, we suggest that SHP also might involve in inhibiting

IFN-related genes transcription by blocking the b-catenin and

CBP interaction.

Recruitment of CBP to b-catenin is essential for WNT signal-

related gene transcription as same with IFN gene transcription

(Hecht et al., 2000; Takemaru and Moon, 2000). Thus, inhibiting

the b-catenin-CBP interaction has been suggested as a possible
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cancer therapy. Among the diverseWNT inhibitors, ICG-001 was

developed as an antagonist of Wnt/b-catenin/TCF-mediated

transcription. It acts by inhibiting the CBP/b-catenin interaction

and is currently undergoing clinical trials as a treatment for colon

cancer and leukemia (Emami et al., 2004; Gang et al., 2014).

Since SHP and ICG-001 have a similar mechanism of action,

we checked whether ICG-001 also negatively regulates type I

IFN signaling upon virus infection. The results showed that it

does. This finding suggests that ICG-001 could be useful for

preventing adverse effects caused by unregulated type I IFN

secretion after further investigations. Moreover, a SHP peptide

that includes CBP binding residues fused to TAT also had a

negative regulatory effect on type I IFN signaling, again by inhib-

iting the interaction between b-catenin and CBP.

In conclusion, in the present study, we identified a role for SHP

as a negative regulator of type I IFN signaling that maintains ho-

meostasis within the antiviral innate immune system. SHP com-

petes with b-catenin for binding to CBP, whereupon it blocks

interaction between CBP and b-catenin. Ultimately, this halts

the transcription of the type I IFN gene. The results presented

herein will increase our understanding of themechanisms under-

lying negative regulation of type I IFN signaling in nucleus and

facilitate development of potential strategies for maintaining im-

mune homeostasis.
STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:

d KEY RESOURCES TABLE

d CONTACT FOR REAGENT AND RESOURCE SHARING

d EXPERIMENTAL MODEL AND SUBJECT DETAILS
211
B Mice

B Ethics Statement

B Cell lines

d METHOD DETAILS

B Isolation of BMDM

B Isolation of alveolar macrophage

B In vivo infection experiments

B Generation of knockdown stable cell lines

B RNA interference

B Generation of overexpressing stable cell lines

B Virus infection and stimulant transfection

B Virus titer determination

B Immunoblot analysis

B qRT-PCR analysis

B Confocal analysis

B Nuclear Fractionation

B Immunoprecipitation

B pTOP-FLASH reporter assays

B Peptides

d STATISTICAL ANALYSIS
SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/

j.celrep.2019.04.071.
6 Cell Reports 27, 2105–2118, May 14, 2019
ACKNOWLEDGMENTS

This work was supported by the Ministry for Food, Agriculture, Forestry and

Fisheries (Grant No. 315044-3, 318039-3) and National Research Foundation

(Grant No. 2015020957, 2016R1A2A1A05004858, 2018M3A9H4079660), Re-

public of Korea. The authors thank Dr. Y.K. Choi of Chungbuk National Univer-

sity, Cheongju, Republic of Korea for providing the challenge viruses.

AUTHOR CONTRIBUTIONS

J.-H.K. and J.-E.Y. performed most of the experiments with help from C.N.,

T.-H.K., M.B.U., H.-C.L., K.C., W.A.G.C., Y.-H.K., and J.-H.H.; C.-J.K.,

H.-S.C., and J.-U.J. contributed to the discussion and provided critical re-

agents; and C.-H.L. and J.-S.L. designed the study and wrote the manuscript.

All of the authors helped with data analysis.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: October 10, 2018

Revised: February 1, 2019

Accepted: April 15, 2019

Published: May 14, 2019

REFERENCES

Akira, S., Uematsu, S., and Takeuchi, O. (2006). Pathogen recognition and

innate immunity. Cell 124, 783–801.

Alexopoulou, L., Holt, A.C., Medzhitov, R., and Flavell, R.A. (2001). Recogni-

tion of double-stranded RNA and activation of NF-kappaB by Toll-like receptor

3. Nature 413, 732–738.

Bowie, A.G., and Unterholzner, L. (2008). Viral evasion and subversion of

pattern-recognition receptor signalling. Nat. Rev. Immunol. 8, 911–922.

Chanda, D., Park, J.H., and Choi, H.S. (2008). Molecular basis of endocrine

regulation by orphan nuclear receptor Small Heterodimer Partner. Endocr. J.

55, 253–268.

Daly, C., and Reich, N.C. (1995). Characterization of specific DNA-binding fac-

tors activated by double-stranded RNA as positive regulators of interferon

alpha/beta-stimulated genes. J. Biol. Chem. 270, 23739–23746.

Dragan, A.I., Hargreaves, V.V., Makeyeva, E.N., and Privalov, P.L. (2007).

Mechanisms of activation of interferon regulator factor 3: the role of C-terminal

domain phosphorylation in IRF-3 dimerization and DNA binding. Nucleic Acids

Res. 35, 3525–3534.

Du, W., Thanos, D., and Maniatis, T. (1993). Mechanisms of transcriptional

synergism between distinct virus-inducible enhancer elements. Cell 74,

887–898.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
C57BL/6 SHP+/+ and SHP�/� male mice (Wang et al., 2002) were bred and maintained at the 1College of Veterinary Medicine,

Chungnam National University. Mice, which used for isolation of BMDM or alveolar macrophage and infection experiments, were

5-6 and 7-8 weeks old, respectively.

Ethics Statement
All animal experiments were managed in strict accordance with the Guide for the Care and Use of Laboratory Animals (National

Research Council, 2011) and performed in BSL-2 and BSL-3 laboratory facilities with the approval of the Institutional Animal Care

and Use Committee of Bioleaders Corporation and Chungnam National University (Reference number BLS-ABSL-16-005,

CNU-00817).

Cell lines
Mouse leukemic monocyte macrophage (RAW264.7; ATCC� TIB-71), human embryonic kidney 293 (HEK293T; ATCC� CRL-11268)

and human epithelial cervix adenocarcinoma (HeLa; ATCC� CCL-2) cells were maintained in DMEM supplemented with 10% FBS

and 1% antibiotic-antimycotic (10% DMEM). All cells were kept at 37�C under 5% CO2 in air in a humid incubator.

METHOD DETAILS

Isolation of BMDM
After euthanasia, 5-6 weeks old C57BL/6 SHP+/+ and SHP�/� male mice were sprayed with 70% ethanol and the femurs and tibias

were separated. After removingmuscles around the bones, the bones were flushed with DMEM using a 1mL syringe to extrude bone

marrow. Bone marrow derived macrophages (BMDMs) were maintained in 10% Dulbecco’s Modified Eagle’s Medium (DMEM,

HyClone) containing 10% fetal bovine serum (FBS, GIBCO), 1% antibiotic-antimycotic (GIBCO) and 10 ng/ml granulocyte-macro-

phage colony-stimulating factor (GM-CSF) for 5 days at 37�C in 5% CO2 incubator.

Isolation of alveolar macrophage
After euthanasia, C57BL/6 SHP+/+ and SHP�/� male mice were sprayed with 70% ethanol, and muscles and salivary glands were

removed through small incision at the neck to expose trachea. Cannulate the trachea using catheter to load sterile ice-cold Mg-

and Ca-free PBS-EDTA and recovered lavage fluid was ejected into 50 mL tube in the ice, which step was repeated around 5 times.

After centrifugation lavage at 450xg for 10 min, culture in RPMI supplemented with 10% FBS, 1% antibiotic-antimycotic. Cells were

seeded in tissue culture plate and incubated at 37�C in a 5% CO2.

In vivo infection experiments
C57BL/6 SHP+/+ and SHP�/� male mice were infected intranasally with Influenza A H5N2 (2 Lethal Dose 50 (LD50)) virus. After H5N2

infection, bodyweight and survival rate were checked until 13 dpi. At 1, 3 and 5 dpi of H5N2, tissues (lungs and sera) were collected to

measure virus titers and cytokines (IFN-b and IL-6) secretion levels by 50% tissue culture-infective doses (TCID50) (Weeratunga et al.,

2017) and ELISA, respectively. The lungs collected from H5N2 infected mice at 3 dpi used to extract total RNA, and the mRNA levels

of indicated genes were measured by qRT-PCR, described below.

Generation of knockdown stable cell lines
To produce lentivirus containing mouse SHP specific shRNA, GIPZ Nr0b2 shRNA gene set (open biosystem, RMM4532-EG23957)

was purchased. Lentiviruses were produced by transient transfection using packaging plasmids (psPAX2 and pMD2.VSV-G) into

HEK293T cells. For transduction of lentivirus, virus-containing media were collected at 72 hr post-transfection, and viral particles

were harvested by passing the supernatants through a 0.45 mm filter. The supernatants were used to infect the cells in 6-well plates,

in the presence of 8 mg/ml polybrene (Sigma-Aldrich). After 12 hr, medium was removed, and after 24 hr of maintenance, cells were

transferred to 100 mm tissue culture dish with 2 mg/ml puromycin treatment. Media was replaced with fresh puromycin containing

media at every 2 days, until resistant colonies were identified.

RNA interference
To downregulate SHP expression, cells were transfected with 100 to 200 pM of control siRNA (Bioneer) or the siRNA

50-GTCCATTCCGACCAGCCTG dTdT-30 using RNAiMAX (Invitrogen) according to the manufacturer’s protocol.

Generation of overexpressing stable cell lines
To obtain the SHP-overexpressing stable cell line, cells were prepared in 6-well tissue culture plates with 60% confluency, trans-

fected the pIRES-Flag-SHP plasmid with 4 mL Lipofectamin 2000 (Invitrogen) for 5-6 hr, and then cells were maintained with fresh

10% DMEM for 12 hr before transferring cells to 100 mm tissue culture dish. After attaching the cells to the bottom of 100 mm tissue
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culture dish, mediumwas replacedwith 10%DMEMcontaining 2 mg/ml puromycin. At every 2 days, mediumwas replacedwith fresh

puromycin containing 10% DMEM, until resistant colonies were identified. The expression of Flag-tagged proteins was verified by

immunoblotting.

Virus infection and stimulant transfection
GFP-expressing vesicular stomatitis virus (VSV-GFP), GFP-expressing herpes simplex virus (HSV-GFP) and GFP-expressing Cox-

sackievirus (H3-GFP) were propagated in the cells, and titrated by plaque assay, described below. GFP-expressing H1N1 influenza A

virus (A/PR8/8/34; PR8-GFP) and influenza A H1N1 (A/PR8/8/34) were propagated in the allantoic fluid of 10-day-old embryonated

chicken eggs. Before virus infected to the cells, culture medium was replaced with DMEM containing 1% FBS and the viruses were

added into themediumwith indicatedmultiplicity of infection (MOI). After 2 hr incubation, medium changed to 10%DMEM to remove

extracellular virus. Poly(I:C) (Invivogen) was transfected to HEK293T cells with Lipofectamine 2000 (Invitrogen) and treated to stable

Raw264.7 cells, respectively. 50ppp-dsRNA (Invivogen) was transfected to both cell lines with Lipofectamine RNAiMAX (Invitrogen) to

stimulate immune response pathways.

Virus titer determination
Culture supernatants were collected from cells infected with VSV-GFP and HSV-GFP for the indicated times. Virus titers were

measured by plaque assay using Ceropithecus aethiops epithelial kidney (Vero; ATCC� CCL-81) cells. Monolayers of Vero cells

were seeded in 12-well plates. After 12 hr incubation, the cells were inoculated with serially diluted culture supernatants containing

virus for 2 hr with 1% DMEM. Following 2 hr incubation at 37�C, the inoculums were removed and replaced with DMEM containing

0.1% agarose (Sigma-Aldrich). Plates were then incubated for another 36 hr at 37�C and examined for plaque formation at 200 3

magnification. Virus titer was calculated using the number of plaque forming units and the dilution factor. In case of PR8-GFP titration,

infected cells as well as cell supernatants were collected and subjected to alternative freeze (�70�C) - thaw (room temperature) 5

repeated cycles for 5 min. After centrifugation, supernatant was serially diluted and infected to Madin-Darby Canine kidney epithelial

(MDCK; ATCC� CCL-34) cells with same procedure, and GFP expressing cells were counted to calculate virus titer.

Immunoblot analysis
The cells were washed with phosphate-buffered saline (PBS) and lysed in Radio-immunoprecipitation assay (RIPA) lysis buffer

(50 mM Tris-HCl (pH8.0), 150 mM NaCl, 0.5% sodium deoxycholate, 1% IGEPAL, 1 mM NaF, 1 mM Na3VO4, and 1 mg/ml each

of aprotinin and leupeptin). Samples were separated by SDS-PAGE and transferred onto a PVDFmembrane (Bio-rad) in a buffer con-

taining 30 mM Tris, 200 mM glycine, and 20%methanol for 2 hr. Membranes were blocked for 1 hr in tris-buffered saline containing

0.05% Tween20 (TBST) and 5% bovine-serum albumin (BSA), and then probed with targeted protein antibody in 5% BSA-TBST.

Following overnight incubation at 4�C, membranes were washed three times with PBS containing 0.05% Tween (PBST) or TBST

for 10 min. Following this washing step, the membranes were subjected to the horseradish peroxidase (HRP)-conjugated secondary

antibody reaction for 1 hr at room temperature. Washing step was repeated again for three times (10 min at a time), and HRP was

visualized with the enhanced chemiluminescence detection system (GE Life Sciences), using a Las-4000mini lumino-image analyzer

(GE Life Sciences).

qRT-PCR analysis
Total RNA was isolated from cells and tissues using RNeasy Mini Kit (QIAGEN), and cDNA was synthesized using reverse transcrip-

tase (Enzynomix). qRT-PCR analysis was performed using QuantiTect SYBR Green PCR kit (QIAGEN) on a Rotor-Gene Q (QIAGEN).

The primers for qRT-PCR analysis are shown in Table S1. mRNA expression levels were analyzed according to delta-delta CT

method (2-DDCT), and GAPDH mRNA expression levels were used as a house keeping gene for normalization process.

Confocal analysis
The cells were seeded into eight-chamber glass slides one day prior to the experiment. After cells were attached to the bottom

completely, cultured cells were infected with H1N1 at given time points. All the cells were washed with PBS, and fixed with 4% para-

formaldehyde in PBS for 20min. Cells were thenwashed twicewith 50%methanol in PBS, and incubated for 20min with 100%meth-

anol at �20�C. The fixed cells were blocked with 2% FBS in PBS for 1 hr, and SHP was detected through incubation with a 1:100

dilution of the primary antibodies for 12 hr at 4�C. After three times of washing with PBS, cells were incubated with 1:100 diluted sec-

ondary antibodies for 1 hr at room temperature. After three times of PBS washing, the nuclei were visualized following incubation for

10 min with 1:50000 diluted DAPI (Sigma-Aldrich) adding 1 mg/ml RNase A. Slides were mounted with mounting solution (VECTOR)

and observed under microscopy. Images were acquired with same z stack value using Nikon C2 Plus confocal microscope (Nikon)

consisting of a Nikon Eclipse Ti inverted microscope with a confocal scanning system (Nikon) in conjunction with C-HGFIE precen-

tered fiber illuminator (Nikon). FITC and TRITC fluorescence was detected using the 488 nm and 561 nm laser line of a Sapphire driver

unit (Coherent), respectively, and DAPI fluorescence was detected using 405 nm laser line of a CUBE laser system (Coherent). The

image data were analyzed using NIS-Elements microscope imaging software program (Nikon).
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Nuclear Fractionation
The cytoplasmic and nuclear extracts were prepared using the nuclear extract kit (Active Motif) according to manufacturer’s instruc-

tions. After treating 1 3 hypotonic buffer to cell pellets, supernatants were harvested as cytoplasmic fractions. Pellets were resus-

pended with 50 mL of complete lysis buffer and centrifuged to get supernatants as the nuclear fractions.

Immunoprecipitation
The cells were washed with PBS and lysed in RIPA lysis buffer. To pre-clear the unspecific proteins, 10 mL of protein A/G PLUS-

agarose (Santa Cruz) was added to whole cell lysate and incubated for 1 hr at 4�C with agitation. Pre-cleared whole cell lysate

was incubated overnight with 2 mg of target protein antibodies, 50% slurry of glutathione-conjugated Sepharose (GST) beads (Amer-

sham Biosciences) or STrEP beads (IBA Life Sciences) with agitation at 4�C. Only for the whole cell lysate incubated with antibodies,

20 mL of protein A/G PLUS-agarose was added to precipitate the proteins attached with antibodies. Beads were collected after

centrifugation and washed for immunoblot analysis

pTOP-FLASH reporter assays
The pTOP-FLASH reporter plasmid, which contains the consensus Tcf./Lef-binding sites, was purchased from Addgene (# 12456).

40ng of pTOP-FLASH reporter plasmid and 10ng of TK Renila were transfected to HEK293T cells in 12-well plates, together with

indicated protein expression vectors using Lipofectamine 2000. At 24 hr after transfection, the cells washed with PBS and lysed

with 1 3 Passive Lysis buffer (Promega), and Dual luciferase activity was analyzed using Dual Luciferase Assay Reagent Kit (Prom-

ega), according to the manufacturer’s instruction with a luminometer (Promega). Renilla luciferase was used to normalize all firefly

luciferase values to control transfection efficiency.

Peptides
The peptide of SHP (aa 101-145) was fused with the transduction domain of the HIV-1 TAT protein (TAT) for intracellular delivery

(TAT-SHP; YGRKKRRQRRRGTFEVAEAPVPSILKKILLEEASSGTQGAQPSDRPQP). TAT peptide (YGRKKRRQRRR) was used as

control peptide. Peptides were commercially synthesized by Peptron Cooperation (Republic of Korea) and purified to > 95% purity

grade. These synthesized peptides were reconstituted in 100% dimethylsulfoxide (DMSO) and stored at �80�C, then dissolved in

0.5% DMSO for further use.

STATISTICAL ANALYSIS

Statistical analysis was performed using GraphPad Prism software version 6 for Windows (GraphPad Software). All the data were

from at least of three independent experiments and data are shown as mean + SEM. The mean values of all the in vitro experiments

were compared by Student’s t test. Log Rank test and Mann-Whitney test was conducted for in vivo survival data analysis. Compar-

isons between multiple time points were analyzed by one way analysis of variance (ANOVA). In all experiments, p < 0.05 were

considered statistically significant. *p < 0.05, **p < 0.01 and ***p < 0.001
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Figure S1. Suppressed SHP expression was confirmed in SHP knockdown RAW264.7 cells, and 

overexpression of SHP enhances viral replication and reduces antiviral immune response in Raw264.7 cells. 

Related to Figure 2. 

(A) Immunoblotting of SHP expression was performed in HEK293T after transfection of SHP-Flag and five SHP 

lenti-shRNA (sh-SHP-1 to -5) plasmids for 36 hr. 

(B) SHP mRNA gene expression in Raw264.7 cells which were stably knocked down using lentivirus encoding 

control shRNA (Raw-scramble) or SHP-specific shRNA (Raw-sh-SHP) was checked by qRT-PCR.  

(C) SHP protein levels in control Raw264.7 (Raw-Control) and SHP overexpressing Raw264.7 (Raw-SHP) were 

confirmed by immunoblotting. β-actin was used to confirm equal loading of proteins. 

(D) Replication levels were checked by measuring GFP expression levels and virus titer after VSV-GFP (MOI=1), 

PR8-GFP (MOI=3) and HSV-GFP (MOI=1) infection to Raw-Control and Raw-SHP. GFP expression levels were 

visualized by fluorescence microscopy (200 × magnification) at 24 hpi and quantified using a fluorescence 

modulator at 12 and 24 hpi. Virus titers were measured by plaque assay at 12 and 24 hpi. Bar, 100 µm.  

(E) After infection of VSV-GFP (MOI=1), PR8-GFP (MOI=3) and HSV-GFP (MOI=1) or treatment of Poly (I:C) 

(20 µg/ml), 5’ppp-dsRNA (1 µg/ml) and Poly (dA:dT) (1 µg/ml), supernatant were collected at 12 and 24 hpi or 

hpt, and levels of IFN-β and IL-6 were measure by ELISA. 

Data are presented as mean ± SEM. **p < 0.01, ***p < 0.001 (Student’s t test). Data are representative of at least 

three independent experiments.   



 

Figure S2. SHP negatively regulates antiviral responses in HEK293T cells. Related to Figure 2. 

(A) HEK293T cells were transfected with scramble (293T-control) or human siSHP (293T-si-SHP), and SHP 

mRNA expression levels of these cells were checked by qRT-PCR.  

(B and C)  Cells were infected with VSV-GFP (MOI=0.001), and GFP expression levels were visualized by 

fluorescence microscopy (200 × magnification) at 24 hpi and quantified using a fluorescence modulator at 12 and 

24 hpi. Virus titers were measured by plaque assay at 12 and 24 hpi. Bar, 100 µm (B). IFN-β levels were measured 

by ELISA at 12 and 24 hpi (C).  

(D) SHP protein levels in control HEK293T (293T-Control) and SHP overexpressing HEK293T (293T-SHP) were 

confirmed by immunoblotting. β-actin was used to confirm equal loading of proteins.  

(E and F)  After infection of VSV-GFP (MOI=0.001) and H3-GFP (MOI=1), GFP expression levels were 

visualized by fluorescence microscopy (200 × magnification) at 24 hpi and quantified using a fluorescence 

modulator at 12 and 24 hpi. Virus titers were measured by plaque assay at 12 and 24 hpi. Bar, 100 µm (E). IFN-β 

levels were measured by ELISA using supernatant collected from 293T-control and 293T-siSHP at 12 and 24 hpi 

of VSV-GFP (MOI=0.001) and H3-GFP (MOI=1) or hpt of Poly (I:C) (20 µg/ml), 5’ppp-dsRNA (1 µg/ml) (F).  

Data are presented as mean ± SEM. *p < 0.05, **p < 0.01 (Student’s t test). Data are representative of at least 

three independent experiments.   



 

Figure S3. Overexpression of SHP inhibits the type I IFN signaling pathway and restrains IFN-related gene 

expression. Related to Figure 3. 

(A) At 0, 4, 8, 12 and 16 hpi of PR8-GFP (MOI=3) to control Raw264.7 (Raw-Control) and SHP overexpressing 

Raw264.7 (Raw-SHP) cells, cells were harvested and subjected to immunoblotting to detect phosphorylated (p-) 

IRF3, IRF3, p-TBK1, TBK1, p-p65, p65, p-STAT1 and STAT1. Overexpressed SHP were detected by 

immunoblotting of Flag antibody. β-actin was used to confirm equal loading of proteins.  

(B) Raw-control and Raw-SHP cells infected with PR8-GFP (MOI=3) were harvested and total mRNA was 

extracted at indicated times, and mRNA levels of IFN-β, Mx1, OAS, OAS-1β, PKR, ISG-15, ISG-20, ISG-56, 

ADAR1 and PML were analyzed by qRT-PCR. All the mRNA expressions were normalized to GAPDH. 

Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 (Student’s t test). Data are representative 

of at least three independent experiments.   



 

Figure S4. SHP translocates to nucleus after virus infection in HEK293T cells. Related to Figure 4. 

(A)  HEK293T cells infected with H1N1 (MOI=3) were fixed at 0, 4, 8 and 12 hpi to detect SHP using SHP 

antibody (rabbit primary antibody) and Alexa 488 conjugated antibody (anti-rabbit secondary antibody). Nuclei 

were stained using DAPI (blue). Bar, 10 µm. 

(B and C) SHP-Flag overexpressing HEK293T cells were infected with H1N1. At 0, 4, 8 and 16 hpi, SHP-Flag in 

fixed cells was detected with SHP (c) or Flag (d) antibody and labeled with Alexa 488- (B) or Cy3- (C) conjugated 

antibody. Nuclei were stained using DAPI (blue). Bar, 10 µm. 

(D and E) Total RNA were extracted from SHP+/+ (BMDM/SHP+/+) and SHP-/- (BMDM/SHP-/-) BMDMs (D) or 

control Raw264.7 (Raw-scramble) and SHP-knockdown Raw264.7 (Raw-sh-SHP) cells (E) at indicated times 

after PR8-GFP (MOI=3) infection. Expression levels of mRNA encoding IFN-β and SHP were analyzed by qRT-

PCR. All the mRNA expressions were normalized to GAPDH. 

Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 (Student’s t test). Data are representative 

of at least three independent experiments.   



 

Figure S5. Deletion mutant of SHP loses the regulatory function in HeLa cells. Related to Figure 5. 

(A and B) HeLa cells were transfected with STrEP (control), STrEP-SHP or STrEP-ΔSHP(AC)  (aa 93-160 

domain deletion mutant of SHP) plasmids and infected with VSV-GFP (MOI=0. 1) or PR8-GFP (MOI=1). GFP 

expression levels were visualized by fluorescence microscopy (200 × magnification) at 24 hpi and quantified 

using a fluorescence modulator at 12 and 24 hpi. Virus titers were measured by plaque assay at 12 and 24 hpi. Bar, 

100 µm (A). Culture supernatants were collected at 12 and 24 hpi, and IFN-β and IL-6 levels were measured by 

ELISA (B).  

Data are presented as mean ± SEM. *p < 0.05, **p < 0.01 (Student’s t test). Data are representative of 

at least three independent experiments.   



 

Figure S6. SHP inhibits binding between β-catenin and aa 1670-1850 domain of CBP. Related to Figure 6. 

(A) β-catenin-Myc was overexpressed with STrEP or STrEP-SHP in HEK293T cells. Whole cell lysates (WCL) 

of these cells were subjected to immunoprecipitation with STrEP binding beads followed by immunoblotting with 

Myc antibody. 

(B) β-catenin-Myc was co-overexpressed with GST and CBP5 (aa 1670-1850) in HEK293T cells. WCL of these 

cells were subjected to GST-PD followed by immunoblotting with Myc antibody. 

(C) BMDMs extracted from SHP+/+ mice and SHP-/- mice were infected with PR8-GFP (MOI=3) and harvested 

at 8 hpi. WCL were prepared to perform immunoprecipitation by CBP, followed by immunoblotting with β-catenin 

antibodies. The mRNA level of SHP in BMDMs was evaluated by qRT-PCR. 

Data are representative of at least three independent experiments.  



 

Figure S7. ICG-001 negatively regulates type I IFN signaling. Related to Figure 7. 

(A and B) Raw264.7 cells were treated with 0.0, 1.5, 3.0 and 6.0 μM of ICG-001 for 24 hr and then infected with 

VSV-GFP (MOI=1). At 16 hpi, supernatants and cells were harvested and total mRNA was extract from the cells. 

Virus titer from supernatants and VSV mRNA levels from total mRNA was measured by plaque assay and qRT-

PCR, respectively (A). IFN- β and IL-6 levels were measured by ELISA with supernatants and qRT-PCR with 

total mRNA (B). All the mRNA expressions were normalized to GAPDH.  

(C) VSV-GFP (MOI=1) was infected to Raw264.7 cells at 24 hpt of 0.0 and 3.0 μM ICG-001, and cells were 

harvested at 16 hpi. Total mRNA was extracted from harvested cells, and gene expression of Mx1, OAS, OAS-

1β, PKR, ISG-15, ISG-20, ISG-56, ADAR1, PML and GBP1 in total mRNA was evaluated by qRT-PCR. All the 

mRNA expressions were normalized to GAPDH. 

Data are presented as mean ± SEM. *p < 0.05, **p < 0.01 (Student’s t test). Data are representative of at least 

three independent experiments.   



Table S1. Primer sets used to confirm mRNA expression. Related to Key Resources Table. 

m : mouse 
h : human 

Genes 
Primers 

Forward Reverse 

mSHP 5'-TAAGAAGATCCTGCTAGAGG-3' 5'-TGATGTCAACGTCTCCCATG-3' 

mGAPDH 5'-TGACCACAGTCCATGCCAT-3' 5'-GACGGACACATTGGGGGTAG-3' 

mIFN-β 5'-TCCAAGAAAGGACGAACATTCG-3' 5'-TGCGGACATCTCCCAACGTCAA-3' 

mMX-1 5'-ACAAGCACAGGAAACCGTATCAG-3' 5'-AGGCAGTTTGGACCATCTTAGTG-3' 

mOAS 5'-GAGGCGGTTGGCTGAAGAGG-3' 5'-GAGGAAGGCTGGCTGTGATTGG-3' 

mOAS-1β 5'-TTGATGTGCTGCCAGCCTAT-3' 5'-TGAGGCGCTTCAGCTTGGTT-3' 

mPKR 5'-GCCAGATGCACGGAGTAGCC-3' 5'-GAAAACTTGGCCAAATCCACC-3' 

mISG15 5'-CAATGGCCTGGGACCTAAA-3' 5'-CTTCTTCAGTTCTGACACCGTCAT-3' 

mISG20 5'-AGAGATCACGGACTACAGAA-3' 5'-TCTGTGGACGTGTCATAGAT-3' 

mISG56 5'-AGAGAACAGCTACCACCTTT-3' 5'-TGGACCTGCTCTGAGATTCT-3' 

mADAR1 5'-CCAAAGACACTTCCTCTC-3' 5'-CAGTGTGGTGGTTGTACT-3' 

mPML 5'-CCTGCGCTGACTGACATCTACT-3' 5'-TGCAACACAGAGGCTGGC-3' 

mIL-6  5'-GACAACTTTGGCATTGTGG-3' 5'-ATGCAGGGATGATGTTCTG-3' 

hSHP 5'-CAAGAAGATTCTGATCGAGG-3' 5'-GGATGTCAACATCTCCAATG-3' 

hβ-actin 5'-GGGGATCCGGCGACGAGGCCCAGAGCAAG-3' 5'-TTCAACACCCCAGCCATGTACGGATCCCC-3' 
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