AUTOPHAGY
2020, VOL. 16, NO. 12, 2167-2179
https://doi.org/10.1080/15548627.2020.1719681

Taylor & Francis
Taylor &Francis Group

RESEARCH PAPER

W) Check for updates

A new transcription factor ATG10S activates IFNL2 transcription by binding at an
IRF1 site in HepG2 cells

Miao-Qing Zhang**<, Qiong Zhao?, and Jing-Pu Zhang?

2Key Laboratory of Biotechnology of Antibiotics, the National Health Commission (NHC), Beijing Key Laboratory of Antimicrobial Agents, Institute of
Medicinal Biotechnology, Chinese Academy of Medical Sciences and Peking Union Medical College, Beijing, China; PPostdoctoral Scientific Research
Workstation, China Resources Sanjiu Medical & Pharmaceutical Co., Ltd., Shenzhen, China; “Postdoctoral Mobile Research Station, Institute of
Process Engineering, Chinese Academy of Sciences, Beijing, China

ABSTRACT

IFNL2 is a potent antiviral interferon, but the regulation of its gene expression is not fully clear. Here, we
report the regulation of ATG10S for IFNL2 transcription. Through sequential deletion of the IFNL2 promoter
sequence, we found LP7-1, a fragment of the promoter responding to ATG10S activity. Subcellular localiza-
tion and DNA immunoprecipitation assays showed ATG10S translocating into the nucleus and binding to
LP1-1. Online prediction for transcription factor binding sites showed an IRF1 targeting locus in LP7-1.
Luciferase assays, RT-PCR, and western blot analysis revealed a core motif (CAAGAC) existing in LP1-1,
which determined ATG10S and IRF1 activity; individual nucleotide substitution showed that the functional
nucleotides of ATG10S targeting were C1, A3, and C6, and the ones associated with IRF1 were A3 and G4
within the core motif. Co-immunoprecipitation assays revealed ATG10S combination with KPNAT/importin
a, KPNB1/importin B, and IRF1. The knockdown of endogenous IRF1 increased ATG10S activity on IFNL2
transcription. These results indicate that ATG10S as a transcription factor competes with IRF1 for the same
binding site to promote IFNL2 gene transcription.
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Introduction Previous studies have shown that the interferon regulatory
factor (IRF) family is a group of transcription factors that acti-
vates IFN gene transcription, which plays critical roles in the
regulation of innate and acquired immune responses [11-13].
Each member of the IRF family contains a conserved N-terminal
DNA-binding domain (BD), which recognizes the ISRE and
promotes the transcription of ISGs [11,14-17]. Viral infection
can induce the phosphorylation of IRFs at the C-terminal end
and activated IRFs translocation into the nucleus, resulting in the
expression of ISGs and IFNs [18]. The binding of IRFs to IFNL
promoter ISRE sites is a critical event for the regulation of IFNL
gene expression [10]. To date, the IRF family comprises at least
nine members, namely, IRF1-IRF9 [19,20]. The regulation of
type III IFN gene expression has been a subject of debate. IRF1 as
an IFN-regulated gene (IRG) is involved in IFN-induced anti-
viral immunity and induces the expression of multiple IRGs
such as IFNG/IFN-y [21], IFNL/IEN-A [22], TLR3 [23], and
ISG20 [24]. IRF1 interacts with IFN-sensitive genes and other
transcription factors via binding to the IFN promoter regulatory
domain. In recent years, an increasing number of reports have
indicated that IRF1 plays a crucial role in antiviral activity [25];
however, the mechanism is not well understood.

Type III interferons (also known as IFNLs/IFN-lambda/IFN-\s)
are novel members of the IFN family and include IFNL1/IL29,
IFNL2/IL28A, and IFNL3/IL28B [1]. Type III IEN proteins share
a high degree of homology; IFNL2 protein shares 96% sequence
homology with IFNL3 and 81% sequence with IFNL1 [2], indi-
cating that a set of similar regulatory factors might dictate the
expression of these IFNL genes. IFNLs are potent antiviral
cytokines [3-5]. Virus replication can induce the expression of
type I (IFNA2/IFN-a and IFNB1/IFN-f) and type III IEN genes
via toll-like receptor (TLR)-dependent and TLR-independent
pathways [6,7]. Although IFNL differs genetically from IFNA2
and IFNBI, they have similar biological antiviral functions with
fewer side effects due to its receptor restriction [8]. Scientific
research has shown that IFNL promotes the expression of IFN-
stimulated genes (ISGs) via the JAK-STAT signaling pathway
and induces the antiviral response [9]. IFNL gene promoters
have various IFN-stimulated response elements (ISREs) and
transcription factor-binding sites [10]. However, the interaction
between IFNL gene promoters and multiple regulators is not
fully clear.
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Recently, the host homeostasis system and host restriction
factor related to pathogen invasion have received extensive
attention. Macroautophagy/autophagy and innate immunology
are two of host homeostasis and defense mechanisms; coopera-
tion between the two mechanisms constructs the host defense
network [26]. Autophagy is a catabolic process that is important
for maintaining cellular homeostasis [27] and resisting foreign
pathogens together with the immune system [28,29]. Our pre-
vious study showed differential function between 2 isoforms of
ATGI10 (autophagy related 10) protein, ATG10 (longer isoform),
and ATG10S (shorter isoform). Canonical ATG10 as an E2-like
enzyme is involved in the conformation of the ATG12-ATG5-
ATGI16L1 complex, which promotes extension of the phago-
phore membrane and formation of autophagic vesicles.
ATGIO0S activates expression of innate immunity-related genes,
including IFNL2, and promotes complete autophagy by driving
autophagosomes to interact with lysosomes via IFNL2 media-
tion, in which lysosomal dissolution degrades hepatitis C virus
(HCV) subreplicons [28,30]. Surprisingly, ATG10S also translo-
cates into the nucleus and combines with the IFNL2 promoter
[30]. These results raise the possibility that ATG10S might act as
a latent transcription factor to promote the expression of innate
immunity-related genes; however, the mechanism of ATG10S
nuclear transport and the mechanism and functional sites for
ATGI0S in activating IFNL2 transcription remains unknown.

As a follow-up to our previous study, we investigated these
questions. This study also revealed the link between autophagy
and immunity, and it showed the regulatory network of synergis-
tic action between intracellular homeostasis and defense mechan-
isms. The results of this study also provide novel drug targets for
the research and development of new antiviral strategies.

Results

Identification of the ATG10S-binding site on the IFNL2
promoter

First, we determined whether endogenous IFNL2 transcription
could be driven by ATG10S or IRF1 using gene overexpression
and gene knockdown. The results indicate that, compared to the
control group, ATGI10S or IRF1 overexpression significantly
raised endogenous IFNL2 levels, and IRFI-siRNA transfection
decreased endogenous IFNL2 levels in transcription and transla-
tion, but ATG10 did not (Figure 1A). From this, we infer that
both ATG10S and IRF1 function in the activation of IFNL2
expression. Then, we began to search the detail loci for
ATGI10S and IRF1 binding on the IFNL2 promoter. According
to the GenBank NCBI Reference on the human IFNL2 gene
upstream sequence (homo sapiens chromosome 19, GRCh37.
p5, NC_000019.9|:39752520-39759213), we designed two pairs
of primers for cloning IFNL2 5' upstream of the 2.1 kb sequence
(Figure 1B). The function of the 2.1 kb fragment was primarily
analyzed by ligating it into a green fluorescent protein (GFP)
expression vector as lambda promoter-1 (LP1) and LP2, both of
which could guide GFP expression in HepG2 human liver cancer
cells under ATGIOS overexpression (Figure 1B). The data
showed that the LPI sequence was the functional IFNL2 pro-
moter fragment. The LPI sequence was cloned into the pGL3-
basic vector with the luciferase gene as the reporter. The results

revealed that the luciferase activity was noticeably increased with
LP1I as the promoter under ATG10S overexpression (Figure 1C).
Simultaneously, RT-PCR and western blotting experiments
showed that expression of GFP guided by LPI was also signifi-
cantly enhanced under ATGI0S overexpression, whereas
ATGI10 did not show these effects (Figure 1D). These results
verified that IFNL2 gene transcription induced by ATGI10S is
dependent on sequences within the LPI region. We searched the
1053 bases of the LP1 sequence to identify the ATG10S-binding
site. We divided the LPI sequence into three fragments, LPI-1
(407 bp), LPI-2 (404 bp), and LPI-3 (373 bp), from the 5’ to 3’
end, and separately ligated these fragments into the pEGEFP-
ACMV-N1 vector from which the CMV promoter sequence
had been deleted, forming three GFP-expressing plasmids
guided by each fragment of the IFNL2 sequence (Figure 1E).
Subsequently, the constructs were separately co-transfected with
5'-capped mRNAs of ATGI0 or ATG10S, and RT-PCR and
western blot results showed that ATG10S could promote GFP
overexpression guided by LPI-I, but not by LPI-2 or LPI1-3
(Figure 1F). Therefore, we inferred that the functional site is
within the 407 bp sequence of LPI-1.

ATG10S functional site for the transcriptional activation
of IFNL2 is within the IRF1 transcription factor binding
domain

In recent years, accumulating evidence has revealed that IRFs are
involved in promoting the expression of type III IFNs. We pre-
dicted the potential transcription factor binding domain (BD) of
IRF1 in the 1 kb upstream sequence of the IFNL2 gene by using the
online prediction software JASPAR (http://jaspar.genereg.net/),
which showed only one IRF1-binding site with a high score located
in the LPI region (Table 1). Meanwhile, we found that the binding
site of IRF1 was mainly in the LPI-1 region and encompassed a 36-
oligonucleotide region (Figure 2A). The above results suggested
that ATG10S pro-transcription activity was also in this region;
therefore, we explored whether the functional site of ATG10S
binding to the IFNL2 promoter was also related to the IRF1-BD.
To this end, we used the BD-deleted LPI-1 sequence as a promoter
to construct two expression vectors, namely, plTENL2ABD-EGFP
with GFP as the reporter gene and pIFNL2ABD-LUC with lucifer-
ase as the reporter gene (Figure 2A). RT-PCR and western blotting
showed that ATG10S did not promote GFP overexpression and
did not enhance the luciferase activity, but it moderately reduced
reporter expression in the LP1-1-ABD group compared with LPI-1
(Figure 2B and C). The results indicated that the BD sequence was
indispensable for ATG10S action on IFNL2 gene transcription.
We further divided the 36 bp sequence into 3 equal parts (unit 1,
unit 2, and unit 3). Using sequential deletion of the 3 parts from the
5’ end, we produced four LPI-1 deletion mutants: BDAI, BDAI-2,
BDA2-3, and BDA3. Then we recombined the four deletion
mutants upstream of the reporter genes in the pEGFP-ACMV-
N1 and pGL3-basic vectors (Figure 2A). RT-PCR, western blot-
ting, and luciferase activity assays revealed that in the BDAI and
BDA3 groups, GFP expression and luciferase activity were mark-
edly increased by ATG10S and not by ATG10, similar to the LPI-1
group. The other two deletions of BDAI-2 and BDA2-3 suppressed
the action of ATG10S on LPI-1 (Figure 2D-F). As shown in
Figure 2A, BDAI-2 and BDA2-3 shared a common oligonucleotide


http://jaspar.genereg.net/

AUTOPHAGY (&) 2169

>
w

O 4
%3
o< -2173 -1053 -1
£ Genomic 5[] |I— (iFnL2]) 3
E% -2173 -1053 -1
L Lp2 500 EGFP (KX
-1053 -1

LP1 5 3

*kk

P
é\?§ g

4 A\
o @&
o IRFI[ 5 . 9]
// E—— e —
T ,% GAPDH

Fold change of
IFNL2 mRNA level

P LP1+ATG10S LP2+ATG10S
O/,/ ’%(\7 ’%(\7\@ . O,}KS/;?
//
'?4,4 /1/4
C D
o 7 *kk
3 LP1
E ATG10 -~ + -
= ATG10S - - +
]
% 1
e GAPDH | S———
ATG10 - + -
ATG10S - . +
LP1
E F LP1-1 LP1-2 LP1-3  Ctrl

1098 § ATG10S + + +
Y Y

LP1-1 LP1-2 LP1-3
ATG10
-1053 -647

-728 -325
LP1-2 ° EOER . 3 LP1-1 LP1-2 LP1-3 Ctrl

373 ATGTO -t - -+t - -+ - -

-1
LP1-3 5 EGFP [ JE} ATG10S - - 4+ - - 4 - - 4 -
crr S . . |

GAPDH | s s s s s s s e s s |

Figure 1. Potential ATG10S binding sites on the human IFNL2 promoter within a 1 kb sequence from the initiation codon. (A) Endogenous IFNL2 expression levels in
HepG2 cells were detected using qRT-PCR (left) and immunoblot assay (right) through the regulation of ATG70S and IRFT1 gene expression. ATG10 or ATG10S
overexpression was achieved by transfection of plasmids with FLAG-tagged ATG10 or ATG10S; IRF1 overexpression and knockdown were through transfection of IRF1
5'-capped mRNA and /RF1-siRNA respectively. Ctrl, non-transfection. Ctrl-siRNA, Control-siRNA. (B) Diagrams show the 2.1-kb genomic sequence of the IFNL2
promoter, 2 expression constructs directed by LP7 and LP2 segments (upper), and fluorescence microscopy images for GFP expression directed by the IFNL2 promoter
fragments LP7 or LP2 induced by ATG10S in HepG2 cells (bottom). Scale bars: 220 pm. (C) Luciferase activity assay shows the different actions of ATG10 and ATG10S
on IFNL2 LPT transcription activity. RLU, relative light unit. (D) RT-PCR (left) and western blotting (right) examined ATG10- and ATG10S-mediated activation of the
IFNL2 LP1 promoter. (E) Diagram of 3 GFP-expressing constructs directed by LP1 truncated segments (LP1-1, LP1-2, and LP1-3). (F) RT-PCR (upper panel) and western
blot (bottom panel) were used to determine the effects of ATG10 and ATG10S on GFP expression directed by the LP1-1, LP1-2 or LP1-3 segments respectively. Ctrl,
non-transfection; * indicates P < 0.05, *** indicates P < 0.001. The statistics data are expressed as the mean + standard deviation (SD) (n = 3).
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Table 1. Prediction of transcription factor IRF1 BD on IFNL2 5'-upstream sequence LP1.

Model ID Model name Score Relative score Start End Strand predicted site sequence
MA0050.2 IRF1 17.317 0.881473027 182 202 -1 AGATGGAGTCTTGCTCTGTAG
MA0050.2 IRF1 12.077 0.821492265 177 197 -1 GAGTCTTGCTCTGTAGCCCAG
MA0050.2 IRF1 11.586 0.81587193 175 195 -1 GTCTTGCTCTGTAGCCCAGGC
MA0050.2 IRF1 11.23 0.811796901 190 210 -1 TTTTTTTGAGATGGAGTCTTG
MA0050.2 IRF1 10.835 0.80727545 186 206 -1 TTTGAGATGGAGTCTTGCTCT

The prediction of IRFs transcription factor BD in the LP1 sequence using the online prediction software JASPAR (http://jaspar.genereg.net/). Only IRF1-binding sites
among the IRFs family were predicted in the LPT region with higher scores. The predicted site sequences are given in their complementary chain.

deletion of unit-2 in the IFNL2 promoter LPI-1 sequence, and
neither could be activated again by ATGI10S overexpression.
Instead, they showed lower levels of expression than by the
ATGI0 overexpression and in control groups. Therefore, we pos-
ited that the unit-2 oligonucleotide is necessary for ATG10S to
promote IFNL2 gene transcription. ATG10 had slightly opposing
roles as ATGI10S in both LPI-1 and LPI-I-ABD promoter
segments.

We performed comparative analyses of the five sequences of
the predicted IRF1-binding domains (Table 1) and found that
a common overlapping sequence (CAAGAC) (core motif, CM)
existed in this unit-2 region (Table 1, Figures 2A and 3A). Next,
we determined whether the CM was the locus for ATG10S
binding on the IFNL2 gene promoter. We similarly constructed
plasmids of GFP and LUC reporter genes controlled by the CM-
deleted LPI-1 promoter (ACM) and detected their transcrip-
tional activity under ATG10S overexpression. RT-PCR, western
blotting, and the luciferase assay showed that both reporter
genes were not expressed compared with LPI-1 (Figure 3B-D).
Consequently, the CM in LPI-1 was found to be essential for the
transcriptional activation of ATG10S on the IFNL2 promoter.
We simultaneously investigated which single nucleotide was
responding to the binding role. Substituting individual nucleo-
tides one-by-one in the CM (CAAGAC), 6 expression constructs
of site-directed mutants labeled by GFP or LUC were produced
and named CMI[C > T], CM2[A > G], CM3[A > C], CM4
[G > T], CM5[A > GJ, and CM6[C > T] (Figure 3A). As shown
in Figure 3B-D, the levels of GFP expression and activity of
luciferase was not increased and were even decreased in CMI
[C > T], CM3[A > C], and CM6[C > T] groups under ATG10S
overexpression similar to the ACM group. The other three
mutants still had transcription activity as the LPI-1 group.
Furthermore, as shown in Figure 3E, the DNA IP (DIP) assay
showed that ATG10S but not ATG10 could bind to LP1-1 DNA
in HepG2 cells. When we deleted the CM or the three nucleo-
tides were separately mutated in CM1[C > T], CM3[A > CJ, and
CM6[C > T] the combination of ATG10S with LPI-1 disap-
peared. These results verified that CM1 (C), CM3 (A), and
CM6 (C) within the CM (CAAGAC) of the LPI-1 are crucial
nucleotides for ATG10S binding on the IFNL2 promoter. Any
one mutation of the three nucleotides caused the loss of ATG10S
function in IFNL2 transcriptional activation.

ATG10S protein enters the nucleus by the classical
nuclear transport system

Because ATGI0S can activate the IFNL2 promoter and suppress
HCYV replication [28,30], we determined how ATG10S entered the

cell nucleus. We detected the subcellular distribution of ATG10S
and compared it to that of ATG10 in both HepG2 cells and HCV-
subreplicon cells using cell immunofluorescence (IF) experiments.
The results showed that ATG10S distributed in both the cytoplasm
and nucleus, but the nucleus had the most accumulation. The
ATGI10 protein did not dock in the nucleus and was only present
in the peripheral cytoplasm of both cell lines (Figure 4A). Further,
we assessed the subcellular localization of ATG10 and ATG10S by
online prediction of the nuclear location signal (NLS) using cNLS
Mapper software (http://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_
Mapper_form.cgi) with the definition of the cutoff scores given
in this work [26,31,32], in which the definition of the cutoff score
specifies that a protein with a score equal to or higher than 3 can
localize to both nucleus and cytoplasm, and a protein with a score
below 3 can only localize to cytoplasm. The assessment indicated
that ATG10 scores are less than 3, suggesting that the protein only
localized in the cytoplasm; one of the ATG10S scores is 3.1, and the
other three are below 3, which means ATGI10S protein probably
distributes in both cytoplasm and nucleus (Figure 4B). These
predictions support this conclusion (Figure 4A). We then con-
firmed the ATGI10S nucleus targeting by examining ATG10S
conjugation with the nuclear transport protein KPNA1l and
KPNBI by co-immunoprecipitation (co-IP) experiments. The
results showed that ATG10S and not ATG10 combined with
endogenous KPNA1 and KPNB1 (Figure 4C), indicating that
nuclear transport of ATG10S occurs via the classical nuclear
transport pathway. Interestingly, the IRF1 protein was also con-
jugated with the complex (Figure 4C), suggesting that both IRF1
and ATGIOS can translocate together into the nucleus, and HCV
subreplicon did not affect ATG10S nucleus-docking. In response
to the treatment of KPNAI-siRNA or KPNBI-siRNA, the phe-
nomenon of ATG10S nucleus localization disappeared in the two
experiments of nuclear-cytoplasmic separation and cell immuno-
fluorescence (Figure 4D,E), which confirm that ATG10S nucleus
transfer is indeed dependent on the classical nuclear transport
pathway.

ATG10S activates IFNL2 transcription via competition
with IRF1 at the same core motif

The results given above showed that the CM and CM1(C), CM3
(A), and CM6(C) are key loci and crucial nucleotides for
ATGI10S binding to the IFNL2 promoter, which resulted from
the prediction of the IRF1-binding site on the IFNL2 promoter.
The co-IP results showed that both IRF1 and ATG10S were both
transferred by KPNA1 and KPNBI; however, the relationship
between ATG10S and IRF1 in activating IFNL2 transcription
remains to be clarified. We investigated the interaction between
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Figure 2. Transcription factor IRF1 Binding Domain (BD) is crucial for ATG10S promotion of IFNL2 transcription. (A) Diagrams of LP1-1-GFP constructs with IRF1-BD
deletion (ABD) and four pairs of oligonucleotide deletions in the BD. All of the mutants were cloned into pEGFP-ACMV-N1 (GFP as a reporter gene) and pGL3-basic
(luciferase gene as a reporter gene) vectors. (B) GFP expression directed by LP1-1 and LP1-1-ABD in HepG2 cells via co-transfected with ATG10 or ATG10S mRNA were
analyzed by RT-PCR (upper) and western blotting (bottom), Ctrl, non-transfection control. (C) The luciferase activity driven by LP71-1 and LP1-1-ABD under co-
transfected with ATG10 or ATG10S mRNA were examined by luciferase assay. (D-F) ATG10/ATG10S-mediated activations of the oligonucleotide-deleted LP1-7 mutants
(LP1-1-BDAT, LP1-1-BDA1-2, LP1-1-BDA2-3, and LP1-1-BDA3) compared with LP1-1 were detected using RT-PCR (D), western blotting (E), and luciferase assay (F). RLU,
relative light unit. * indicates P < 0.05, *** P < 0.001. All of the statistics data are expressed as the mean + SD (n = 3).

ATGI10S and IRF1 using the luciferase activity analysis and qRT-
PCR. When the endogenous IRFI transcript was knocked down
by IRFI small interfering RNA (siRNA), the luciferase activity
and GFP mRNA level significantly increased compared with the
no IRFI-siRNA and Ctrl-siRNA groups under ATG10S over-
expression with the IFNL2 LPI-1 promoter; similarly, when
downregulating ATGIO0S, the luciferase activity and GEFP

mRNA level was significantly higher in response to IRF1 over-
expression than in the no ATG10-siRNA and Ctrl-siRNA groups
(Figure 5A,B and F). Furthermore, we used a DNA IP experi-
ment to confirm the direct competition relationship between
ATGI10S and IRF1 on LPI-1. When IRFI-siRNA downregulated
IRF1, the amount of LPI-1 DNA combined with ATG10S nota-
bly increased over both the no IRFI-siRNA and Ctrl-siRNA
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unit. *** indicates P < 0.001. All of the data are expressed as the mean + SD (n = 3). (E) DNA IP analysis of the interactions between ATG10S or ATG10 protein and
IFNL2 promoter LP1-1 or LP1-1 DNA mutation fragments (LP1-1-CM1[C > T], LP1-1-CM2[A > G], LP1-1-CM3[A > (], LP1-1-CM4[G > T], LP1-1-CM5[A > G] or LP1-1-CM6
[C > T]). These IFNL2 promoter mutants were separately co-transfected with ATG10S or ATG10 into HepG2 cells. The cell lysates were immunoprecipitated with anti-
FLAG antibody (FLAG-labeled with ATG10 and ATG10S) and followed PCR determination for these mutated LP7-7 DNAs.

groups (Figure 5C). To determine if the competitive relationship
exists on the same binding loci, we examined the BD and CM of
the IFNL2 LPI-1 segment using the same experiments and the
same mutants. The results of the luciferase assay and RT-PCR
showed that the effects of IRF1 on IFNL2 transcription signifi-
cantly reduced in the LPI-1 mutants of the BD-deleted, BD-
unit2-deleted, CM-deleted, CM3[A > C], and CM4[G > T]
groups, but were moderately raised in the CM6[C > T] group
compared with the wild-type LPI-1 group (Figure 5D and E).
These results suggested that the CM3 (A) and CM4 (G) are
necessary nucleotides for IRF1 binding on the IFNL2 LPI-1
promoter. The CM6[/C > T] mutation enhanced IFNL2 tran-
scription, but CM1[C > T] did not affect IRF1. Thus, CM3 (A) is
a common key nucleotide for both IRF1 and ATG10S binding to
the same promoter, CM4 (G) is a specific nucleotide for IRF1
binding, and CM6 (C) has opposite effects on IRF1 and ATG10S.

However, CM deletion caused a decrease of both IRFI and
ATGI10S activity (Figures 5D, E and 3B-E), and IRF1 or
ATGI10S downregulation led to the increase of ATGI10S or
IRF1 activity, respectively (Figure 5A and B). Therefore, we
infer that ATG10S can activate IFNL2 transcription via competi-
tion with IRF1 at the same binding site (the core motif), but the
individual nucleotides for ATG10S and IRF1 binding loci are
different.

ATG10 inhibits the GFP expression

We also observed an intriguing phenomenon that overexpres-
sion of ATG10 moderately inhibited GFP expression. We infer
that ATG10 overexpression can promote autophagosome for-
mation, which contributes to the degradation of excess
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Figure 4. ATG10S can be transported into the nucleus, and bind on the IFNL2-core motif as a transcription factor. (A) Representative immunocytochemical images of ATG10 and
ATG10S distribution in HepG2 cells and HCV replicon cells via using anti-FLAG antibody (FLAG labeled to ATG10 or ATG10S). Scale bars: 15 um. (B) Prediction of NLS in ATG10 and
ATG10S using online prediction software (http://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi). Based on the software, a score of a protein is greater than 3, indicating
that the protein can distribute in both the nucleus and cytoplasm; a protein score less than 3 suggests the protein only localizes in the cytoplasm. (C) Interactions among
ATG10S, KPNA1, KPNB1, and IRF1 in HepG2 and HCV subreplicon cells by co-IP. Cells transfected with the ATG10S or ATG10 constructs, the cell lysates were immunoprecipitated
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Figure 5. ATG10S activates IFNL2 transcription via competition with IRF1 at the same core motif. (A, B) Activity of IFNL2 promoter LP7-1 was competitively induced by
ATG10S and IRF1 in Luciferase activity assay (A) and qRT-PCR (B) using gene upregulation and downregulation of ATG70S and IRF1 genes. (C) DNA IP analysis of
ATG10S binding to LP7-7 DNA with IRF1-siRNA compared with no /RF1-siRNA and Ctrl-siRNA groups in HepG2 cells. The cell lysates were immunoprecipitated with
anti-FLAG antibody and LP1-1 DNA were detected by RT-PCR (left panel), IRF1 downregulation was confirmed by western blotting (right panel). (D) Luciferase activity
analysis of LP1-1 sequential deletions (LP1-1-ABD, LP1-1-BDA1, LP1-1-BDA1-2, LP1-1-BDA2-3, and LP1-1-BDA3) groups compare to LP1-1 group (upper panel), and of
the CM deletion and six-point mutants (LP7-1-ACM, LP1-1-CM1[C > T], LP1-1-CM2[A > G], LP1-1-CM3[A > (], LP1-1-CM4[G > T], LP1-1-CM5[A > G], and LP1-1-CM6
[C > T]) groups compare to LP1-1 group (bottom panel) under IRF1 overexpression. (E) GFP transcription directed by LP1-1, LP1-1-ACM, LP1-1-CM1[C > T], LP1-1-CM2
[A > G], LP1-1-CM3[A > (], LP1-1-CM4[G > T], LP1-1-CM5[A > G], and LP1-1-CM6[C > T] mutants under IRF1 overexpression were analyzed by RT-PCR. (F) A model of
competitive binding loci for IRF1 and ATG10S on the CM and their corresponding inductive activity. + indicates endogenous IRF1 or ATG10S expression, ++ indicates
IRF1 or ATG10S overexpression, — indicates endogenous IRF1 or ATG10S knockdown. * indicates P < 0.05, ** and ## indicates P < 0.01, *** and ### indicates
P < 0.001. All data are expressed as the mean + SD (n = 3).



intracellular protein via autophagic digestion, so the presence of
ATGI10 overexpression degraded more GFP than in the control
group. Two co-IP and DNA IP experiments demonstrated this
hypothesis. Both results show that when using immunoprecipi-
tation with anti-LC3B and anti-SQSTM1/p62 antibodies, mas-
sively more GFP protein and GFP mRNA combined with LC3B
and SQSTM1 proteins appeared under ATG10 overexpression
than in the control group (Figure S1), meaning that more GFP
products than those in the control group were transferred into
autophagosome and degraded.

Discussion

Our recent studies showed that the two isoforms of ATG10 and
ATG10S have distinct roles in HCV subgenome replication and
autophagy flux. ATGI10S activates expression of IFNL2 and also
promotes the formation of autolysosomes with the help of
IFNL2, leading to degradation of HCV subgenome and HCV
virion by driving autophagy flux [28,30]. Here, we confirmed
this action of ATG10S suppression on HCV subreplicon and full
virion again (Figure S2). We believe that the anti-HCV activity
may be correlated with IFNL2 expression activated by ATG10S.
We found that ATG10S translocated into the nucleus, which
raised the possibility that ATG10S might act as a latent tran-
scription factor [30]. The current study is a continuation of our
previous studies and explores the molecular mechanism of
ATGI10S promoting IFNL2 expression. We found that ATG10S
could bind to the IFNL2 promoter LPI-1 segment, which was
about 1 kb upstream sequence of the initial codon by a series of
sequential promoter deletion and DNA IP assays, which is in
accordance with the report from Hahn’s group [33]. The cano-
nical longer isoform ATGI10 did not have similar roles as
ATGI0S. Prediction of a protein’s subcellular localization using
software is a useful tool for an initial study of a new protein
function [34,35]. We utilized cNLS Mapper software online
predicted the characteristic of ATG10S protein in subcellular
localization. Prediction of the NLS showed that the ATG10S
protein has the potential to localize in both the cytoplasm and
nucleus. ATGI10S is translocated to the nucleus by KPNAI and
KPNBI in a ternary complex, as confirmed by co-IP and IF. This
study also revealed that ATG10S could recognize a specific motif
and nucleotides in the IFNL2 promoter sequence, indicating that
it has characteristics of a transcription factor and acts as
a transcription factor to promote IFNL2 transcription.

Another significant finding was that the binding site of
ATGI10S was the same BD for the IRF1 transcription factor,
indicating that ATG10S and IRF1 compete for binding at the
same locus. The relationship between ATG10S and IRF1 was
identified by siRNA and showed a negative correlation; knock-
down of endogenous IRF1 significantly increased the activity of
ATGI10S toward IFNL2 gene transcription. The crucial nucleo-
tides were detected for ATG10S and IRF1 binding by nucleotide
mutations, which showed differential nucleotides, but CM3 (A)
was common for binding of both. ATG10S and IRF1 share a CM
(CAAGAC) but have their specific nucleotide pattern (CM1 [C],
CM3 [A], and CM6 [C]) for ATG10S, the CM3 (A) and CM4
(G) for IRF1 for binding to the IFNL2 promoter. Thus, we
inferred that there is probably crosstalk and interaction between
ATGI10S and IRF1 proteins. Although they act on different
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nucleotides besides sharing CM3 (A), the special hindrance
disturbs their simultaneous binding to the CM (Figure 5F),
which may limit their synergistic effects on IFNL2 activation.
This result may illustrate why ATG10S has stronger activity in
promoting IFNL2 transcription after IRF1 downregulation.

Previous studies have shown that the IFNLI gene is regulated
by IRF3 and IRF7, similar to the IFNBI gene, whereas IFNL2 and
IFNL3 gene expression is mainly controlled by IRF7, which is
similar to transcription of the IFNA2 gene [10]. However, in
accordance with previous research results, we found that the
transcriptional regulation of IFNL genes may be dependent on
cell- or stimulus-specific induction patterns [10,36-38]. To date,
the views on the interaction between IRFs and IFNLs are com-
plex and inconclusive. One study showed that IFNLI gene
expression requires IRFs binding to spatially separated elements
in distal regions of the promoter [36], whereas another report
demonstrated that proximal regions (1 kb) of the promoter are
involved in HCV-induced production of IFNL [33]. In this
study, we found that overexpression of IRF1 can also promote
IFNL2 overexpression, and the action site is located within 1 kb
upstream sequence from IFNL2 initial codon. An interesting
phenomenon is that after CM3 or CM4 mutation in the CM of
the IFNL2 promoter LPI-1 sequence, the activity of IRF1 in
promoting IFNL2 expression was clearly lower than that on
wildtype LPI-1, but still moderately displayed compared with
the control group (Figure 5D and E). Therefore, we postulate
that IRF1 regulatory roles on IFNL2 activation differ from those
of ATGI10S, even if they act at the same CM sequence in LPI-1.
Accordingly, the regulatory mechanism of IFNL2 gene expres-
sion may be related to the complex regulation of multiple tran-
scription factors, including other regulatory elements and other
binding sites on the IFNL2 promoter. Our results demonstrated
that ATGI0S functions similarly to the IFNL2 transcription
factor, indicating a new innate immune regulation pathway.
According to our previous studies [28,30], this study also pro-
vides evidence of communication between autophagy and the
innate immune system.

IFNs represent the first line of defense against viral pathogens
and act directly on viral replication and indirectly through the
activation of host immune response genes [39]. Previous studies
have reported that IFNL resists HCV by using both HCV repli-
con and cell culture infectious virus model systems in hepato-
cellular carcinoma cells, and other viruses, including HIV, HBV,
and influenza A virus are sensitive to the antiviral effects of IFNL
[3,4]. These results confirm that IFNL proteins are potent anti-
viral cytokines. However, some studies have found that the
expression of IFNL is enhanced in patients with chronic HCV
[33], indicating that endogenous IFNL produced by the innate
immune response is insufficient to clear HCV virus, or that HCV
can effectively evade the antiviral effects of IFNL. In recent years,
our group found that ATGI10S can significantly promote the
high expression of type III IFN and may act as a transcription
factor to regulate IFNL2 gene expression [28,30]. Additional
studies are needed to determine whether ATG10S may be
a novel target for the screening of antiviral drugs. The results
of this study clarified the molecular mechanism by which
ATGI10S inhibits HCV replication. ATGI0S, as a restrictive
host factor, promotes the overexpression of type III IFN, while
whether ATG10S has a similar effect on other viruses needs to be
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Figure 6. Overview of ATG10S function as both an autophagy activator and a novel transcription factor in HepG2 cells. (1) ATG10S is transferred into the nucleus by
KPNA1 and KPNB1 when IRF1 is downregulated. (2) ATG10S is transferred into the nucleus together with IRF1 by KPNA1 and KPNB1. (3) IRF1 is transferred into the
nucleus by KPNA1 and KPNB1 in the presence of little or no ATG10S expression. The red arrows show that ATG10S can cooperate with IFNL2 in promoting autophagy
flux in the cytoplasm, as reported in our previous studies [28,30] The black arrows show the transport of ATG10S into the nucleus carrying by KPNA1 and KPNB1
proteins and binding to the CM of the IFNL2 promoter at different sites from IRF1, but only one nucleotide is shared with IRF1 at /FNL2: CM3-Adenine.

further explored. Moreover, due to its high homology to IFNL
family members, it also needs to be determined if ATG10S can
activate the expression of other members of the type III IFN
family by a similar mechanism of promoting IFNL2 expression.

In summary, our findings suggest that ATG10S is trans-
ported into the nucleus by the classical nuclear transport
system, where it competes with IRF1 for binding to the CM
to promote transcription of IFNL2 (Figure 6).

Materials and methods
Antibodies and reagents

Anti-FLAG antibody for co-IP, IF, and DNA IP assay was
obtained from Abcam (ab1257). For co-immunoprecipitation (co-
IP) and DNA IP assay, anti-SQSTM1/p62 (PM045) and anti-LC3B
(PMO036) were obtained from MBL (PMO045). For immunoblot
analysis, anti-GFP (MO048-3), anti-LC3B (M186-3), and anti-
SQSTM1/p62 (PM045) were purchased from MBL International
Corporation; anti-IFNL2 (ab38570), anti-IRF1 (ab186384), anti-
KPNB1/importin B (ab45938), anti-HSP90A/Hsp90 (ab13495),
anti-NS5B (ab122972), and anti-CORE (ab2740) were obtained
from Abcam; anti-KPNA1/importin o (14372) was obtained from
Cell Signaling Technology; anti-LMNB/lamin B (sc-6216) was
purchased from Santa Cruz Biotechnology; and anti-GAPDH
(TA-08) and horseradish peroxidase-conjugated goat anti-rabbit
(ZB-2301), goat anti-mouse (ZB-2305), and rabbit anti-goat (ZB-
2306) IgG were purchased from Zsgb Bio. For IF, FITC-labeled
goat anti-mouse IgG (ZF-0312), TRITC-labeled goat anti-rabbit

IgG (ZF-0316), and TRITC-labeled rabbit anti-goat IgG (ZF-0317)
secondary antibodies, and mounting medium with DAPI (ZLI-
9557) were purchased from Zsgb Bio. For co-IP experiments,
mouse IgG (A7028) and rabbit IgG (A7016) were purchased
from Beyotime Biotechnology, and protein A/G plus agarose (sc-
2003) was obtained from Santa Cruz Biotechnology.
Lipofectamine 2000 Reagent (1815626) was purchased from
Invitrogen. Protein extraction reagent RIPA lysis buffer
(C1053), protease inhibitor (cocktail, 50x, P1261-1), and non-
denaturing lysis buffer (C1050) were purchased from Applygen
Technologies, Inc.

Cell lines and HCV models

HepG2 cells were obtained from the National Infrastructure
of Cell Line Resource. HCV subgenomic replicon cell model
was constructed in accordance with our previous work using
prGC3N and p5BR (constructed in our previous study [40])
co-transfected into HepG2 cells [28,40]. The HCV subge-
nomic replicon sequence was cloned from HCV 1b genomic
sequence; prGC3N expresses antisense HCV 5" UTR-core
sequence and sense 3’ UTR, which acts as the HCV RNA
subgenomic template; and p5BR expresses HCV RNA-
dependent RNA polymerase NS5B. HCV virion infection
cells were performed as previously described [28]. Briefly,
Huh?7.5 cells (provided by Dr. Zonggen Peng) were separately
transfected with ATGI10 and ATGI0S constructs, after 6 h
culture, infected with HCV virions (HCV 2a, J6/JFH/]JC, 45
IU/cell) (provided by Dr. Zonggen Peng) for 72 h and



collected for succeeding experiments. Cells were cultured in
MEM (Gibco, 8119340) supplemented with 10% fetal bovine
serum (Gibco, 2025790) at 37°C in a 5% CO, incubator.

Plasmid construction

ATGI10 and ATGI0S with FLAG-tagged at their N-terminals
constructs were designed as previously described [28,30].
IFNL2 promoter of 2.1 kb sequence was cloned using PCR
with two pairs of primers and inserted into the pEGFP-
ACMV-N1 vector in which the CMV promoter sequence
was deleted and replaced by the designed segments of the
IFNL2 promoter in pEGFP-N1 (Solarbio, P6460). The 2 pri-
mer pairs (5-3') were as follows: LP2 (F-GCCCCAC
AGCCAGCTTTGAGATT, R-TCCTGATCTCTGGTCTTT
GTC); LP1 (F-CGTGGTGGTGCATGCCTATAGTC, R-TC
CTGATCTCTGGTCTTTGTC). The fragment deletion
mutants of LPI-1, LP1-2, and LPI1-3 were cloned into the
pEGFP-ACMV-N1 vector (Figure 1E). A series of truncated
LP1-1 mutants were constructed based on 3 units of the
predicted IRF1 transcription factor BD. The 3 units were
deleted from the 5'-terminal or 3'-terminal sequentially and
inserted into the pEGFP-ACMV-N1 vector and pGL3.0-basic
vector (Promega, E1751), forming four truncated mutants:
BDAI, BDAI-2, BDA2-3, and BDA3 (Figure 2A). Point muta-
tion constructs were generated using the QuikChange Site-
Directed Mutagenesis Kit (Beyotime Biotechnology, D0206)
and ligated into the pEGFP-ACMV-N1 and pGL3.0-basic
vectors (Figure 3A). Site-directed mutagenesis was done as
follows: CM1[C > T] (CAAGAC changed to tAAGAC); CM2
[A > G] (CAAGAC changed to CgAGAC); CM3[A > C]
(CAAGAC changed to CAcGAC); CM4[G > T] (CAAGAC
changed to CAAtAC); CM5[A > G] (CAAGAC changed to
CAAGgC); CM6[C > T] (CAAGAC changed to CAAGAL).

Transfection and luciferase assay

Cells were transfected with 1 pug GFP reporter plasmid
driven by the IFNL2 promoter and 100 ng 5'-capped
mRNAs of ATGI10, ATGIOS, or IRFI by using
Lipofectamine 2000 reagent (Invitrogen, 1815626) accord-
ing to the manufacturer’s instructions. Then the cells
were collected after 30 h of culture for subsequent
experiments. For the luciferase assay, cells were transfected
with 1 pg plasmids of luciferase reporter driven by the
IFNL2 promoter and 10 ng pRL-SV40-N plasmid
(Beyotime Biotechnology, D2762), and co-transfected with
ATGI10, ATGI10S, or IRF1 5' capped-mRNAs. After 30 h,
cells were harvested and lysed in 250 uL lysis
buffer (Beyotime Biotechnology, RG027-1) for firefly luci-
ferase and Renilla luciferase activities assay by using the
Dual-Luciferase Reporter Gene Assay Kit (Beyotime
Biotechnology, RG027) according to the manufacturer’s
instructions. Data are expressed as the mean relative luci-
ferase activity plus SD for one representative experiment
conducted in triplicate of at least 3 independent
experiments.
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DNA IP assay

Briefly, we transfected HepG2 cells separately with FLAG-tagged
ATGIO0 and ATGI10S mRNA, and co-transfected with IFNL2
promoter constructs. We harvested cells and added 1% formal-
dehyde. The culture was incubated at 37°C for 10 min to allow
the cross-linking of proteins and DNA. Following 3 times of
wash with cold 1 mM PMSF (Beyotime Biotechnology, ST506),
the cells were resuspended using SDS lysis buffer containing 1%
SDS and 1 mM PMSF and lysed by sonication. After centrifuga-
tion, the supernatant was collected, and the DNA in the super-
natant was immunoprecipitated with anti-FLAG, anti-LC3B,
and anti-SQSTM1/p62 antibodies. Immunoprecipitated DNA
was measured by RT-PCR using LPI-1 or GFP specific primers
(synthesized by Sangon Biotech). The primer sequences were as
follows: LPI-1 (forward primer, 5-CGTGGTGGTGCAT
GCCTATA-3" and reverse primer, 5-TAACTGCAACCTCC
ACCTCC-3"); GFP (forward primer, 5-ACGGCGTGCAGTG
CTT-3', reverse primer, 5-TGGGTGCTCAGGTAGTGG-3').

PCR assay

Total RNA was extracted using Trizol Reagent (Invitrogen,
15596-026), and first-strand complementary DNA (cDNA)
was synthesized from 1.0 pg total RNA using M-MLV reverse
transcriptase (Promega, M1708) according to the manufacturer’s
instructions. PCR was performed with primer pairs (synthesized
by Sangon Biotech) of related genes, and ACTB/B-ACTIN
expression served as the reference gene for all of the reactions.
The primer sequences (5'-3") for RT-PCR are as follows: ATG10
or ATG10S (FFATGGAAGAAGATGAGTTCATTGG, R-TTA
AGGGACATTTCGTTCATCCTGAG); GFP (F-ACGGCGT
GCAGTGCTT, R-TGGGTGCTCAGGTAGTGG); ACTB
(F-AGGGAAAT CGTGGGTGACATCAAA, R-ACTCATC
GTACTCCTGCTTGCTGA). The primer sequences for quanti-
tative real-time PCR (qRT-PCR) (5'-3") are as follows: IFNL2
(F-AATTGTGTTGCCAGTGGGGA, R- GCGACTGGGTGGC
AATAAAT); GFP (F-AGATCCGCCACAACATCGAG, R-
GTCCATGCCGAGAGTGATCC); ACTB (F-CACCATTGGCA
ATG AGCGGTTC, R-AGGTCTTTGCGGATGTCCACGT).

Co-immunoprecipitation (Co-IP) and cell
immunofluorescence

As previously described [30], for co-IP experiments, HepG2
and HCV subgenomic replicon cells transiently transfected
with ATG10 or ATGI10S plasmids for 30 h. Then the cells
were lysed with non-denaturing lysis buffer containing pro-
tease inhibitor cocktail (Applygen Technologies, P1261-1),
and the lysate was incubated with anti-FLAG, anti-LC3B,
and anti-SQSTM1 antibodies. Protein-antibody immune com-
plexes were washed with lysis buffer, dissolved in SDS loading
buffer, and subsequently subjected to immunoblot analysis.
For cell immunofluorescence, the cells were seeded on cover-
slips and transiently transfected with ATG10 or ATGI10S plas-
mids for 30 h. Cells nuclei were stained with DAPI (Zsgb Bio,
ZLI-9557), and TRITC-anti-FLAG antibodies were used to
visualize the subcellular location of ATG10 or ATG10S.
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Nuclei-cytoplasm fractionation experiment

FLAG-tagged ATG10S mRNA co-transfected with KPNAI-
siRNA (Santa Cruz Biotechnology, sc-41277) or KPNBI1-siRNA
(Santa Cruz Biotechnology, sc-35736) into HepG2 cells, and the
cells were collected for the subsequent experiments after 36 h
culture. Nuclei and cytoplasm fractionation were conducted
using the NE-PER Nuclear and Cytoplasmic Extraction
Reagents kit (Thermo Fisher Scientific, 78835) according to the
manufacturer’s protocol. Western blot analysis was performed to
detect ATG10S in both parts of nuclei and cytoplasm using the
anti-FLAG antibody. LMNB and HSP90A served as the nuclear
marker and cytoplasmic marker, respectively.

Overexpression and siRNA-mediated knockdown of IRF1

First, IRF1 sequence was cloned into pGEM-T vector (Promega,
A1380). To assess the action of IRF1 action on transcription of
IFNL2, 5'-capped mRNAs of IRFI were synthesized in vitro
using a capped mRNA kit (Ambion, AM1348) with pGEM-
T-IRFI as templates. Each 100 ng 5'-capped mRNA or mock
plasmid and plasmids of the reporter gene guided by the IFNL2
promoter were co-transfected into HepG2 cells for each well.
Then the cells were collected after 30 h for subsequent experi-
ments. To knockdown the expression of IRFI, IRFI1-siRNA was
obtained from Santa Cruz Biotechnology, and siRNA transfec-
tion was performed as described in the user manual (sc-35706).

SiRNA-mediated knockdown of ATG10S

ATGI10-siRNA was obtained from Santa Cruz Biotechnology,
and siRNA transfection was performed as described in the
user manual (sc-72576). ATG10-siRNA is a pool of three
different siRNA duplexes; their sequences are as follows: sc-
72576A, 5’GGAGACCUUUAACUCUGAALtt3' (sense) and
5"UUCAGAGUUAAAGGUCUCCHtt3’ (antisense); sc-72576B,
5’"GUACUUCAUCCCUGCAAGALtt3’ (sense) and 5’UCUUG
CAGGGAUGAAGUACTtt3' (antisense); sc-72576C: 5’GAAUC
UACCUCUGAGUUAULtt3" (sense) and 5'AUAACUC
AGAGGUAGAUUCtt3' (antisense). Because the ATGI0-
siRNA can cause downregulation of both ATG10 and
ATGI0S, in order to prevent ATG10 deficiency from skewing
ATGI10S result, ATG10-siRNA plus ATG10 (long one) over-
expression was used in this test. (Figure 5A and B).

Statistical analysis

Data analysis was performed using GraphPad Prism 7 soft-
ware. Statistical comparisons were made using analysis of
variance (ANOVA) and Student’s t test. Data are expressed
as the mean + SD from three independent experiments, and
P-values less than 0.05 were considered to be statistically
significant.
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