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Abstract Non-alcoholic steatohepatitis (NASH), a progressive form of non-alcoholic fatty
liver disease (NAFLD), is characterised by chronic liver inflammation, which can further prog-
ress into complications such as liver cirrhosis and NASH-associated hepatocellular carcinoma
(HCC) and therefore has become a growing health problem worldwide. The type I interferon
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erapy Translational Medicine Research Center, The Third Affiliated Hospital, Sun Yat-sen University,
.
Cancer Research Center School of Medicine, Sun Yat-sen University, Shenzhen, Guangdong 518107,

l.sysu.edu.cn (X. Zhang), qinyf6@mail.sysu.edu.cn (Y. Qin), zhangq27@mail.sysu.edu.cn (Q. Zhang).
f Chongqing Medical University.
to this work.

2.05.029
ishing services by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:zhangxd39@mail.sysu.edu.cn
mailto:qinyf6@mail.sysu.edu.cn
mailto:zhangq27@mail.sysu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gendis.2022.05.029&domain=pdf
https://doi.org/10.1016/j.gendis.2022.05.029
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.sciencedirect.com/science/journal/23523042
www.keaipublishing.com/en/journals/genes-diseases
https://doi.org/10.1016/j.gendis.2022.05.029
https://doi.org/10.1016/j.gendis.2022.05.029


HNF1A suppresses innate immune response to inhibit steatohepatitis 1597
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(IFN) signaling pathway plays a pivotal role in chronic inflammation; however, the molecular
mechanisms underlying NAFLD/NASH from the perspective of innate immune response has
not yet been fully explored. In this study, we elucidated the mechanisms of how innate im-
mune response modulates NAFLD/NASH pathogenesis, and demonstrated that hepatocyte nu-
clear factor-1alpha (HNF1A) was suppressed and the type I IFN production pathway was
activated in liver tissues of patients with NAFLD/NASH. Further experiments suggested that
HNF1A negatively regulates the TBK1-IRF3 signaling pathway by promoting autophagic degra-
dation of phosphorylated-TBK1, which constrains IFN production, thereby inhibiting the activa-
tion of type I IFN signaling. Mechanistically, HNF1A interacts with the phagophore membrane
protein LC3 through its LIR-docking sites, and mutations of LIRs (LIR2, LIR3, LIR4, and LIRs)
block the HNF1A-LC3 interaction. In addition, HNF1A was identified not only as a novel autop-
hagic cargo receptor but also to specifically induce K33-linked ubiquitin chains on TBK1 at
Lys670, thereby resulting in autophagic degradation of TBK1. Collectively, our study illustrates
the crucial function of the HNF1A-TBK1 signaling axis in NAFLD/NASH pathogenesis via cross-
talk between autophagy and innate immunity.
ª 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
Introduction

The improvement of living standards and sedentary life-
styles has witnessed a concurrent increase in metabolic
diseases. The prevalence of non-alcoholic fatty liver dis-
ease (NAFLD) is estimated to be approximately 24%
worldwide.1e3 NAFLD is a “silent” but aggressive disorder
that can develop into non-alcoholic steatohepatitis (NASH).
Although hepatic steatosis is considered benign and
reversible, once inflammation is established, it leads to an
increased risk of steatohepatitis, fibrosis, cirrhosis, and
eventually hepatocellular carcinoma (HCC).4 Numerous
reports have identified that innate immune networks can
regulate the inflammatory response and metabolic activity,
thereby facilitating the progression of steatosis to steato-
hepatitis, liver fibrosis, cirrhosis, and carcinoma.5,6

Type I IFN signaling is frequently activated during sys-
temic metabolic disturbances.7 Emerging studies suggest
that initiation and development of NAFLD/NASH are closely
correlated with metabolic and inflammatory disarrange-
ments resulting from persistent activation of the innate
immune system.5,6,8 IFN via the interferon a receptor
(IFNaR) induces interferon stimulatory gene (ISG) expres-
sion, and it has been reported that IFNaR1-deficient mice
are protected from high fat diet (HFD)-induced fatty liver
and insulin resistance (IR).7 In addition, researchers have
identified several single nucleotide polymorphisms (SNPs)
within the IFN region, which play an important role in
NAFLDeNASH transition.9,10 Collectively, these studies
show that innate immune responses play an important role
in the pathogenesis of steatohepatitis. However, the exact
molecular mechanisms of how the IFN signaling pathway
modulates steatohepatitis are still not fully understood.

Innate immune response activation is initiated by PAMPs
or DAMPs such as various hepatic viruses and free fatty
acids (FFAs).11 The adaptor proteins, including MAVS,
STING, and TRIF, activate the downstream protein kinase
TBK1 (TANK-binding kinase 1), thereby licencing IRF3 for
phosphorylation, which leads to the activation of type I IFN
production.12,13 TBK1 is a key kinase involved in type I IFN
signaling activation. In addition to its role in antiviral im-
munity, TBK1 also acts as an effector of inflammatory
signaling in metabolic diseases. Moreover, TBK1 activity
increases during obesity and functions as a rheostat to in-
fluence the fate of fatty acids in hepatocytes by inducing b-
oxidation in the inactive state and promoting re-esterifi-
cation in the activated state.14 Although the regulatory
network is known, the molecular mechanisms by which
components other than adaptor proteins activate TBK1 and
IRF3 remain unknown.

Hepatocyte nuclear factor-1alpha (HNF1A), an essential
transcription factor, functions predominantly in liver
metabolism homeostasis.15 Mutations in HNF1A are well
recognized in hereditary diabetes mellitus. Moreover, pa-
tients with HNF1A mutations exhibit hyperglycemia and
islet b-cell dysfunction, thereby reducing insulin secre-
tion.16,17 Therefore, its role in metabolic disorders has
attracted increasing attention. HNF1A KO mice reportedly
displayed lipid accumulation in the liver and were accom-
panied by the upregulation of inflammatory cytokines,
inciting a chronic low-grade inflammation microenviron-
ment and consequently resulting in metabolic disease pro-
gression.18,19 However, little is known about whether and
how HNF1A suppresses steatohepatitis by regulating the
type I IFN signaling pathway.

In this study, following a series of molecular approaches,
we made an attempt to clarify the detailed mechanism of
how HNF1A suppresses the type I interferon signaling
pathway by targeting active TBK1 for autophagy degrada-
tion. Furthermore, we confirm their consistency with clin-
ical specimens and suggest a potential therapeutic target to
prevent steatohepatitis.
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Materials and methods

Chemical and reagents

Detailed information on chemical and reagents is presented
in Table S1.

Human tissues samples

Human liver samples were obtained from unserviceable
grafts after liver transplantation at the Third Affiliated
Hospital of Sun Yat-sen University. The experiments were
conducted as per the research board protocol of the med-
ical ethical committees of the Third Affiliated Hospital of
Sun Yat-sen University. Informed consent was obtained
from all subjects and the experiments conform to the
principles set out in the WMA Declaration of Helsinki and
the Department of Health and Human Services Belmont
Report. Information on patients with NAFLD/NASH is pre-
sented in Table S2.

Cell culture

HEK293T and BECN and TBK1 KO 293T cells, HepG2, and
L02 cells were cultured in Dulbecco’s Modified Eagle Me-
dium supplemented with 10% foetal bovine serum. In
addition, the THP-1 and PBMCs cells were maintained in
RPMI 1640 medium supplemented with 10% FBS. All cells
were maintained in a humidified 5% CO2 atmosphere at
37 �C.

Transfection of plasmids and siRNA

Plasmids were transfected into HEK293T cells using Lip-
ofectamine 3000 (Invitrogen) according to the manufac-
turer’s protocol. Small interfering RNA (siRNA) was
purchased from TranSheepBio and transfected into THP-
1 cells using Lipofectamine 3000 according to the manu-
facturer’s protocol. The sequences of HNF1A and negative
control siRNAs are provided in Table S3.

Generation of knockdown and knockout cell lines

Lentiviruses targeting HNF1A [sh#1, sh#2, sh#3, over-
expression (OE)] and a negative control short hairpin RNA
(shRNA; NC) were generated with either shRNA or cDNA that
had been packaged into HEK293T cells using pMD2.G and
psPAX2 plasmids. The medium was changed the next day,
and the conditioned medium was collected 48 h after
transfection and then used to infect target cells with Pol-
ybrene. BECN KO and TBK1 KO cells, target sequences were
cloned into pLentiCRISPRv2 by cutting with BsmBI. Stable
cell lines were purified by selection with puromycin (10 mg/
mL).

Quantitative real-time PCR

Total RNA was isolated with Trizol reagent (Invitrogen) and
reverse-transcribed with HiScript II Q RT SuperMix for qPCR
(þgDNA wiper) (Vazyme, R223-01). qRT-PCR assays were
used to analyse relative mRNA levels using AceQ� qPCR
SYBR Green Master Mix (Vazyme). The amount of mRNA for
each gene was normalised to 18s. Sequences of primers
used in this study are listed in Table S4.

Immunoprecipitation and immunoblot analysis

For immunoprecipitation, whole-cell lysis was carried out
by incubating the cells overnight with the corresponding
antibodies and Protein A/G beads (Pierce). For immuno-
precipitation with anti-FLAG, whole-cell lysis was per-
formed by incubating the cells overnight with anti-Flag
agarose gel (Sigma). The beads were then washed six times
with low salt lysis buffer. The isolated protein was then
eluted with 1 � SDS loading buffer, separated by SDS-PAGE
(10%), and transferred to a PVDF membrane. Then, incu-
bated with the appropriate antibodies (TBK1, HNF1A, HA,
and Flag) and membranes were detected using enhanced
chemiluminescence (ECL) detection system. The antibodies
used in this study are listed in Table S5.

Immunofluorescence

293T cells were cultured on glass-bottom culture dishes
(Nest Scientific) and treated with Sendai virus (SeV) for
12 h. Cells were then fixed with 4% paraformaldehyde for
20 min and then permeabilized with 0.3% Triton X-100 in 3%
bovine serum albumin (BSA) for 10 min. After washing with
PBS for two times, cells were blocked in 3% BSA for 1 h.
Subsequently, the cells were incubated with a primary
antibody against TBK1 and HNF1A overnight at 4 �C, which
were then labelled with the appropriate secondary anti-
body and DAPI-stained for 1 h at room temperature. Images
were captured using a microscope.

Luciferase reporter assays

293T cells were seeded in 24-well plates (2 � 105/well).
Then, these cells were transfected with plasmids encoding
the IFN-stimulated response element (ISRE) or IFN-b lucif-
erase reporter (firefly luciferase; 100 or 50 ng) and pRL-TK
(Renilla luciferase plasmid; 10 ng) together with 200 ng
plasmid encoding Flag-RIG-I (CARD), Flag-MAVS, Flag-TBK1,
Flag-IKKi, and Flag-IRF3 (5D) and various doses of plasmid
encoding Myc-HNF1A (0, 200, 400). An empty vector (EV)
was used to maintain the DNA balance between the wells.
Next, the cells were treated with SeV or stimulated with
poly(I:C) for the corresponding time points. Luciferase ac-
tivity was measured using a Dual-Luciferase Reporter Assay
System (Promega) with a Luminoskan Ascent luminometer
(TECAN). Reporter gene activity was normalised to Renilla
luciferase activity.

Oil Red O and Bodipy staining

HepG2 and L02 cells were fixed in 4% paraformaldehyde for
15 min and then washed twice with PBS. They were then
stained with 60% Oil Red O (Sigma, O0625) isopropanol so-
lution or 0.1% Bodipy (Molecular Probes, D-3821) PBS solu-
tion for 1 h, with extensive washing between every step.
Images were captured using a microscope.



Figure 1 HNF1A negatively regulates type I interferon (IFN) signaling in NASH and innate immunity. (A) Enriched pathway RNA-
seq reads in normal liver and NASH from the Gene Expression Omnibus (GEO) dataset (nZ 7 normal livers and 8 NASH). (B) Reporter
screening of the genes related to liver metabolism indicated HNF1A to be a strong suppressor of type I IFN signaling. 293T cells with
expression of ISRE luciferase reporter and various candidate genes were transfected with poly(I:C) for 12 h. (C) mRNA levels of
HNF1A, and IFN-b derived from healthy human liver and NAFLD/NASH patients. (D) Luciferase activity in 293T cells co-transfected
with a luciferase reporter for ISRE (ISRE-luc) or IFN-b (IFN-b-luc, 50 ng each) and together with empty vector or Myc-HNF1A (0, 200,
and 400 ng), followed by treatment with SeV or poly(I:C) or no treatment (control), results are relative to Renilla luciferase ac-
tivity. (E) 293T cells transfected with empty vector or Myc-HNF1A for 12 h mRNA levels of IFN-b, ISG15, TNFa after SeV infection. (F)
Phase-contrast (PH) and fluorescence microscopy and flow cytometry detecting the infection of 293T cells transfected with empty
vector or Myc-HNF1A, and then infected with VSV-eGFP at an MOI of 1. Original magnification � 10. Numbers above squares indicate
percent cells expressing eGFP (infected cells). (G) Immunoblot analysis of p-IRF3 and IRF3 in 293T cells transfected with various
plasmids for Flag-RIG-I (CARD), Flag-MAVS or Flag-TBK1 plus Myc-HNF1A.
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RNA-seq dataset analysis

The Gene Expression Omnibus (GEO) NASH RNA-seq dataset
(GSE37031) was downloaded, and differential gene
expression analysis of NASH and healthy specimens was
performed using DeSeq (Bioconductor Version 2.12). Addi-
tionally, the genes that showed significant differences in
their expression were classified according to the functional
enrichment pathway analysis by DAVID.

Virus infection

SeV, HSV-1 and VSV-eGFP were kindly provided by Dr. Jun
Cui (Sun Yat-sen University). HSV-1, Sendai virus, and VSV
were propagated on Vero cells. The cells were stimulated
with different multiplicities of infection (MOIs), as previ-
ously described.20

Statistical analysis

Results are presented as the mean � SEM. Student’s t-test
(two-tailed, unpaired) or one-way ANOVA (three-tailed or
more, unpaired) was used to compare the control and
treatment groups. The differences with P < 0.05 were
considered significant.

Results

HNF1A negatively regulates type I IFN signaling in
NASH and innate immunity

To explore how inflammation affects the initiation and
progression of NAFLD/NASH, we first performed a gene set
analysis in NASH and healthy patient specimens using Gene
Expression Omnibus (GEO) RNA-sequencing data. We iden-
tified that the “innate immune defense response group and
inflammatory response group” contained the most
increased gene sets in NASH. Further functional enrichment
pathway analysis revealed that the identified genes were
markedly enriched for defense response, innate immune
response, and inflammatory response signaling (Fig. 1A).
These results suggest that innate immune response and
inflammatory response was overactivated in NASH. In pa-
tients with NASH, this condition is usually accompanied by
abnormal hepatic glycolipid metabolism. Moreover, type I
interferons are the central effectors of innate immunity.
Therefore, we hypothesised that genes involved in liver
metabolism might participate in type I IFN signaling.
Furthermore, to evaluate the possible roles of transcription
factors or genes related to liver metabolism in innate im-
mune responses, we generated HEK293T cells expressing an
ISRE luciferase reporter and the internal control Renilla
luciferase, as well as expression of vectors including
candidate genes, and then transfected the cells with
poly(I:C) to induce type I IFN signaling. Notably, TAZ is
considered a positive control in screening21 (Fig. 1B).
Interestingly, reporter screening indicated that HNF1A, a
pivotal transcription factor of the hepatocyte nuclear fac-
tor (HNF) family involved in maintaining systemic
metabolism homeostasis, significantly hindered type I IFN
signaling (Fig. 1B). Subsequently, we detected the mRNA
expression of HNF1A and IFN-b in both healthy and NAFLD/
NASH clinical liver specimens. Interestingly, the mRNA
expression of HNF1A was significantly decreased in NAFLD/
NASH compared to that in healthy patients (Fig. 1C), while
mRNA expression of IFN-b was remarkably increased in
NAFLD/NASH (Fig. 1C). Altogether, these results indicate
that NAFLD/NASH exhibits aberrant activation of type I IFN
signaling, and HNF1A may mediates the cross-talk between
metabolism inflammation and innate immunity. Based on
these phenotypes, we then used both ISRE and IFN-b
luciferase reporters to further assess the effect of HNF1A
on the inhibition of type I IFN signaling. Overexpression of
HNF1A significantly decreased the SeV-and intracellular
poly(I:C)-induced activity of ISRE and IFN-b luciferase re-
porters (Fig. 1D). Moreover, overexpression of HNF1A
decreased the mRNA expression of IFN-b, TNF-a, and ISG15
in response to SeV infection (Fig. 1E). Next, HNF1A was
overexpressed in 293T cells and treated with vesicular
stomatitis virus tagged with an enhanced green fluorescent
protein (VSV-eGFP) at an MOI of 1. The results indicated
that overexpression of HNF1A promoted the cells’ sensi-
tivity to viral infection and led to the production of
considerably more GFPþ cells than cells transfected with
the empty vector (Fig. 1F). These results imply that HNF1A
is a negative regulator of type I IFN signaling.

To address how HNF1A inhibits type I IFN signaling, 293T
cells were co-transfected with HNF1A, RIG-I (CARD), MAVS,
or TBK1. It was found that HNF1A inhibited the phosphor-
ylation of endogenous IRF3 activated by these cytosolic RNA
sensors and adaptors (Fig. 1G). Simultaneously, HNF1A
slightly decreased the phosphorylation of endogenous IRF3
activated by the cytosolic DNA adaptor STING (Fig. S1A).
Taken together, these results reveal that HNF1A hinders the
production of type I IFN, thereby exhibiting a biological
function in innate immunity and NASH.
Knockdown of HNF1A promotes IFN-b production as
well as innate immune responses

To further investigate the function of HNF1A in regulating
innate immune responses, we used two HNF1A-specific
siRNAs, and two HNF1A-specific lentivirus RNA (shRNA)
constructs to knockdown the expression of HNF1A. All these
efficiently decreased the expression of HNF1A in THP-1 and
293T cells (Fig. S1B, C). HNF1A-knockdown in THP-1 cells
substantially enhanced the phosphorylation levels of
endogenous IRF3 (p-IRF3) under SeV, VSV-eGFP and DNA
virus HSV-1 infection (Fig. 2A, B; Fig. S1D), but were not
significantly increased under HT-DNA infection (Fig. S1E).
Similar results were obtained in 293T cells after infection
with SeV (Fig. S1F). Consistently, siRNA-or shRNA-mediated
knockdown of HNF1A resulted in higher expression of IFN-b,
IFIT1 and ISG15, after infection with SeV (Fig. 2C; Fig. S1G).
Similarly, silencing of HNF1A slightly promoted the mRNA
expression of IFN-b, IFIT1 and ISG15, upon HSV-1 infection
(Fig. S1H). Next, we evaluated the function of HNF1A in
innate immunity by knocking down HNF1A in THP-1 cells
and then infected them with VSV-eGFP or HSV-1-eGFP at an



Figure 2 Knockdown of HNF1A promotes innate immune responses. (A) THP-1 cells were transfected with NC or HNF1A-specific
siRNA, followed by treatment with SeV (MOI 1) at different time points; the lysates were analyzed with indicated antibodies (p-
IRF3, IRF3 and b-Actin). (B) THP-1 cells were transfected with NC or HNF1A-specific siRNA, followed by treatment with VSV-eGFP
(MOI 1) at different time points; the lysates were analyzed with indicated antibodies (p-IRF3, IRF3 and b-Actin). (C) THP-1 cells
were transfected with NC or HNF1A-specific siRNA, followed by treatment with SeV (MOI 1) at different time points. Relative
expressions of IFN-b, IFIT1, and ISG15 mRNA were detected by real-time PCR. (D) Phase-contrast (PH) and fluorescence microscopy
and flow cytometry detecting the infection of THP-1 cells transfected with NC or HNF1A-specific siRNA and then infected with VSV-
eGFP at an MOI of 1. Original magnification � 10. Numbers above squares indicate percent cells expressing eGFP (infected cells).
(E) HNF1A-knockdown or negative control (shNC) 293T cells transfected with ISRE or IFN-b luciferase reporter, then treated with
poly(I:C) or SeV.
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MOI of 1. Replication of VSV and HSV-1 in THP-1 cells was
detected by green fluorescence protein (GFP) tag integra-
tion into the genome, which indicated a significant reduc-
tion in VSV and HSV-1 infection when HNF1A expression was
abolished (Fig. 2D; Fig. S1I). In addition, luciferase reporter
assays revealed that abrogation of HNF1A resulted in
markedly higher activity of both the ISRE and IFN-b lucif-
erase reporter induced by SeV or poly(I:C) (Fig. 2E). Taken
together, these results suggest that knockdown of HNF1A
promotes type I IFN responses.
HNF1A associates with TBK1 and inhibits IRF3
activation

To demonstrate the detailed molecular mechanisms by
which HNF1A suppresses type I IFN signaling, we assessed
ISRE and IFN-b luciferase reporter activities. The results
revealed that HNF1A inhibited the luciferase reporter ac-
tivity induced by RIG-I (CARD), MAVS, TBK1, IKKi, and STING
and weakly inhibited the activity of either luciferase



Figure 3 HNF1A interacts with TBK1 to disrupt IRF3 activation. (A) 293T cells were transfected with ISRE and IFN-b luciferase
reporter, together with RIG-I (CARD), MAVS, TBK1, IKKi or IRF3-5D along with empty vector or increasing amounts of an expression
vector for Myc-HNF1A. (B) 293T cells were co-transfected with vector for Myc-HNF1A and Flag-EV, Flag-tagged RIG-I, TBK1, MAVS,

1602 J. He et al.
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reporter induced by IRF3-5D (a constitutively active mutant
of IRF3) (Fig. 3A; Fig. S2A). These results suggest that
HNF1A might inhibit type I IFN signaling by interacting with
signaling molecules within the type I IFN signaling upstream
of IRF3. Furthermore, co-immunoprecipitation (co-IP) and
immunoblot assays showed that Flag-tagged TBK1 strongly
interacted with Myc-HNF1A (Fig. 3B). Consistently, the
negative regulation of HNF1A on type I IFN signaling was
further tested by surveillance of the interaction of TBK1
with its substrate IRF3 and the oligomerization of TBK1. As
expected, HNF1A markedly inhibited the association be-
tween TBK1 and IRF3 (Fig. 3C). Similarly, HNF1A also
inhibited TBK1 oligomerization (Fig. 3D). In addition, our
luciferase and co-immunoprecipitation results suggest that
IRF3 might be another target of HNF1A, and to rule out this
possibility, we treated THP-1 cells with SeV. Co-immuno-
precipitation (co-IP) and immunoblot assays showed that
endogenous association between HNF1A and IRF3 did not
exist (Fig. S2B). Furthermore, HNF1A knockdown did not
affect IRF3 expression under SeV infection (Fig. S2C). These
results indicate that IRF3 is not a valid target of HNF1A.
Next, to determine whether the association between
HNF1A and active form of TBK1 existed during activation of
type I IFN signaling, we treated THP-1, PBMCs, and 293T
cells with SeV and obtained cell lysates at various time
points. The results showed that the endogenous association
between HNF1A and TBK1 was enhanced after SeV infection
(Fig. 3E, F; Fig. S2D). Furthermore, the co-localization
between TBK1 and HNF1A was notably enhanced after SeV
stimulation (Fig. 3G). Taken together, these results indicate
that HNF1A may interact with the active form of TBK1 in
the process of innate immune activation.

To confirm this possibility, we constructed several
deletion mutants of TBK1 to investigate the indispensable
domains of TBK1 that mediate its association with HNF1A.
The results showed that TBK1 mutants involving only the
kinase domain (KD) interacted with HNF1A, whereas TBK1
mutants involving the coilecoil domain (CC) or the CC
domain plus ubiquitin-like domain (ULD) exhibited no as-
sociation with HNF1A (Fig. 3H). These results suggest that
the kinase domain of TBK1 is essential for HNF1A-TBK1
interaction. HNF1A includes a short N-terminal dimerisation
domain (DI), a DNA-binding domain (PH), and a trans-
activation domain (TA). To determine which domain of
HNF1A is required for the association between HNF1A and
TBK1, we generated four deletion mutants of HNF1A
incorporating only the DNA binding domain (PH), trans-
activation domain (TA), dimerisation plus DNA binding
IKKi or IRF3, followed by immunoprecipitation (IP) with anti-Flag be
analysis of whole-cell lysates without immunoprecipitation (through
and HA-tagged IRF3 with or without Myc-HNF1A, followed by im
analysis with anti-HA. (D) 293T cells were co-transfected with Fl
followed by immunoprecipitation (IP) with anti-Flag beads and imm
for different time points, followed by immunoprecipitation (IP) with
SeV for different time points, followed by immunoprecipitation (IP
293T cells treated SeV for 12 h, followed by staining of TBK1 (green
stained with DAPI (blue). Scale bars 100 mm. (H) Co-immunoprecip
deletion mutants of TBK1 together with Myc-HNF1A. (I) Co-immuno
with deletion mutants of HNF1A together with HA-TBK1.
domain (OTA), and DNA binding plus transactivation
domain (ODI). Co-immunoprecipitation (co-IP) assays
demonstrated that TA (287e631),OTA (1e286), andODI
(32e286) interacted with full-length TBK1, while simulta-
neous deletion of DI and TA domains disrupted their inter-
action (Fig. 3I). These data indicate that dimerisation (DI)
and transactivation (TA) domains are required for the
HNF1A-TBK1 association.

HNF1A mediates the degradation of active TBK1

Next, to investigate how HNF1A inhibits type I IFN signaling
activation through its association with TBK1, we co-trans-
fected plasmids encoding Flag-tagged IRF3 with hemag-
glutinin (HA)-tagged TBK1 into 293T cells, together with
increasing amounts of HNF1A. The results showed that the
level of TBK1 protein decreased significantly with
increasing HNF1A expression (Fig. 4A). Simultaneously,
phosphorylation of IRF3 also decreased with increasing
doses of HNF1A, accompanied by a decrease in TBK1
(Fig. 4A). To address the possibility that the reduction in
TBK1 protein was incited by downregulation of the gene
(TBK1), qRT-PCR was used to examine the 293T cells. The
results revealed that the mRNA level of TBK1 did not
change with increasing expression of HNF1A (Fig. 4B), sug-
gesting that HNF1A might induce TBK1 protein degradation.
To verify the specific role of HNF1A-mediated degradation
of TBK1, we performed similar experiments in cells
expressing RIG-I, MAVS, IKKi, and IRF3 with increasing doses
of HNF1A and revealed that HNF1A did not impair the
expression of RIG-I, MAVS, IKKi, and IRF3 (Fig. S2E).
Furthermore, knockdown of HNF1A arrested the degrada-
tion of TBK1 and increased TBK1-induced ISRE and IFN-b
luciferase activity (Fig. 4C, D).

It was observed that transfected 293T cells with HNF1A
alone did not alter endogenous TBK1 before viral infection
(Fig. S2F). As mentioned earlier, because of the association
of endogenous active TBK1 with HNF1A upon viral infection,
we speculated that HNF1A might induce the active form of
TBK1 for degradation. To verify this hypothesis, we trans-
fected 293T cells with HNF1A or empty vector and infected
them with VSV-eGFP. The results showed that ectopic
expression of HNF1A reduced TBK1 protein in a time-
dependent manner after VSV-eGFP infection compared to
293T cells transfected with an empty vector (EV) (Fig. 4E).
Conversely, abrogation of HNF1A in THP-1 cells resulted in
higher endogenous TBK1 protein levels after infection with
SeV or transfection with poly(I:C) (Fig. 4F, G). Similarly,
ads and immunoblot analysis with anti-Myc. WCL, immunoblot
out). (C) 293T cells were co-transfected with Flag-tagged TBK1
munoprecipitation (IP) with anti-Flag beads and immunoblot
ag-tagged TBK1 and HA-tagged TBK1 plus Myc-HNF1A or not,
unoblot analysis with anti-HA. (E) THP-1 cells infected with SeV
anti-HNF1A and immunoblot analysis. (F) PBMCs infected with
) with anti-HNF1A and immunoblot analysis. (G) Microscopy of
) and HNF1A (red) with specific primary antibody. Nuclei were
itation and immunoblot analysis of 293T cells transfected with
precipitation and immunoblot analysis of 293T cells transfected



Figure 4 HNF1A mediates the degradation of TBK1. (A) Immunoblot analysis of extracts of 293T cells transfected with HA-TBK1
and Flag-IRF3 and increasing doses of Myc-HNF1A. (B) 293T cells transfected with various doses of Myc-HNF1A, followed by
detection mRNA expression of TBK1 by qRT-PCR. (C) Immunoblot analysis of 293T cells transfected with Flag-TBK1 and Myc-HNF1A,
as well as HNF1A-specific or control shRNA. (D) HNF1A-knockdown or negative control (shNC) 293T cells transfected with ISRE or
IFN-b luciferase reporter, followed by reconstitution of TBK1. (E) Immunoblot analysis of extracts of 293T cells transfected with
Myc-EV or Myc-HNF1A, followed by infection with VSV-eGFP for the indicated time points. (F) Immunoblot analysis of extracts of
THP-1 cells transfected with NC or HNF1A-specific siRNA, followed by infection with SeV for the indicated time points; the lysates
were analyzed with the indicated antibodies (p-TBK1, TBK1 and b-Actin). (G) Immunoblot analysis of extracts of THP-1 cells
transfected with NC or HNF1A-specific siRNA, followed by infection with poly(I:C) for the different time points; the lysates were
analyzed with the indicated antibodies (p-TBK1, TBK1 and b-Actin). (H) 293T cells transfected with Myc-HNF1A together with Flag-
TBK1 (WT), Flag-TBK1 (S172A). After immunoprecipitation with anti-Flag beads and immunoblot analysis. (I) Immunoblot analysis of
extracts of 293T cells transfected with Myc-HNF1A together with Flag-TBK1 (WT) or Flag-TBK1 (S172A). (J) Immunoblot analysis of
293T cells transfected with deletion mutants of HNF1A together with HA-TBK1.
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deletion of HNF1A in THP-1 cells led to much more endog-
enous TBK1 protein levels upon infection with DNA virus
HSV-1 or transfected with HT-DNA (Fig. S2G, H). As HNF1A
binds to the kinase domain of TBK1, we next explored
whether the interaction between HNF1A and active TBK1
was essential for its degradation. We constructed an inac-
tive mutant of TBK1, which disrupted the phosphorylation
of TBK1 with the substitution of alanine for serine at posi-
tion 172 (S172A). Next, we co-transfected HNF1A, WT TBK1,
and TBK1 (S172A) into 293T cells and found that HNF1A
interacted with WT TBK1 but did not bind the mutant TBK1
and failed to mediate the degradation in the latter (Fig. 4H,
I). Moreover, we found that several deletion mutants of
HNF1A failed to promote TBK1 degradation compared to



Figure 5 HNF1A promotes the autophagic degradation of TBK1. (A) Immunoblot analysis of extracts of 293T cells transfected with
Flag-TBK1 and Myc-HNF1A and treated with DMSO, CQ or 3-Methyladenine (3-MA). (B) Immunoblot analysis of extracts of 293T cells
transfected with Flag-TBK1 and Myc-HNF1A and treated with DMSO or MG 132. (C) 293T cells transfected with Myc-HNF1A plasmid
for 12 h and then treated or untreated with VSV-eGFP for 12 h. Before collecting, the cells were treated with DMSO, MG 132, CQ,
NH4Cl or Baf A1 for another 12 h; the lysates were analyzed with the indicated antibodies (TBK1, Myc and b-Actin). (D) 293T cells
transfected with Myc-EV or Myc-HNF1A plasmid for 12 h and then treated with VSV-eGFP. Before collecting, the cells were stim-
ulated with CHX for indicated time points, and the cell lysates were analyzed by immunoblot. (E) WT and BECN knockout (KO) 293T
cells transfected with Myc-HNF1A and then stimulated or unstimulated with VSV-eGFP for 12 h, and the cell lysates were analyzed
with the indicated antibodies (TBK1, Beclin-1, Myc and b-Actin). (F) WT and BECN KO 293T cells were stimulated with CHX for
indicated time points, and the cell lysates were analyzed by immunoblot.
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full-length HNF1A (Fig. 4J), indicating that the integrity of
HNF1A is indispensable for its ability to mediate the
degradation of TBK1. These results suggest that HNF1A in-
teracts with the active form of TBK1 (p-TBK1) and specif-
ically promotes its degradation.

HNF1A promotes the autophagic degradation of
TBK1

It is well known that protein degradation in eukaryotic cells
involves three main pathways: the proteasome, lysosome,
and autolysosome pathways.22,23 Therefore, we investi-
gated the degradation system required for the degradation
of TBK1 mediated by HNF1A. The results indicated that the
degradation of Flag-TBK1 induced by Myc-HNF1A could be
rescued by the autolysosome inhibitor chloroquine (CQ) and
autophagy inhibitor 3-methyladenine (3-MA) (Fig. 5A),
whereas the proteasome inhibitor, MG 132 could not block
the degradation of TBK1 mediated by HNF1A (Fig. 5B),
which revealed that HNF1A promoted the degradation of
TBK1 via the autolysosome pathway. Similarly, endogenous
TBK1 was also decreased by ectopically expressed HNF1A
under VSV-eGFP infection, and the lysosome inhibitor
NH4Cl, and the autophagy inhibitors Baf A1 and CQ, rather
than MG 132, hindered the degradation of TBK1 (Fig. 5C).
Moreover, the TBK1 turnover rates were increased in Myc-
HNF1A-overexpressed cells in the presence of translational
inhibitor cycloheximide (CHX) when treated with VSV-eGFP
(Fig. 5D). These results suggest that HNF1A promotes the
autophagic degradation of TBK1. Furthermore, autophagic
degradation of TBK1 mediated by HNF1A was rescued in
BECN KO cells upon VSV-eGFP infection (Fig. 5E). In
addition, we found that the rates of TBK1 degradation were
impaired in BECN KO cells treated with the translational
inhibitor cycloheximide (CHX) (Fig. 5F). Altogether, these
results indicate that HNF1A promotes autophagic degrada-
tion of TBK1.

HNF1A functions as a novel cargo receptor that can
bind to LC3

Evidence suggests that cargo receptors play pivotal roles in
transferring substrates to the autophagosome for selective
autophagic degradation.24e26 First, we co-transfected Myc-
HNF1A and Flag-ATG8 family members (LC3A, LC3B, LC3C,
GABARAP, GABARAPL1, GABARAPL2) into 293T cells, and co-
immunoprecipitation (co-IP) and immunoblot assays
revealed that HNF1A interacted with most of the ATG8
family members (LC3A, LC3C, GABARAP) (Fig. 6A).
Furthermore, we transfected Flag-LC3A into 293T cells and
observed the interaction between endogenous HNF1A and
LC3A (Fig. 6B). Consistent with the above results, we found
that the interaction of endogenous HNF1A with LC3 was
markedly increased upon SeV infection in THP-1 cells
(Fig. 6C). Collectively, these results indicate that HNF1A
interacts with LC3 in the process of innate immune
activation.

Autophagic cargo receptors can bind to ATG8 family
members through a linear peptide sequence called the LC3-
interacting region (LIR) and feature core aromatic residue
with hydrophobic residues. Through the analysis and pre-
diction by the iLIR Autophagy Database (https://ilir.
warwick.ac.uk/), we identified four motifs in human
HNF1A (amino acids 32e39, 75e85, 122e134, 178e184)

https://ilir.warwick.ac.uk/
https://ilir.warwick.ac.uk/


Figure 6 HNF1A can bind to LC3 through its LIR docking sites. (A) 293T cells transfected with HA-HNF1A together with Flag-EV,
Flag-LC3A, Flag-LC3B, Flag-LC3C, Flag-GABARAP, Flag-GABARAPL1 or Flag-GABARAPL2. After immunoprecipitation with anti-Flag
beads and immunoblot analysis. (B) 293T cells transfected with Flag-EV or Flag-LC3A, followed by immunoprecipitation (IP) with
anti-Flag beads and immunoblot analysis. (C) THP-1 cells infected with SeV for 24 h, followed by immunoprecipitation (IP) with
anti-HNF1A and immunoblot analysis. (D) Schematic diagrams of HNF1A, HNF1A-OLIR1, HNF1A-OLIR2, HNF1A-OLIR3, HNF1A-
OLIR4, HNF1A-OLIRs. (E) Immunoprecipitation analysis of the interaction between HNF1A and LC3A or its mutants in 293T cells.
(F) Immunoprecipitation analysis of the interaction between HNF1A and TBK1 or its mutants in 293T cells. (G) Immunoblot analysis
of 293T cells transfected with deletion mutants of HNF1A together with HA-TBK1.
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that were analogous to the well-known LIR sequence
(Fig. 6D). Although the predictive LIR motif in human HNF1A
did not completely match the canonical LIR (W/Y/FXXL/I/
V) sequence, the four motifs (YLLA, FTPP, WRVA, QREV)
were hydrophobic. Therefore, we next evaluated whether
the LIR motif was indispensable for LC3 association. Five
HNF1A mutants, deletion of LIR1, LIR2, LIR3, LIR4, or LIR1
to LIR4, were constructed and named HNF1A-OLIR1,
HNF1A-OLIR2, HNF1A-OLIR3, HNF1A-OLIR4 and HNF1A-
OLIRs, respectively. Co-IP and immunoblot assays showed
that deletion of LIR2 (Oaa75-85), LIR3 (Oaa122-134),
LIR4 (Oaa178-184), or LIR1 to LIR4 (LIRs) abrogated the
association of HNF1A with LC3A, but HNF1A with a mutation
of LIR1 could still interact with LC3A (Fig. 6E). Subse-
quently, we tested the pivotal amino acids of HNF1A that
interacted with TBK1 using different LIR mutants of HNF1A.
The results revealed that either HNF1A-OLIR1 or HNF1A-
OLIR4 could interact with TBK1, while HNF1A-OLIR2,
HNF1A-OLIR3 and HNF1A-OLIRs failed to associate with
TBK1 (Fig. 6F). Interestingly, we found that deletion of any
LIR motif could disrupt the degradation of TBK1 mediated
by HNF1A (Fig. 6G), implying that the LIR motif plays a
critical role in TBK1 degradation.

As an autophagic cargo receptor, it degrades with its
cargo proteins; thus, we speculated whether endogenous
HNF1A was increased by treatment with autophagy in-
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hibitors. We found that treatment of cells with Baf A1
resulted in a mildly increase in endogenous HNF1A, but the
proteasome inhibitor MG 132 did not affect the HNF1A
protein level (Fig. S2I), suggesting that repression of auto-
phagy led to upregulation of HNF1A protein. Altogether,
these results reveal that HNF1A functions as a novel auto-
phagic cargo receptor by interacting with LC3 via its LIR
motif, thus participating in TBK1 degradation.
HNF1A increases the K33-linked ubiquitination of
TBK1 at Lys670

Proteins should be attached to ubiquitin chains before
degradation, which serves as an important signal for rec-
ognising cargo receptors.27,28 Therefore, we first tested the
polyubiquitination of TBK1 and found that the activation of
innate immunity significantly enhanced the poly-
ubiquitination of TBK1 while silencing of HNF1A reduced
the polyubiquitination of TBK1 (Fig. 7A). Evidence has
suggested that different polyubiquitination processes
regulate protein degradation, consisting of K0, K6, K11,
K27, K29, K33, K48, and K63-linked ubiquitination.29,30

Next, we investigated the types of TBK1 ubiquitination that
could be caused by HNF1A. Interestingly, we found that
HNF1A overexpression significantly induced K33-linked
ubiquitination of TBK1 between 8 types of poly-ubiquiti-
nation (Fig. 7B). Consistently, we observed that VSV
infection markedly induced the K33-linked ubiquitination of
TBK1 (Fig. 7C). In contrast, the silencing of HNF1A signifi-
cantly hampered the K33-linked ubiquitination of TBK1
under VSV infection (Fig. 7D). Altogether, these results
indicate that HNF1A induces the autophagic degradation of
TBK1 by mediating its K33-linked ubiquitination.

Next, we aimed to determine how HNF1A mediates the
K33-linked ubiquitination of TBK1. Therefore, we tested
whether HNF1A promoted the K33-linked ubiquitination of
TBK1 on the kinase domain (KD) or kinase domain plus
ubiquitin-like domain (KD þ ULD). The results showed that
HNF1A did not affect the ubiquitination of KD or KD þ ULD
domain (Fig. 7E), which indicated that the carboxyl termi-
nus of TBK1 might be essential for ubiquitination. As pre-
viously reported, Lys670 in TBK1 is essential for NLRP4-and
USP38 mediated K48-linked ubiquitination and degradation
of active TBK1.31,32 Cui et al recognised three key ubiq-
uitination sites in the carboxyl terminus (coiled-coil
domain) of TBK1 by using computer-assisted algorithms.31

Based on these findings, we hypothesised that HNF1A in-
duces K33-linked ubiquitination and degradation of TBK1 by
targeting one of the ubiquitination sites in the coiled-coil
domain. Therefore, we generated three mutants of TBK1 by
substituting Lys504, Lys661, and Lys670 with arginine
(K504R, K661R, K670R; Fig. S3A), and the results suggested
that the K670R TBK1 mutant blocked the degradation of
TBK1 mediated by HNF1A (Fig. 7F). Simultaneously, the
K670R TBK1 mutant did not show an increase in K33-linked
ubiquitination mediated by HNF1A, while there was signif-
icant HNF1A-mediated K33-linked ubiquitination of wild-
type TBK1 (Fig. 7G). Surprisingly, we found that the K670R
mutant diminished the K33-linked ubiquitination of TBK1
compared with K504R, K661R TBK1 mutants, and WT TBK1
(Fig. S3B). In addition, we observed that HNF1A could not
induce K33-linked ubiquitination of the inactive mutant of
TBK1 (S172A), suggesting that the active form of TBK1 is
pivotal for HNF1A mediated ubiquitination and degradation
(Fig. 7H). Subsequently, we reconstituted WT TBK1 and
K670R TBK1 into TBK1 KO cells, transfected them with or
without HNF1A and found that they inhibited phosphoryla-
tion of TBK1 and degradation of TBK1 initiated by HNF1A
were abrogated in TBK1 K670R reconstituted cells
(Fig. S3C). Taken together, these results indicate that
HNF1A promotes the degradation of TBK1 and suppresses
type I IFN signaling by inducing K33-linked ubiquitination
chains of TBK1 at Lys670.
HNF1A can ameliorate NAFLD/NASH via targeting
active TBK1

It is well known that HNF1A is a critical transcription factor
for the development of liver and plays a crucial role in cell
differentiation, metabolism regulation and some other
physiological functions.18,33 In this study, our data revealed
that HNF1A was markedly suppressed in NAFLD/NASH liver
biopsy specimens (Fig. 8A). Interestingly, we also found
that active form of TBK1 (p-TBK1) was significantly upre-
gulated in these samples (Fig. 8A). Therefore, we next
studied whether HNF1A could improve NAFLD/NASH by
targeting active TBK1.

To further confirm this phenotype in NAFLD/NASH, we
established an in vitro NAFLD/NASH model by treating HepG2
or L02 cells with either BSA or BSA-conjugated palmitate.
Treatment of HepG2 or L02 cells with palmitate markedly
induced the accumulation of lipid droplets, as confirmed by
Oil RedO andBODIPY staining (Fig. 8B; Fig. S4A). Consistently,
the results showed enhanced phosphorylation of TBK1 and
decreased HNF1A protein levels (Fig. S4B), which was
consistent with the clinical specimen data. Furthermore, to
address the possible interaction between TBK1 and HNF1A in
the development of hepatic steatosis, we performed co-IP
and immunoblot assays to detect the interaction between
TBK1 and HNF1A in the cellular model. The results showed a
significant increase in endogenous association between p-
TBK1 (activeTBK1) andHNF1A after treatmentwith palmitate
(Fig. 8C; Fig. S4C). Notably, we also observed that the asso-
ciation of endogenous HNF1A with p-TBK1 and LC3 was
enhanced after palmitate stimulation (Fig. S4D). Taken
together, these results indicate that the formation of p-TBK1-
HNF1A-LC3 complex after palmitate treatment.

To further evaluate the role of the HNF1A-TBK1 axis in
the process of hepatic steatosis, we constructed HNF1A
knockdown and overexpression HepG2 cells. Knockdown
and overexpression of HNF1A was achieved by using len-
tiviral shRNAs or cDNA (sh#2, sh#3, and HNF1A OE) and was
confirmed by western blotting (Fig. 8D, H). A significant
increase of triglycerides (TG) in HNF1A knockdown cells
after PA treatment (Fig. 8E). Treatment of HNF1A-knock-
down cells with palmitate resulted in increased lipid
droplet accumulation, as confirmed by Oil Red O staining
(Fig. 8F). Consistent with the above results, knockdown of



Figure 7 HNF1A induces TBK1 degradation by K33-linked ubiquitination. (A) THP-1 cells transfected with NC or HNF1A-specific
siRNA and treated with SeV (MOI 1) for indicated time points. Then the lysates were subjected to immunoprecipitation (IP) with
anti-TBK1 or IgG as a negative control and immunoblot analysis with indicated antibodies. (B) Lysates of 293T cells transfected with
Flag-TBK1 and HA-ubiquitin (Ub) and its indicated mutants, along with Myc-EV or Myc-HNF1A, followed by immunoprecipitation
with anti-Flag beads and immunoblot analysis. (C) 293T cells transfected HA-K33-linked ubiquitin, then infected with VSV-eGFP for
the indicated time points, followed by immunoprecipitation with anti-TBK1 and immunoblot analysis with anti-HA. (D) 293T cells
transfected with HNF1A-specific siRNA and Flag-TBK1, plus ubiquitin K33 mutant, and infected with VSV-eGFP for 24 h. Before
collecting, the cells were treated with Baf A1 and immunoprecipitated with anti-Flag and immunoblotted with anti-HA. (E)

Immunoassay of extracts of 293T cells transfected with Myc-HNF1A and HA-K33-linked ubiquitin together with Flag-TBK1 constructs
(as in Fig. 3G), followed by immunoprecipitation with anti-Flag beads and immunoblot analysis with anti-HA. (F) Immunoblot
analysis of extracts of 293T cells transfected with Myc-EV or Myc-HNF1A, along with Flag-tagged wild type TBK1 or K504R, K661R or
K670R mutant of TBK1. (G) 293T cells transfected with Myc-HNF1A and HA-K33-linked ubiquitin, plus Flag-TBK1 or Flag-TBK1
(K670R), followed by immunoprecipitation with anti-Flag beads and immunoblot analysis with anti-HA. (H) 293T cells transfected
with Myc-HNF1A and HA-K33-linked ubiquitin, plus Flag-TBK1 or Flag-TBK1 (S172A), followed by immunoprecipitation with anti-Flag
beads and immunoblot analysis with anti-HA.
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HNF1A remarkably induced the phosphorylation of TBK1
under treatment with palmitate (Fig. 8G). In contrast,
overexpression of HNF1A significantly suppressed the
phosphorylation of TBK1 and simultaneously ameliorated
excessive accumulation of lipid droplets (Fig. 8H, I).
Collectively, these results indicate that the HNF1A-TBK1
axis display an essential biological function in the innate
immune response and NAFLD/NASH.



Figure 8 HNF1A ameliorates NAFLD/NASH via targeting active TBK1. (A) Immunoblot analysis of phosphorylated TBK1 (p-TBK1)
and HNF1A in NAFLD/NASH and normal clinical specimens. (B) Representative Oil Red O or BODIPY staining in HepG2 cells chal-
lenged with palmitate for 24 h. Original magnification, 20�. (C) HepG2 cells treated with BSA or BAS-palmitate for 24 h, followed by
immunoprecipitation with anti-HNF1A and immunoblot analysis with p-TBK1 and TBK1. (D) HNF1A knockdown (KD) in HepG2 cells at
protein levels. (E) Triglyceride content quantification in shNC or HNF1A KD HepG2 cell lysates. (F) Representative Oil Red O staining
in shNC or HNF1A KD HepG2 cells treated with BSA or BSA-palmitate for 24 h. Original magnification, 20�. (G) Immunoblot analysis
of phosphorylated TBK1 (p-TBK1) and HNF1A in shNC or HNF1A KD HepG2 cells treated with BSA or palmitate for 24 h. (H)

Immunoblot analysis of phosphorylated TBK1 (p-TBK1) and HNF1A in shNC or HNF1A overexpression (OE) HepG2 cells treated with
BSA or BSA-palmitate for 24 h. (I) Representative Oil Red O staining in shNC or HNF1A overexpression (OE) HepG2 cells treated with
BSA or BSA-palmitate for 24 h. Original magnification, 20 �. (J) Schematic representation of HNF1A-mediated innate immune
responses in the pathogenesis of NAFLD/NASH.
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Discussion

NASH is characterised by lipid deposition, metabolic
inflammation, and abnormal liver function. It is believed
that the innate immune system exerts a profound impact on
promoting liver inflammation.6 Accordingly, the present
study demonstrated that the HNF1A-mediated type I IFN
signaling plays an important role in NAFLD/NASH. Specif-
ically, we found that HNF1A was suppressed in liver tissues
from patients with NAFLD/NASH and was accompanied by
persistent activation of the type I IFN signaling.
Furthermore, we demonstrated that HNF1A could suppress
type I IFN signaling by targeting the active form of TBK1 for
selective autophagic degradation. Our results also reveal
that HNF1A is a previously uncharacterised cargo receptor
that can bind to LC3 in the process of innate immune acti-
vation (Fig. 8J). Collectively, this study reveals that HNF1A
suppresses NAFLD/NASH from a distinctive perspective.

Previous studies have determined that HNF1A is a ca-
nonical transcription factor regulating metabolism and has
an important role in NAFLD/NASH. Reportedly, mutations in
HNF1A cause diabetes, wherein the HNF1A KO mice have
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been shown to suffer from fatty liver-related HCC.16,33

Aberrant expression of HNF1A usually leads to dysfunction
of glucose and lipid metabolism and overproduction of in-
flammatory cytokines, ultimately resulting in systemic
inflammation.18 For example, the HNF1A gene contains one
of the 27 SNPs associated with an increased risk of coronary
artery disease (CAD), which is highly correlated with hy-
perlipemia and metabolic inflammation.34 Moreover, C-
reactive protein (CRP), a pattern-recognition molecule of
innate immunity and a biomarker of systemic low-grade
inflammation, has been shown to be predictive of future
CAD, whereas several studies have demonstrated that
HNF1A is indispensable for the expression of CRP.35,36 In the
condition of liver fibrosis, suppression of HNF1A in hepa-
tocytes leads to the activation of NF-kB and JAK/STAT
pathways, subsequently initiating an HNF1A-regulated in-
flammatory feedback loop between hepatocytes and he-
patic stellate cells.19,37 These findings suggest that HNF1A
could be an essential element in linking metabolic disorders
and innate immune overreactions underlying the patho-
genesis of NAFLD/NASH. Although some studies consider
HNF1A to be associated with innate immunity, the precise
molecular mechanism remains obscure. Interestingly, our
study shows that HNF1A negatively regulates type I IFN
signaling by inducing autophagic degradation of phosphor-
ylated-TBK1 and suggests that HNF1A not only function as a
transcription factor but also as a cargo receptor.

As a cargo receptor, it has two main characteristics: the
recognition of the substrate through a specific domain, and
the subsequent association with LC3 through the LIR
domain.25 In addition to the classic LIR motif with the
consensus sequence W/F/YXXL/I/V, some studies have re-
ported another cargo receptor in eukaryotic cells, which
interacts with LC3 through a similar LIR motif structure
(hereafter referred to as the noncanonical LIR motif).38,39

In this study, we demonstrate that HNF1A harbours four
noncanonical LIRs, of which LIR2 to LIR4 motifs were
indispensable for HNF1A mediated selective autophagic
degradation of active TBK1. Collectively, our results reveal
a new cargo receptor with non-canonical LIR motifs.
Moreover, our results indicate that HNF1A induces the
autophagic degradation of TBK1 by mediating its K33-linked
ubiquitination. However, HNF1A is not a recognised E3
ubiquitin ligase, so we had to resolve the mechanism of how
HNF1A promotes TBK1 polyubiquitination. We hypothesized
that HNF1A might act as a scaffold protein to link active
TBK1 and its E3 ligases for ubiquitination and degradation.
To address this possibility, we performed a literature search
and found that online proteineprotein interaction (PPI)
databases such as GPS-Prot and Integration Interactions
Database (IID) show 54 and 56 HNF1A interaction partners:
both included the E3 ubiquitineprotein ligase Ring Finger
Protein 14 (RNF14).40,41 Moreover, through the analysis and
prediction by BioGRID database (https://thebiogrid.org/),
we identified 62 HNF1A interaction partners and RNF14 is
one of them (Table S7). Therefore, to evaluate whether
RNF14 participates in the regulation of TBK1 mediated by
HNF1A, we next examined the association of RNF14 with
TBK1 in HNF1A knockdown cells. Surprisingly, we found that
HNF1A knockdown reduced the interaction between RNF14
and TBK1 after SeV infection (date not shown), indicating a
potential regulatory function of RNF14 in HNF1A-mediated
TBK1 ubiquitination. The preliminary results only proved
that RNF14 may be involved in the ubiquitination and
degradation of HNF1A-mediated TBK1; however, the
detailed mechanism still remains unclear. Thus, in further
research we need to explain the exact mechanism of RNF14
in the regulation of TBK1 to figure out how HNF1A promotes
the polyubiquitination of TBK1.

TBK1 acts as a key adaptor protein in type I IFN signaling
and plays an essential role in innate immune responses. Its
overactivation results in excessive production of IFNs, thus
leading to inflammatory damage. Therefore, to maintain
systemic homeostasis, the balance between the active and
quiescent state of TBK1 must be tightly regulated under
different physiological conditions. Emerging evidence sug-
gests that the stability of TBK1 is mainly controlled by post-
translational modifications.31,32 Numerous studies have
identified that several molecules negatively regulate the
type I IFN signaling by promoting TBK1 degradation via the
proteasome pathway, including NLRP4, USP38, DDX19,
DYRK2, SOCS3, and TRIP.31,32,42e45 Moreover, selective
autophagy is also an important pathway for the degradation
of key signaling adaptors of the type I IFN signaling. In this
study, for the first time, we confirm that HNF1A functions as
a selective autophagic cargo receptor that mediates the
autophagic degradation phosphorylated-TBK1.

It is well known that TBK1 plays a critical role in antiviral
immunity and has been recognised as an effector of in-
flammatory signaling in metabolic diseases.46 One study
reported that cGAS-STING mediated TBK1 activation in
NASH models. Similarly, our findings demonstrated phos-
phorylated TBK1 levels were upregulated in fatty livers,
which attributed to the reduction in its selective autopha-
gic degradation mediated by HNF1A. In contrast, reconsti-
tution of HNF1A suppresses the activity of TBK1 (p-TBK1)
and reduces fatty acid accumulation in hepatocytes. Alto-
gether, these results may shed light on designing novel
therapeutic targets for the treatment of NAFLD/NASH by
modulating the HNF1A-TBK1 axis. However, it is also
important to note that this study was conducted in cultured
cells and clinical samples, and it would have been improved
by having animal models to fully validate these mecha-
nisms. Further study may provide new insights and
comprehensive understanding of the signaling mechanism
of HNF1A-TBK1.

In conclusion, this study illustrates the pivotal role of
HNF1A-mediated innate immune responses in the patho-
genesis of NAFLD/NASH (Fig. 8J). Furthermore, our results
unveil a deep connection between metabolism and innate
immune networks, which is mediated by the HNF1A-TBK1
axis. These could help unmask the pathophysiological
mechanisms of NAFLD/NASH.
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