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Plasmacytoid dendritic cells (pDCs) rapidly produce large amounts of type 1 interferon (IFN) after Toll-like receptor 7 and 9
engagements. This specialized function of type 1 IFN production is directly linked to the constitutive expression of IRF7, the
master transcription factor for type 1 IFN production. However, the IRF7 requlatory network in pDCs remains largely unknown.
In this study, we identify that the transcription factor NFATC3 specifically binds to IRF7 and enhances IRF7-mediated IFN
production. Furthermore, knockout of NFATC3 greatly reduced the CpG DNA-induced nuclear translocation of IRF7, which
resulted in impaired type 1 IFN production in vitro and in vivo. In addition, we found that NFATC3 and IRF7 both bound to
type 1 IFN promoters and that the NFAT binding site in IFN promoters was required for IRF7-mediated IFN expression. Collec-
tively, our study shows that the transcription factor NFATC3 binds to IRF7 and functions synergistically to enhance IRF7-
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mediated IFN expression in pDCs.

INTRODUCTION

Plasmacytoid DCs (pDCs) are specialized cells that rapidly
produce large amounts of type 1 IFN in response to micro-
bial RNA or DNA through TLR7 and TLR9 (Liu, 2005). In
pDCs, IRF7 is constitutively expressed and plays a key role in
type 1 IFN production, whereas IRF3 is dispensable for type 1
IFN production (Honda et al., 2005b). Upon stimulation
with TLR7/9 ligands, IRF7 is activated and translocates to
the nuclei through a signaling cascade of MyD88-IR AK4-
IRAK1-TRAF6, leading to the production of large amounts
of type 1 IFN. Recent studies have shown that IRF7 is tightly
regulated by many different mechanisms (Bao and Liu, 2013).
At the mRINA level, Dcp2 promotes the degradation of IRF7
mRNA, whereas the translational repressors 4EBP1/2 inhibit
IRF7 mRNA translation (Colina et al., 2008; Li et al., 2012).
The biological activity of IRF7 protein can be repressed
through TRIM28-mediated SUMOylation, and the RTA-as-
sociated E3 ubiquitin ligase directly catalyzes K48-linked
polyubiquitination of IRF7 and promotes its degradation (Yu
and Hayward, 2010; Liang et al., 2011). IKK-a is involved
in the phosphorylation and activation of IRF7 (Hoshino et
al., 2006). The IRF7 promoter is negatively regulated by the
transcription factor FOXO3 that forms a complex with nu-
clear corepressor 2 and histone deacetylase 3 (Litvak et al.,
2012). In addition, it has been shown that the transcription
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factor ELF4 binds to type 1 IFN promoters and synergizes
with IRF3, IRF7, and NF-xB to induce IFN expression.
However, CpG DNA-induced IFN production is not af-
fected in Elf4~~ pDCs, indicating that ELF4 is not involved
in type 1 IFN signaling in pDCs (You et al., 2013). Despite
these extensive studies, the regulation of IRF7 in pDCs is still
far from being fully elucidated.

The NFAT family, including NFAT cell (NFATC) 1,
NFATC2, NFATC3, NFATC4, and NFATS5, plays important
roles in the regulation of T cells, B cells, mast cells, and other
immune cells. NFATC family members pair with other tran-
scription factors to regulate the expression of cytokine genes
and other inducible genes (Crabtree and Olson, 2002). In T
cells, cooperation between NFAT and AP-1 is required for
IL-2 and IL-4 gene transcription (Miller and Rao, 2010). It
has also been shown that FOXP3 forms a cooperative com-
plex with NFAT to repress NFAT-AP-1-dependent tran-
scription in regulatory T cells (Wu et al., 2006). In B cells,
NFATCT1 is necessary for the activation and function of
splenic B cells upon BCR stimulation (Bhattacharyya et al.,
2011). Despite their roles in the regulation of T cells and B
cells, recent studies have demonstrated that NFATC mem-
bers are also involved in the regulation of innate immune
responses in conventional DCs, mast cells, and macrophages
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Figure 1.

Identifying IRF7 binding proteins and investigating their roles in IFN-o production. (A) Gen2.2 cells were left untreated or treated with

1 uM CpG A for 6 h, and then the cells were pooled together, lysed, and immunoprecipitated with anti-IRF7 antibody or isotype control. IRF7 binding pro-
teins were analyzed by mass spectrometry. (B) Selected IRF7 binding proteins and the peptides hit in mass spectrometry are listed. (C) IRF7-associated genes
were knocked down by using siRNA targeting specific molecules or nonspecific siRNA control (siNS), and the knockdown cells were stimulated with 1 pM
CpG A for 20 h. IFN-a production in the supernatants was analyzed by ELISA. Data are representative of two independent experiments and are presented
as the mean + SEM of triplicate wells. *, P < 0.05; **, P < 0.01 by Student's ¢ test.

(Zanoni and Granucci, 2012). However, the functions of the
NFAT family in pDCs have not been studied.

In this study, by immunoprecipitation and mass spec-
trometry analyses, we find that NFATC3 selectively binds
to IRF7 and positively regulates type 1 IFN production in
pDCs. NFATC3 deficiency leads to reduced type 1 IFN pro-
duction in pDCs both in vitro and in vivo. Furthermore, we
find that NFATC3 and IRF7 bind to IFEN promoters directly
and synergistically induce IFN transcription. Thus, these re-
sults indicate that NFATC3 functions as a novel cotranscrip-
tional factor for IRF7 in pDCs.

RESULTS

NFATC3 selectively binds to IRF7 and enhances IRF7-
mediated type 1 IFN transcriptional activities

IR F7 is constitutively expressed by pDCs. However, the reg-
ulatory network of IRF7 in pDCs remains elusive. Because
of the rareness of pDCs in peripheral blood (0.2-0.8%), it
is difficult to decipher the regulatory network of IRF7 in
pDCs. We took advantage of Gen2.2 cells, a human pDC
cell line that shares all the key features of human primary
pDCs (Chaperot et al., 2006). By immunoprecipitation
with anti-IRF7 antibodies in Gen2.2 cell lysates followed
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by mass spectrometry analyses, we identified molecules that
showed specific binding to IRF7 (Fig. 1,A and B). By using
siRNA targeting the candidate genes, we knocked down
the candidate molecules and checked their responses to
CpG A (Fig. 1 C). After the screening, we identified NFA
TC3 as a novel IRF7 binding protein that was required for
type 1 IFN production.

To confirm the binding between NFATC3 and IRF7
in human primary pDCs, we isolated peripheral blood pDCs
and stimulated them with CpG A.The interaction between
NFATC3 and IRF7 was investigated with confocal mi-
croscopy. We found that NFATC3 associated with IRF7 in
fresh isolated pDCs and that the association was increased
and colocalized in the cell nucleus after CpG A stimulation
(Fig. 2 A). In addition, the association between NFATC3
and IRF7 was also confirmed by coimmunoprecipitation in
human primary pDCs (Fig. 2 B). By using purified Myc-
tagged IRF7 proteins, we found that IRF7 bound to glutathi-
one S-transferase (GST)—tagged NFATC3 proteins but not to
GST proteins (Fig. 2 C). We also used GST-tagged NFATC3
fusion proteins to pull down purified Myc-tagged IRF7 and
Myec-tagged IRF3 proteins and found that NFATC3 directly
bound to IRF7 but not IRF3 (Fig. 2 D).

NFATC3 is a cotranscription factor of IRF7 | Bao et al.
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Figure 2. NFATC3 selectively binds to IRF7 and enhances its transcriptional activity. (A) Fresh isolated human primary pDCs or pDCs stimulated with
CpG A for 4 h. Cells were fixed with paraformaldehyde, permeablized, stained with anti-IRF7 (green) and anti-NFATC3 (red), and mounted with Prolong gold
antifade reagent with DAPI (blue). Cells were analyzed using confocal microscopy. (B) Untouched human pDCs were isolated as described in the Confocal
microscopy section of Materials and methods. pDCs were left untreated or treated with 1 uM CpG A for 3 h, and pDCs were lysed and immunoprecipitated
(IP) with NFATC3 antibody. IRF7 was detected by immunoblotting (IB). (C) Purified GST or GST-tagged NFATC3 were incubated with Myc-tagged IRF7. Myc-
tagged IRF7 was immunoprecipitated with Myc-agarose beads. GST was detected by anti-GST HRP conjugate antibody. (D) Purified Myc-tagged IRF3 or IRF7
was incubated with GST-tagged NFATC3, and GST-tagged NFATC3 was immunoprecipitated with glutathione Sepharose beads. Then, Myc-tagged proteins
were detected by anti-Myc antibody. (E) HEK-293T cells were transfected with HA-tagged NFAT plasmids and Myc-tagged IRF7; 36 h after transfection, cell
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The NFAT family contains five members. To investigate
whether other family members are also involved in regulat-
ing IRF7, we first investigated the binding capacities between
NFAT family members and IRF7. The hemagglutinin (HA)-
tagged NFAT and Myc-tagged IRF7 expression plasmids
were transfected into HEK-293T cells. The binding between
NFAT proteins and IRF7 was checked by coimmunoprecip-
itation. Among the five NFAT members, NFATC3 showed
specific binding to IRF7 (Fig. 2 E). IRF3 and IRF7 are crit-
ical transcriptional factors for type 1 IFN expression. In most
mammalian cell types, nucleic acid sensing will activate IRF3,
which in turn activates the IFN-P gene. However, in pDCs,
type 1 IFN production depends on IRF7, but not on IRF3.
To investigate whether NFATC3 binds to IRF3 and regulates
its activation, HA-tagged NFATC3 and Myc-tagged MyD88,
IRF3, and IRF7 plasmids were transfected into HEK-293T
cells,and the binding was checked by coimmunoprecipitation.
NFATC3 was found to specifically bind to IRF7 (Fig. 2 F).

The finding that NFATC3 selectively binds to IRF7
prompts us to investigate whether NFATC3 regulates the
transcriptional activities of IRF7. HEK-293T cells were
transiently transfected with IRF7 plasmids and a luciferase
reporter plasmid containing an IFNA4 or IFNBI promoter
together with an increasing amount of plasmid-encoding
NFATC3. The luciferase activity was measured 36 h after
transfection. Transfection of IRF7 alone resulted in activation
of the IFNA4 promoter. Transfection of NFATC3 alone did
not increase IFNA4 or IFNBI promoter activity. However,
the IRF7-induced IFNA4 promoter activation was further
increased when transfected with an increased dose of NFA
TC3 (Fig. 2 G). Similarly, the IRF7-induced IFNBI pro-
moter activation was also increased in an NFATC3 dose-de-
pendent manner (Fig. 2 H). In contrast, NFATC3 did not
induce the activation of NF-«xB (Fig. 2 I). Also, NFATC3
did not show the enhancement of the IRF3-induced IFNB1
promoter activation (Fig. 2 ]), which was consistent with the
results that NFATC3 did not bind to IRF3.These results in-
dicate that NFATCS3 selectively enhances IRF7 activities.

NFATC3 is required for type 1 IFN

production induced by CpG A

pDCs constitutively express IRF7 and produce large amounts
of type 1 IFN in response to TLR9 ligands. To further deter-
mine the function of NFATC3 in pDCs, we knocked down
NFATC3 as well as other NFAT family molecules in Gen2.2

cells by using siRINA. The knockdown effects were assessed
by immunoblotting (Fig. 3 A).Then, the siRINA knockdown
Gen2.2 cells were stimulated with CpG A, and cytokines
including IFN-a, TNF-a, and IL-6 were measured. Knock-
down of NFATC3, but not of other NFAT family members,
led to a substantial reduction of IFN-a. However, TNF-a and
IL-6 were not affected (Fig. 3 B). Therefore, NFATC3 is re-
quired for the activation of IRF7 to induce type 1 IFN pro-
duction in response to CpG A.

Inhibition of NFAT reduces CpG DNA-induced type 1 IFN
production in human primary pDCs

To investigate the role of NFAT in human primary pDCs,
cyclosporin A (Cs A) and FK506 were used to inhibit the
function of NFAT. Cs A and FK506 inhibit NFAT activa-
tion through inhibiting phosphatase calcineurin, which de-
phosphorylates and activates NFATC members (Ho et al.,
1996). Fresh isolate human pDCs were treated with different
concentrations of Cs A and FK506 for 1 h, and then pDCs
were stimulated with CpG A or CpG B. Culture superna-
tants from CpG A—treated pDCs were analyzed for IFN-a,
and supernatants from CpG B were analyzed for TNF-ot and
IL-6 secretion. FK506 and Cs A greatly reduced CpG A-in-
duced IFN-a production (Fig. 4, A and D). FK506 did not
show obvious inhibition on CpG B—induced TNF-a and
IL-6 (Fig. 4, B and C). However, Cs A also showed inhibition
on TNF-a and IL-6 (Fig. 4, E and F). FKBP12-FK506 and
cyclophilin A-Cs A complexes both target calcineurin and
potently inhibit its function; however, many studies suggest
that these complexes display clinical and mechanistic differences
(Schreiber and Crabtree, 1992; Hirano et al., 2008; Macartney
et al., 2009; Kaxiras et al., 2014; Liu et al., 2015a). Our data
also suggest that FK506 and Cs A function differently in reg-
ulating pDC function, which may contribute to the different
clinical effects of FK506 and Cs A. These results indicate that
NFAT family members play positive roles in regulating type
1 IFN production in human primary pDCs.

Knockout of NFATC3 in Gen2.2 cells by CRISPR impairs the
CpG DNA-induced IRF7 signaling pathway

To further confirm the function of NFATC3 in pDCs, we
used the genome-editing approach based on clustered reg-
ularly interspaced short palindromic repeats (CRISPR) and
the endonuclease Cas9 to target the endogenous gene that
encodes NFATC3. MyD88 knockout Gen2.2 cells and non-

lysates were immunoprecipitated with anti-HA beads, and then the immunoprecipitates and lysates were analyzed with anti-HA or anti-Myc antibodies. (F)
HEK-293T cells were transfected with HA-tagged NFATC3 plasmids and Myc-tagged MyD88, IRF3, and IRF7 plasmids; 36 h after transfection, cell lysates
were immunoprecipitated with anti-HA beads, and then the immunoprecipitates and lysates were analyzed with anti-HA or anti-Myc antibodies. (G and
H) HEK-293T cells were transfected with 100 ng IFN-ai4 luciferase reporter plasmid (IFNa4-Luc) or IFN-B luciferase reporter plasmid (IFNB-Luc) and 0.5 ng
IRF7 expression vector together with an increasing amount of NFATC3 expression vector (25, 50, and 100 ng). 0.1 ng renilla luciferase reporter plasmid was
transfected simultaneously as an internal control. Results are presented as fold induction relative to the activity of renilla luciferase. (I) HEK-293T cells were
transfected with 100 ng NF-kB luciferase reporter plasmid (NFkB-Luc) together with 5 ng MyD88 expression vector or an increasing amount of NFATC3
expression vector. (J) HEK-293T cells were transfected with 100 ng IFN-p luciferase reporter plasmid (IFNB-Luc) together with 5 ng IKKi expression vector
or an increasing amount of NFATC3 expression vector. (G-J) Data are representative of four independent experiments.
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Knockdown of NFATC3 reduces CpG DNA-induced IFN-o in Gen2.2 cells. (A) Gen2.2 cells were knocked down by using nonspecific siRNA

(si-NS) or siRNA targeting MyD88, NFATC1-4, and NFAT5. The knockdown efficiency was analyzed by immunoblotting. (B) siRNA knockdown Gen2.2 cells
were stimulated with 1 uM CpG A for 24 h. IFN-a, TNF-a, and IL-6 in supernatants were analyzed by ELISA. Data are representative of four independent
experiments and are presented as the mean + SEM of triplicate wells. *, P < 0.05; **, P < 0.01 by Student's t test.

targeting (NT) guide RNA-transduced Gen2.2 cells were
also generated as controls. Consistent with the previous re-
sults, knockout of NFATC3 showed selective reduction of
IFN-a in response to CpG A (Fig. 5,A—C). Next, we investi-
gated the CpG A—-induced IRF7 and p50 (NF-xB1) nuclear
translocation. Knockout of MyD88 completely abolished
IRF7 and p50 nuclear translocation. However, knockout of
NFATC3 inhibited IRF7 nuclear translocation while pre-
serving p50 nuclear translocation (Fig. 5 D). These data are
consistent with the results that NFATC3 selectively regulates
IFN-a production but not that of TNF-o and IL-6.

To eliminate the potential off-target effects of CRISPR,
we restored the NFATC3 expression in NFATC3 knockout
Gen?2.2 cells. First, we generated a guide RNA-resistant NFA
TC3 (NFATC3a) lentiviral vector that expressed wild-type
NFATC3; then, NFATC3a and the empty lentiviral vector
were used to generate lentiviruses. The NFATC3 knockout

JEM Vol. 213, No. 11

Gen2.2 cells were infected with NFATC3a lentiviruses or
control lentiviruses. NFATC3a-transduced cells successfully
restored the NFATC3 expression in the NFATC3 knockout
cells (Fig. 5 E). More importantly, the IFN-a production in
NFATC3 knockout Gen2.2 cells was also rescued (Fig. 5 F).

Type 1 IFN production is impaired in Nfatc3-deficent mice

Human and mouse NFATC3 display a high degree of sim-
ilarity. We found that mouse NFATC3 could also enhance
IR F7-mediated IFNA4 luciferase activity (Fig. S1 A). In addi-
tion, NFAT inhibitors FK506 and Cs A greatly reduced CpG
A-induced IFN-a production in mouse pDCs. However, CpG
A-induced IL-12p40 production was not changed (Fig. S1,B
and C).To further confirm the function of NFATC3, pDCs
from wild-type and Nfatc3-deficient mice were isolated, and
the response to CpG A was investigated. Nfatc3-deficient
mice did not show any obvious defects in pDC development
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Inhibition of NFAT reduces CpG DNA-induced IFN-a in human primary pDCs. (A) Human primary pDCs stimulated with 1 uM CpG A for

24 h together with FK506 or vehicle (DMSO). Production of IFN-a was measured by ELISA. (B and C) Human primary pDCs stimulated with 1 pM CpG B for
24 h together with FK506 or vehicle (DMSO). Production of TNF-a and IL-6 were measured by ELISA. (D) Human primary pDCs stimulated with 1 uM CpG A
for 24 h together with Cs A or vehicle (DMSQ). Production of IFN-o was measured by ELISA. (E and F) Human primary pDCs stimulated with 1 uM CpG A for
24 h together with Cs A or vehicle (DMSO). Production of TNF-oc and IL-6 was measured by ELISA. Data are representative of four independent experiments.

(Fig. S2). pDCs from the Nfatc3-deficient mice showed nor-
mal IRF7 expression. However, the IFN-a induced by CpG
A was greatly reduced (Fig. 6, A and B). In contrast, CpG
A-induced IL-12p40 was not influenced (Fig. 6 C). Bone
marrow—derived pDCs were stimulated with CpG A, and the
expression levels of different subtypes of type 1 IFN were an-
alyzed by RT-PCR (Table S1).As shown in Fig. 6, the type 1
IFN mRNA expressions were greatly reduced, whereas I112a
mRNA expression was not changed. Interestingly, the Irf7
mRNA expression level was not changed even after CpG
A stimulation, which indicates that Nfatc3 is not involved
in regulating Irf7 transcription. Bone marrow—derived pDCs
were stimulated with R848 to test whether TLR 7-mediated
IFN production was also affected by NFATC3. Similar to
TLRY ligand stimulation, R848-induced IFN-o was greatly
reduced in pDCs from Nfatc3™'~ mice (Fig. 6 L), whereas IL-
12p40 was not affected (Fig. 6 M).

Next, we examined the in vivo relevance of Nfatc3
deficiency in IRF7 signaling. Mice were injected intra-
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venously with CpG A, and serum concentrations of IFN
were detected. As shown in Fig. 6, serum concentrations of
IFN-a were greatly reduced in Nfatc3™~ mice. However,
the production of IL-12p40 was not changed in either group
(Fig. 6, N and O). These data further confirm that NFA
TC3 is required for the activation of IFN but not for proin-
flammatory cytokine genes.

Interaction of NFATC3 with IRF7

IRF7 contains the N-terminal DNA-binding domain, a
trans-activation domain, an autoinhibitory domain, and a
C-terminal regulatory domain (Fig. 7 A). To investigate the
mechanism that NFATC3 enhances IRF7 activation, we
first mapped the domains of IRF7 that mediate the bind-
ing to NFATC3. HA-tagged NFATC3 and truncations of
Myec-tagged IRF7 were expressed in HEK-293T cells. Then,
truncations of IRF7 were immunoprecipitated and NFATC3
was detected. NFATC3 binds to the autoinhibitory domain
(aa 373—443) of IRF7 (Fig. 7 A). Next, we investigated the

NFATC3 is a cotranscription factor of IRF7 | Bao et al.
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Figure 6. pDCs from Nfatc3~~ mice show impaired IFN-a production in response to CpG A. (A) Mouse primary pDCs were isolated from wild-type or
Nfatc3™~ mice. Expression of NFATC3 and IRF7 were analyzed by immunoblotting. (B and C) pDCs from wild-type or Nfate3™~ mice stimulated with different concen-
trations of CpG A (D19) for 24 h. IFN-a and IL-12p40 in supernatants were measured by ELISA. (D-K) Bone marrow-derived pDCs from wild-type or Nfate3™'~ mice
were left unstimulated or stimulated with 1 uM CpG A for 20 h, and Irf7, Ifnal, Ifna2, Ifna4, Ifna5, Ifna6, Ifnb1, and IL12a gene expression were detected by RT-PCR.
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2390 NFATC3 is a cotranscription factor of IRF7 | Bao et al.



domains of NFATC3 required for IRF7 binding. NFATC3
contains an N-terminal NFAT homology region (NHR) that
is highly phosphorylated by NFAT kinases and is important
for NFAT nuclear translocation,a DNA-binding domain, and
a C-terminal trans-activation domain (Fig. 7 B). HA-tagged
NFATC3 truncations and Myc-tagged IRF7 were cotrans-
fected into HEK-293T cells. HA-tagged NFATC3 trunca-
tions were immunoprecipitated, and the IRF7 was detected.
The results showed that the NHR domain of NFATC3 was
required to bind to IRF7 (Fig. 7 B).

Our data suggest that the highly phosphorylated N-ter-
minal NHR is required to bind to the autoinhibitory domain
of IRF7. Next, we investigated whether the binding of the
NHR domain to IRF7 was enough to enhance IRF7 ac-
tivity by using the luciferase reporter plasmid containing the
IFNA4 promoter. Interestingly, the NHR domain alone was
not enough to activate IRF7. We found that both the NHR
domain and the DNA-binding domain were required to en-
hance IRF7 activity (Fig. 7 C).

NFATC3 and IRF7 bind to IFNA4 and IFNB1 promoters, and
NFATC3 is required for IRF7 transcriptional activities
Based on our data, the NHR domain and the DNA-binding
domain of NFATC3 are indispensable to enhance IRF7 activ-
ity. This indicates that both IRF7 and NFATC3 need to bind
to an IFN promoter to induce optimized IFN production.
NFATC family molecules are transcription factors that bind
to the consensus sequence (T/AGGAAA) and regulate gene
transcription together with other transcription factors (Rao et
al., 1997). First, we investigated the NFAT binding sequence
in IFN promoter regions. As shown in Fig. 8 A, we could
identify the NFAT binding sites in all type 1 IFN promoters.

Next, we performed chromatin immunoprecipitation
experiments to examine whether NFATC3 and IRF7 are as-
sociated with IFN promoters endogenously. Because of the
rareness of primary pDCs, we took advantage of the CRI
SPR. knockout Gen2.2 cells. CRISPR knockout Gen2.2
cells were resting in medium or stimulated with CpG A for
1 h.The cells were fixed and sonicated. NFATC3 antibody
and IRF7 antibody and isotype control were used to pre-
cipitate the protein/DNA complexes. The immunoprecip-
itated DNA was purified and subjected to real-time PCR
analysis with primers for the endogenous IFNA4 or IFNB1
promoter proximal region. We found that both NFATC3 an-
tibody and IRF7 antibody precipitated the IFNA4 promoter
and IFNBI1 promoter in Gen2.2 cells after CpG A stimu-
lation (Fig. 8, B and C). MyD88 deficiency led to greatly
reduced IRF7 binding to IFN promoters but did not affect
NFATC3 binding. However, NFATC3 deficiency led to re-
duced IRF7 binding to IFNA4 or IFNB1 promoters. These
results demonstrate that NFATC3 and IRF7 associate with
the endogenous IFN promoters.

To further confirm our observation that IRF7 and NFA
TC3 bind to IFN promoters, we used biotin-labeled IFN
promoters to pull down IRF7 and NFATC3 (Table S2). The
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HA-tagged NFAT and Myc-tagged IRF7 expression plas-
mids were transfected into HEK-293T cells. The cell lysate
was incubated with biotin-labeled IFN promoters, and the
binding of IRF7 and NFATC3 was detected by immunoblot-
ting. All of the tested IFN promoter oligonucleotides except
control oligonucleotides showed binding to NFATC3 and
IRF7 (Fig. 9 A). Interestingly, IFNA1 and IFNA13 promot-
ers, which contain another NFATC3 binding site, within the
IRF7 binding site showed higher NFATC3 binding affinity,
whereas IFNA2 promoters showed higher IRF7 binding af-
finity, indicating that IFNA promoters may be differentially
regulated by NFATC3 and IRF7. Furthermore, we used the
CRISPR knockout Gen2.2 cells to test whether knockout of
NFATC3 would affect IRF7 binding to IFNA4 promoters.
The CRISPR knockout Gen2.2 cells were stimulated with
CpG A for 1 h, cell lysates were incubated with biotin-la-
beled IFNA4 promoters or control oligonucleotides, and
the binding of IRF7 and NFATC3 was detected. Knockout
of MyD88 abolished CpG A signaling that led to reduced
IR F7 binding to the IFNA4 promoter without affecting NFA
TC3 binding. Knockout NFATC3 also greatly reduced IRF7
binding to IFNA4 promoters (Fig. 9 B). Collectively, these
data suggest that NFATC3 binds to IFN promoters and NFA
TC3 binding is important for IRF7 activity.

To determine whether these NFAT binding sites are
necessary for IFN production, we generated IFNA4 promoter
luciferase constructs containing mutated NFAT binding sites
or mutated IRF7 binding sites (Fig. 9 C).Then, the IRF7-in-
duced IFNA4 luciferase activity was investigated. Compared
with wild-type IFINA4 promoters, mutation of IRF7 binding
sites completely abolished IRF7-induced IFNA4 luciferase
activity, and mutation of NFAT binding sites also showed
greatly reduced IRF7-induced IFNA4 luciferase activity
(Fig. 9 D). In addition, mutation of NFAT binding sites abol-
ished the NFATC3-induced enhancement of IRF7 activ-
ity (Fig. 9 E). Collectively, our data suggest that NFATC3
represents a novel transcription factor that complexes with
IRF7 and binds to IFN promoters to synergistically induce
optimal IFN production.

DISCUSSION

IRF7 is the key transcriptional factor for type 1 IFN ex-
pression. Unlike all the other cell types in the body, pDCs
constitutively express IRF7, which endows pDCs to rapidly
produce large amounts of type 1 IFN upon TLR7/9 engage-
ment. Previous studies have shown that activated IRF7 forms
a transcriptional complex with IRF3, NF-kB, and ATF2/c-
Jun on the promoter region of IFNB1 genes to induce IFN-f3
production (Panne et al., 2007). However, pDCs from IRF3
knockout mice produce normal type 1 IFN in response to
TLR7/9 ligands, which indicates that IRF7 is uniquely reg-
ulated in pDCs (Honda et al., 2005b). By using a direct bio-
chemical approach in a pDC cell line (Gen2.2 cells), we have
identified that transcriptional factor NFATC3 specifically
binds to and positively regulates IRF7 activities in pDCs. NFA
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Figure 7. The NFAT homology domain and DNA-binding domain of NFATC3 are required to enhance IRF7 activity. (A) HEK-293T cells were
transfected with Myc-tagged IRF7 or truncated IRF7 and HA-tagged NFATC3 plasmids; 36 h after transfection, cell lysates were immunoprecipitated (IP)
with anti-Myc beads, and then the immunoprecipitates and lysates were analyzed with anti-HA or anti-Myc antibodies. Scheme represents the IRF7 domain
structure. (B) HEK-293T cells were transfected with HA-tagged NFATC3 or truncated NFATC3 and Myc-tagged IRF7 plasmids; cell lysates were immunopre-
cipitated with anti-Myc beads, and then the immunoprecipitates and lysates were analyzed with anti-HA or anti-Myc antibodies. Scheme represents the
NFATC3 domain structure. (C) HEK-293T cells were transfected with 100 ng IFN-a4 luciferase reporter plasmid, 0.5 ng IRF7 expression vector, and 100 ng of
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Results are presented as fold induction relative to the activity of renilla luciferase. Data are representative of four independent experiments.

NFATC3/IRF7 complex directly bound to the promoter re-
gions of type 1 IFN genes and that the NFAT binding sites
were necessary for type 1 IFN production. We therefore have

TC3 deficiency led to impaired IRF7 activation and reduced
type 1 IFN production but had no effects on proinflamma-
tory cytokine production. We further demonstrated that the
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by real-time PCR. Data are representative of three independent experiments.
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Figure 9. NFATC3 binds to type 1 IFN
promoters, and NFATC3 is required for
their transcription. (A) HEK-293T cells were
transfected with HA-tagged NFATC3 and Myc-
tagged IRF7. Cells were lysed, cell lysates were
incubated with biotin-labeled oligonucle-
otides, and NFATC3 and IRF7 were detected by
immunoblotting. (B) CRISPR knockout Gen2.2
cells were stimulated with CpG A for 1 h, and
cell lysates were precleared, incubated with bi-
otin-labeled oligonucleotides, and precipitated
with NeutrAvidin agarose beads. NFATC3 and
IRF7 were detected by immunoblotting. (C)
[llustration of mutations in IRF7 and NFATC3
binding sites in IFNA4-Luc reporter constructs.
(D) HEK-293T cells were transfected with
plasmids encoding wild-type or the indicated
mutant IFNA4-Luc and an increasing amount
of IRF7 expression vector. 0.1 ng renilla lu-
ciferase reporter plasmid was transfected si-
multaneously as an internal control. Results
are presented as fold induction relative to
the activity of renilla luciferase. (E) HEK-293T
cells transfected with wild type or the indi-
cated mutant IFNA4-Luc plasmids and IRF7
expression vector together with an increasing
amount of NFATC3 expression vector (25, 50,
and 100 ng). 0.1 ng renilla luciferase reporter
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revealed a previously unknown aspect of NFATC3 that func-
tions as a novel IRF7 cotranscriptional factor in pDCs.

IRF3 is the closest family member to IRF7 and plays a
key role in regulating IFN-f production in most of the cell
types except pDCs. IRF3 is activated through RIG-I-MAVS;
c¢GAS-STING, and TLR3/4-TRIF signaling pathways (Liu
et al., 2015b). The CREB binding protein/p300 acetyl trans-
ferase has been identified as a cotranscriptional activator that
associates with activated IRF3 to induce IFN-f production
(Yoneyama et al., 1998). IFN-f can further induce IRF7 ex-
pression via a type 1 IFNR signaling-positive feedback loop
to induce more robust IFN-a. Our data demonstrated that
NFATCS3 specifically bound to IRF7 but not to IRF3. Also,

2394

NFATC3 enhanced IRF7 activity but was dispensable for the
IRF3-mediated IFN-f production. A previous study shows
that IRF4 synergizes with NFATC2 to augment IL4 pro-
moter activity (Rengarajan et al., 2002a). Therefore, this in-
dicates that each NFAT family molecule may associate with
a different IRF member to show different regulatory effects.

NFATC family members are activated by Ca*" mobi-
lization, which leads to the activation of phosphatase calci-
neurin that dephosphorylates NFATC proteins, promoting
their nuclear translocation and activation (Crabtree and
Olson, 2002). Previous studies indicate that different NFAT
proteins have redundant and specific roles in regulating im-
mune responses (Crabtree and Olson, 2002). NFATC2 and
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NFATC3 play redundant roles in maintaining thresholds for
T cell activation (Rengarajan et al., 2002b; Bopp et al., 2005).
NFATCl1-deficient T cells display reduced proliferation
and IL-4 production, whereas mice deficient in NFATC2s
mount enhanced Th2 responses (Ranger et al., 1998;Yoshida
etal., 1998). In master cells, NFATC1 and NFATC2 regulate
the expression of TNF-a and IL-13, whereas NFATC3 is
dispensable (Klein et al., 2006). In myeloid DCs, NFATC2 is
activated by LPS, leading to the apoptotic death of terminally
differentiated DCs (Zanoni et al., 2009). These studies indi-
cate that the functions of NFAT proteins are isoform specific
and cell type specific. Nevertheless, the functions of NFATC
proteins in pDCs are unknown. It has been postulated that
NFATCs are not involved in IFN production based on evo-
lutionary analysis (Zanoni and Granucci, 2012). In contrast,
our study demonstrates that NFATC3 is a unique member
of the NFATC family that plays a critical role in regulating
type 1 IFN but not proinflammatory production in pDCs.
NFATCS3 selectively bound to IRF7, which endows NFA
TC3 the unique ability to enhance IRF7-mediated IFN pro-
duction. A previous study also shows that NFATC3 exhibits
distinct DNA binding specificity compared with NFATC1
and NFATC2 (Ho et al., 1995), which indicates that NFA
TC3 may play a unique role in regulating gene expressions.
Collectively, our study suggests that NFATC3, but not other
NFAT molecules, can be activated by CpG A and functions
as a cotranscriptional factor for IRF7 to promote type 1
IFN production in pDCs.

pDCs sense CpG A in the early endosomes through
TLRY that is coupled with IRF7 activation and leads to
type 1 IFN production. pDCs sense CpG B in the late en-
dosomes through TLRY that is coupled to NF-xB activa-
tion and leads to proinflammatory production and pDC
maturation (Honda et al., 2005a). Our data indicate that
CpG DNA induced type 1 IFN through synergistic sig-
naling pathways in pDCs. CpG DNA activates IRF7 in
the early endosome; meanwhile, CpG DNA also induces
NFATC3 activation. Then, the activated IRF7 and NFA
TCS3 translocate to the cell nucleus, bind to IFN promoters,
and function synergistically to induce maximal type 1 IFN
production. In all, our data revealed NFATC3 as a novel
cotranscription factor of IRF7, and this finding will pave
new avenues for pDC studies.

MATERIALS AND METHODS

Reagents

CpG DNA were purchased from Sigma-Aldrich. The ON-
TARGETplus siRNA were from GE Healthcare. The fol-
lowing antibodies were used for immunoblot analysis and/
or immunoprecipitation: anti-IRF7 (sc-74472), anti-IRF7
(sc-9083), anti-NFATC1 (sc-13033), anti-NFATC2 (sc-
7296), anti-NFATC3 (sc-8321), anti-NFATC4 (sc-13036),
and anti-NFAT5 (sc-13035) were from Santa Cruz Bio-
technology, Inc.; anti-IRF7 (51-3300) was from Thermo
Fisher Scientific; anti-MyD88 (4283), anti-NF-kB1 p105/
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p50, and anti-HDAC1 (5356) were from Cell Signal-
ing Technology; and anti-NFATC3 (A303-572A) was
from Bethyl Laboratories, Inc. HRP-conjugated anti-HA
(ab1265), anti-Myc (ab62928), and anti-transferrin recep-
tor antibody (ab84036) were from Abcam; anti—f-actin,
anti-HA antibodies, anti-GST HRP conjugate antibody,
HA-—agarose beads, and Myc—agarose beads were purchased
from Sigma-Aldrich. Glutathione Sepharose 4B beads were
from GE Healthcare. Human IFN-a, TNF-a, and IL-6
ELISA kits were from Mabtech. The mouse IFN-a ELISA
kit was from eBioscience. The mouse IL-12p40 ELISA
kit was from R&D Systems.

Cells and stimulation

Mouse pDCs were isolated from mouse bone marrow from
Nfatc3™~ or wild-type mice. pDCs were sorted as Lin-
PDCA1" B220" CD11c" MHCII" cells and stimulated as
described previously (Esashi et al., 2012). Bone marrow—de-
rived pDCs were induced by culture total bone marrow cells
with mouse Flt3 ligands for 7 d. Gen2.2 cells were cultured,
transfected, and stimulated as described previously (Bao et al.,
2012).The concentrations of IFN-a, IL-6, and TNF-« in cul-
ture supernatants were measured by ELISA.

Confocal microscopy

Human pDCs were isolated using the Plasmacytoid Den-
dritic Cell Isolation Kit (Miltenyi Biotec) and sorted as CD3",
CD14,CD167,CD567,CD19, CD207,and CD11¢". The pu-
rity of pDCs was checked by BDCAZ2 staining (purity >95%)).
Fresh pDCs were placed on the coverslip, fixed, and permea-
bilized for staining. The cells were incubated with anti-IRF7
antibody and anti-NFATC3 antibody. Then, the cells were
stained with Alexa Fluor—conjugated secondary antibodies
(Invitrogen). The stained cells were analyzed using a confocal
microscope (Leica Biosystems).

Mice

Nfatc3™~ mice were purchased from The Jackson Labora-
tory. We bred Nfatc3"~ heterozygous mice to generate age-
matched Nfatc3™~ and wild-type littermates. Animals were
housed in specific pathogen-free barrier facilities. All exper-
iments were conducted according to institutional guidelines
of Baylor Health Care Systems. Age- and sex-matched mice
were used for all experiments.

Luciferase assay

HEK-293T cells were inoculated in 24-well plates and trans-
fected with the indicated plasmids and with pRL-TK renilla
vector (Promega). Empty control vector was added so that an
equal amount of DNA was transfected into each well. At 36 h
after transfection, cells were lysed and luciferase activity was
detected with a dual-luciferase reporter assay kit (Promega).
Human IFN-oa4 luciferase vectors containing mutated NFAT
binding sites or IRF7 binding sites were generated by PCR.
site-directed mutagenesis.
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Immunoprecipitation and immunoblot analysis

HEK-293T cells were transfected with HA-tagged or Myc-
tagged plasmids as indicated. Immunoprecipitation and im-
munoblotting experiments in transfected HEK-293T cells
or fresh isolated pDCs were performed as described previ-
ously (Bao et al., 2012). For the purified protein—binding
assay, GST-tagged NFATC3 proteins or GST proteins were
incubated with purified Myc-tagged IRF7 proteins. Myc—
agarose beads were used to pull down Myc-tagged IRF7, and
anti-GST HRP-conjugated antibody was used to detect the
binding of GST and GST-NFATC3. GST-tagged NFATC3
protein was also incubated with Myc-tagged IRF7 and Myc-
tagged IRF3. Glutathione Sepharose 4B beads were used to
pull down GST-tagged NFATC3. Myc antibody was used to
detect the binding of IRF7 and IRF3.

Real-time PCR

Total RNA was extracted, and RT of total RNA to cDNA
was performed with an iScript RT supermix kit (Bio-Rad
Laboratories). Real-time PCR was performed using the

SYBR green fluorescence system. Primers were synthesized
by Integrated DNA Technologies (Table S1).

In vivo CpG challenge

Mice were injected intravenously with 5 ug CpG A (D19)
complexed with DOTAP (Roche; 30 ul DOTAP/150 pl
of total volume). 6 h later, blood was collected and serum
was separated. IFN-o and IL-12p40 levels in serum were
measured by ELISA.

Knockout with lentivirus-delivered CRISPR and restoration
Gen2.2 cells were transduced with Cas9 lentiviral parti-
cles, and Cas9-expressing stable Gen2.2 cells were selected.
Cas9-expressing Gen2.2 cells were further transduced with
lentiviral particles containing guide RNA targeting MyD88
and NFATC3.Then, cells were selected and clonal expanded.
The knockout efficiency was determined by immuno-
blotting. The Cas9 and guide RNA lentiviral vectors were
bought from System Biosciences, Inc. The sequences of the
guide RINA target sequences were as follows: non-targeting
(sense), 5'-ACGGAGGCTAAGCGTCGCAA-3'; MyD88
(sense), 5'-CTAGTGAGCTCATCGAAAAG-3'; and NFA
TC3 (sense), 5'-GATCAAGCTGCCATACTACC-3'". To
restore NFATC3 expression in NFATC3 knockout cells,
an NFATC3 expression lentiviral vector (NFATC3a) that
contains mutated NFATC3 guide RNA targeting sequence
was used to generate NFATC3a stable—expressing NFA
TC3 knockout Gen2.2 cells.

Chromatin immunoprecipitation

Gen2.2 cells were fixed, lysed, and sonicated. Precleared lysates
were incubated overnight at 4°C with anti-IRF7 (sc-74472;
Santa Cruz Biotechnology, Inc.), anti-NFATC3 (A303-572A;
Bethyl Laboratories, Inc.), or control rabbit IgG (Cell Signal-
ing Technology). Immunocomplexes were collected, purified,
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and analyzed by real-time PCR. Primers for IFNA4 promoter
detection were forward, 5'-CCATAAAAGCCTTTGAGT
GCAGG-3’, and backward, 5-GAAGACTTTGCTCTG
TGCATAGG-3'. Primers for IFNBI promoter detection
were forward, 5'-GACATAGGAAAACTGAAAGGGAG-3/,
and backward, 5'-TGAGATGGTCCTCTCTCTATTCA-3'.

Pull-down assay

Biotin-labeled oligonucleotides were synthesized by Inte-
grated DNA Technologies (Table S2). HEK-293T cells were
transfected with HA-tagged NFATC3 and Myc-tagged
IRF7. Cells were lysed and precleared with NeutrAvidin aga-
rose beads (Thermo Fisher Scientific). Cell lysate was incu-
bated with biotin-labeled oligonucleotides at 4°C overnight
with rotation followed by 2-h incubation with NeutrAvidin
agarose beads. The beads were washed extensively, and NFA
TC3 and IRF7 were detected by immunoblotting. CRISPR
knockout Gen2.2 cells were stimulated with CpG A, and cell
lysates were precleared, incubated with biotin-labeled oligo-
nucleotides, and precipitated with NeutrAvidin agarose beads.
NFATC3 and IRF7 were detected by immunoblotting.

Statistical analysis

Data were analyzed statistically and are shown as mean =+
SD. The p-values were calculated using an unpaired two-
tailed Student’s ¢ test; a p-value of <0.05 was considered
statistically significant.

Online supplemental material

Fig. S1 shows that mouse Nfatc3 enhances mouse Ifn-o4
transcriptional activity and inhibition of Nfat activity reduces
CpG DNA-induced IFN-a in mouse primary pDCs. Fig. S2
shows that Nfatc3 deficiency does not affect pDC differen-
tiation. Table S1 shows a list of primers used for real-time
PCR.Table S2 shows a list of biotin-labeled oligonucleotides
used for pull-down assay.
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