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Abstract: Background: Chronic hepatitis B (CHB) remains a major global health burden despite the availability of ef-
fective vaccines and antiviral therapies. F-box proteins have been implicated in diverse biological processes, includ-
ing immune regulation, but the potential involvement of FBXO11 and FBXO32 in host responses to HBV infection
remains poorly understood. Aim: To investigate the expression patterns of FBX011 and FBXO32 in CHB patients and
explore their potential associations with components of the TRAF3-TBK1-IRF3 signaling pathway. Methods: We ex-
amined the expression levels of FBXO11 and FBX032 in PBMCs derived from 30 CHB patients and controls. Protein-
protein interactions were evaluated using co-immunoprecipitation and immunofluorescence assays in HEK293T
cells. The effects of neddylation inhibition on protein expression and complex formation were examined using
MLN4921 treatment. CRISPR/Cas9-mediated gene disruption and adeno-associated virus-mediated overexpres-
sion approaches were used for exploratory mechanistic studies. An HBV hydrodynamic injection mouse model was
utilized to assess in vivo expression patterns. Results: FBXO11 and FBXO32 expression levels were significantly ele-
vated in PBMCs from CHB patients compared with healthy controls and were accompanied by increased expression
of TRAF3-TBK1-IRF3 pathway-related molecules. Co-immunoprecipitation analyses demonstrated associations of
FBX011 and FBXO32 with TRAF3, TBK1, and IRF3 in both clinical samples and HEK293T cells. Reciprocal enhance-
ment of FBXO11 and FBXO32 expression was observed under overexpression conditions. Inhibition of neddylation
reduced FBX011 and FBX0O32 protein abundance and weakened their associations with TRAF3-TBK1-IRF3 pathway
components. In vivo experiments showed that HBV exposure was accompanied by increased hepatic expression of
FBX011 and FBX032, and that genetic manipulation effectively altered their expression levels. Conclusion: FBXO11
and FBXO32 are upregulated in CHB and exhibit associations with components of the TRAF3-TBK1-IRF3 signaling
network. These findings provide preliminary evidence supporting potential involvement of FBXO11 and FBX032 in
host immune-related signaling during HBV infection and warrant further investigation in physiologically relevant HBV
infection models.
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Introduction 4]. Consequently, it is clinically important to
explain the molecular mechanisms of HBV-host
interactions and develop new therapeutic

strategies.

Hepatitis B virus (HBV) infection is a serious
public health problem [1]. According to statis-
tics, there were 7.3 million cases of HBV and

283.64 million cases of HBV-related liver cir-
rhosis in 2021 [2]. The hepatitis B vaccine is
already in use, and as a result, the number
of new infections has declined significantly.
However, a functional cure remains elusive [3,

The innate immune system is the body’s first
line of defense against any viral infection [5, 6].
When viruses enter host cells, the pattern rec-
ognition receptors (PRRs) detect viral nucleic
acids present in the cell. Subsequently, these
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molecules generate type | interferons (IFNs)
and pro-inflammatory cytokines [7]. The TBK1
(TANK-binding kinase 1) and IRF3 (Interferon
regulatory factor 3) signaling pathway is crucial
for the production of type | interferon [8, 9.
TRAF3 is necessary for the translocation of
IRF3 from the cytoplasm to the nucleus upon
viral infection. Essentially, this is a result of the
phosphorylation of IRF3 by TRAF3-activated
TBK1 [10, 11]. Regulation of innate immune
signaling pathways through ubiquitination and
neddylation is critical for their function and
activity [12, 13]. F-box proteins are substrate
recognition subunits of the SKP1-Cullin1-F-box
(SCF) E3 ubiquitin ligase complex [14]. By rec-
ognizing specific substrates and mediating
their ubiquitin-dependent degradation, F-box
proteins regulate diverse cellular processes,
including cell cycle, signal transduction, and
transcription [15]. FBX011 (F-box protein 11)
and FBX032 (F-box protein 32) represent im-
portant members of the F-box protein family.
FBXO11 has been reported to be involved in
regulating the TGF-B signaling pathway, the
NF-kB signaling pathway, and the cell cycle
process [16]. FBXO32 is a key regulatory factor
for muscle atrophy, and it also participates in
regulating cellular metabolism and immune
responses [17]. In recent years, accumulating
evidence has demonstrated that F-box protein
family members play important roles in antivi-
ral immunity. Overexpression of FBXO3 can
inhibit the antiviral response of cells [18].
FBXO017 has been reported to negatively regu-
late the IFN-I signaling pathway triggered by
double-stranded DNA, RNA or viral infections
[19]. However, the functions of FBX011 and
FBXO32 in antiviral immunity have not been
previously reported.

Considering this background, we hypothesized
that FBXO11 and FBX032 might play a role in
host anti-HBV immune responses through
modulation of the TRAF3-TBK1-IRF3 signaling
pathway. Our investigations using clinical sam-
ples, exploratory cellular experiments, and ani-
mal studies provide preliminary observations
regarding the expression patterns of FBXO11
and FBX032 and their potential associations
with TRAF3-TBK1-IRF3 signaling components
in the context of HBV infection. Our results pro-
vide new avenues for studying F-box proteins in
antiviral immunity and reveal possible targets
for treatment of chronic hepatitis B.
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Materials and methods
Clinical sample collection

Peripheral blood samples were collected from
30 patients with chronic hepatitis B (CHB) and
30 healthy controls at the Second People’s
Hospital of Hefei between January 2024
and December 2024. All patients had CHB
according to the Guideline for Prevention and
Treatment of CHB [20], were HBsAg positive for
more than 6 months and had HBV DNA larger
than 10* copies/mL. Peripheral blood mono-
nuclear cells (PBMCs) can reflect systemic
immunological activation resulting from HBV
infection. This does not mean PBMCs have to
be infected with HBV. Individuals were excluded
with hepatitis C virus infection (HCV), hepatitis
D virus infection (HDV) or human immunodefi-
ciency virus infection, with autoimmune liver
disease, with alcohol-related liver disease, with
drug induced liver disease, and with other seri-
ous systematic diseases. Control subjects, who
were HBsAg-negative and had normal liver
function, were recruited from those undergoing
routine physical examinations during the study
period. The ethical committee of The Second
People’s Hospital of Hefei (Approval Number:
2023-Keyan-102) approved the protocol for
this study. In addition, all participants provided
written informed consent. Fasting peripheral
blood (10 mL) was collected from each partici-
pant, and PBMCs were isolated using Ficoll
gradient. The total RNA extraction was per-
formed for a portion of the PBMCs. The rest of
the cell pellets were stored at -80°C for protein
extraction.

Sample size and statistical power consider-
ations

This study employed a convenience sample of
30 CHB patients and 30 healthy controls
matched for age and sex distribution. No for-
mal a priori power calculation was conducted
because (I) this was a single-center exploratory
study with limited funding and recruitment
timeframe; (ll) no published data existed re-
garding the expected effect size for FBXO11/
FBX032 expression differences between CHB
patients and healthy controls at the time of
study design; and (lll) the primary objective was
hypothesis generation rather than definitive
effect estimation. Post-hoc power analysis indi-
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cated that with the observed effect sizes
(Cohen’'s d ~ 1.2-1.5 for mRNA and protein
expression differences), the achieved power
exceeded 0.80 for two-group comparisons at
o = 0.05; however, we recognize that post-hoc
calculations are inherently biased and do not
substitute for prospective power analysis.
Future confirmatory studies should employ for-
mal sample size calculations based on the
effect sizes reported herein.

Cell culture and transfection

Human embryonic kidney 293T cells were
obtained from the Cell Bank of the Chinese
Academy of Sciences and cultured in DMEM
medium (HyClone) supplemented with 10%
fetal bovine serum (Gibco) and 1% penicillin-
streptomycin (HyClone) at 37°C in a 5% CO,
humidified incubator. 293T cells are a non-
hepatic, non-immune transformed cell line,
and there were used here only for preliminary
mechanistic validation of protein-protein inter-
actions, neddylation regulation, and mutual
regulation, not for studying physiological HBV-
specific antiviral innate immunity. The FBX011
and FBX032 overexpression plasmids pCMV-
Myc-FBX011 and pCMV-Myc-FBXO32 were
constructed and maintained in our laboratory.
Plasmid transfection was performed using
Lipofectamine 3000 (Invitrogen) according to
the manufacturer’s instructions. Cells were
collected 48 hours post-transfection for subse-
quent experiments. The CRISPR/Cas9 gene
editing system was used to knockout FBX011
and FBX032 genes. The sgRNA sequences tar-
geting FBX011 and FBX032 were designed
using the CRISPR design tool (crispr.mit.edu).
The sequences are available upon request. All
sgRNAs were cloned into the lentiCRISPR v2
vector, and their targeting efficiency was vali-
dated by T7E1 assay and Sanger sequencing
before use. The sgRNAs were cloned into the
lentiCRISPR v2 vector, and lentiviruses were
packaged and used to infect 293T cells.
Stable knockout cell lines were obtained by
selection with 2 ug/mL puromycin.

RT-gPCR analysis

Total RNA was extracted from cells or tissues
using TRIzol reagent (Invitrogen) according to
the manufacturer’s protocol. Reverse trans-
cription was performed using PrimeScript RT
Master Mix (TaKaRa) to synthesize cDNA.
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Quantitative PCR was conducted using SYBR
Premix Ex Taq Il (TaKaRa) on an ABI 7500 Real-
Time PCR System. The primer sequences for
FBXO11, FBX032, and GAPDH are available
upon request. All primers were validated for
specificity by melt curve analysis and agarose
gel electrophoresis prior to use. GAPDH was
used as the internal control, and the relative
expression of target genes was calculated
using the 222°t method.

Western blot analysis

Using RIPA lysis buffer containing 1% PMSF
and phosphatase inhibitors, total protein was
extracted from the cells or tissues. The BCA
method was used to determine the protein con-
centrations. Equal volumes of protein liquid
samples were separated on an SDS-PAGE gel.
Then, Western Blot transfer was performed
onto PVDF membranes according to the manu-
facturer’s instructions. The membranes were
blocked with 5% skim milk for one hour and
then incubated with primary antibodies at
4°C overnight. The primary antibodies in-
cluded: anti-FBXO011 (1:1000, Abcam), anti-
FBX032 (1:1000, Abcam), anti-TRAF3 (1:1000,
Cell Signaling Technology), anti-TBK1 (1:1000,
Cell Signaling Technology), anti-p-TBK1 (Ser-
172, 1:500, Cell Signaling Technology), anti-
IRF3 (1:2000, Cell Signaling Technology), anti-
p-IRF3 (Ser396, 1:500, Cell Signaling Tech-
nology), and anti-GAPDH (1:5000, Proteintech).
After washing, the membranes were incubated
with HRP-conjugated secondary antibodies at
room temperature for 1 hour. Protein bands
were visualized using ECL chemiluminescence
reagent, and images were captured using the
ChemiDoc XRS+ imaging system (Bio-Rad).
Quantitative analysis was performed using
ImageJ software.

Co-immunoprecipitation assay

Cells were collected and lysed in IP lysis buffer
containing protease inhibitors and phospha-
tase inhibitors on ice for 30 minutes. After cen-
trifugation at 12,000 rpm for 15 minutes at
4°C, the supernatant was collected. A fraction
of the supernatant was kept aside as Input
control, and the rest of the supernatant was
left overnight at 4°C under gentle rotation
with primary antibodies (anti-FBXO11 or anti-
FBX032, 2 pg). On the following day, Protein
A/G magnetic beads (Thermo Fisher) were
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added and incubated at room temperature for
2 hours. After washing the beads five times
with IP lysis buffer, we added 2xSDS loading
buffer. After boiling at 95°C for 10 min, the
samples were analyzed by western blot for
interacting proteins.

Immunofluorescence staining

Cells were seeded on glass coverslips and cul-
tured overnight. After fixation with 4% parafor-
maldehyde for 15 minutes and permeabiliza-
tion with 0.1% Triton X-100 for 10 minutes,
cells were blocked with 5% BSA for 30 minutes.
The cells were then incubated with anti-Myc
antibody (1:500, Cell Signaling Technology) at
4°C overnight. The following day, Alexa Fluor
488-conjugated secondary antibody (1:1000,
Invitrogen) was added and incubated at room
temperature in the dark for 1 hour, followed by
DAPI nuclear staining for 5 minutes. After
mounting with anti-fade mounting medium,
images were captured using a confocal micro-
scope (Zeiss LSM 880).

Animal experiments

Female C57BL/6 mice (6-8 weeks old, weigh-
ing 18-22 g) were purchased from Beijing Vital
River Laboratory Animal Technology Co., Ltd.
and housed in a specific pathogen-free (SPF)
facility. A total of 150 mice were randomly divid-
ed into 10 groups (15 mice per group): normal
control group, HBV infection model group,
FBXO11 overexpression + HBV group, FBX032
overexpression + HBV group, FBXO11 knockout
+ HBV group, FBXO32 knockout + HBV group,
and corresponding control groups. The HBV
infection model was established by hydrody-
namic injection of pAAV-HBV1.2 plasmid (10 ug
per mouse) via tail vein [14]. Overexpres-
sion and knockout of FBX011/FBX032 were
achieved by tail vein injection of corresponding
adeno-associated viruses (AAVS8 vector, 1x10%*
vg per mouse) two weeks before HBV infection.
Serum and liver tissue samples were collected
at 0, 6, 12, 24, and 48 hours after HBV infec-
tion. These early time points were chosen to
capture rapid innate immune signaling events
and immediate early gene expression triggered
by HBV introduction, rather than to model
established, persistent HBV infection, which
typically requires days to weeks after hydrody-
namic injection. At each indicated time point,
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mice were deeply anesthetized by intraperito-
neal injection of 10% chloral hydrate (400 mg/
kg body weight) and then euthanized by cervi-
cal dislocation. Complete cessation of breath-
ing and heartbeat was confirmed before tissue
collection. Serum HBV DNA levels were detect-
ed by real-time quantitative PCR. Liver tissues
were used for RT-gPCR, Western blot, HE stain-
ing, and immunohistochemistry analysis. All
animal experiments described in this study
were reviewed and approved by the Institutional
Animal Care and Use Committee of Anhui
Medical University.

Statistical analysis

All experiments were independently repeated
at least three times. Quantitative data are pre-
sented as mean * standard error of the mean
(SEM). Comparisons between two groups were
performed using independent sample t-test,
and comparisons among multiple groups were
performed using one-way ANOVA followed by
Tukey’s post hoc test. Statistical analysis was
performed using SPSS 26.0 and GraphPad
Prism 9.0 software. P < 0.05 was considered
statistically significant.

Results

FBX011 and FBX0O32 are associated with
TRAF3-TBK1-IRF3 pathway components in
CHB

We first assessed the expression levels of
FBXO11 and FBX032 in PBMCs of CHB patients
and healthy controls. PBMCs reflect the sys-
temic immune status in CHB patients and do
not represent direct HBV-infected target cells.
We quantified the mRNA levels of FBX011,
FBX032, TRAF3, TBK1 and IRF3 by RT-PCR
and found that the mRNA levels of FBXO11,
FBX032, TRAF3, TBK1 and IRF3 were signifi-
cantly higher in CHB patients than in healthy
controls (Figure 1). Western blot further dem-
onstrated increased protein levels of FBXO11,
FBXO032, TRAF3, p-TBK1 and p-IRF3 in CHB
patients, while the protein levels of total TBK1
and IRF3 were similar between the two groups
(Figure 2). These data suggest that FBX011
and FBX032 are up-regulated during HBV infec-
tion and activation of the TRAF3-TBK1-IRF3
pathway may be involved.
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Figure 1. FBXO11 and FBXO32 are upregulated in CHB patients and are associated with expression of TRAF3-
TBK1-IRF3 pathway components. (A, B) Relative mRNA levels of FBXO11 (A) and FBX032 (B) in PBMCs from healthy
controls and CHB patients were determined by RT-gPCR. (C-E) Relative mRNA levels of TRAF3 (C), TBK1 (D), and
IRF3 (E) in PBMCs from healthy controls and CHB patients. ***P < 0.001. Abbreviations: CHB, chronic hepatitis B;
PBMCs, peripheral blood mononuclear cells; RT-gPCR, reverse transcription quantitative polymerase chain reaction.

To explore whether FBXO11 and FBX0O32 physi-
cally interact with components of the TRAF3-
TBK1-IRF3 pathway, we performed Co-IP as-
says using PBMC lysates. FBXO11 was precipi-
tated with IRF3, TRAF3, and TBK1 from normal
subjects and CHB patients. However, the inter-
actions were much stronger with CHB patients
(Figure 3A-C). The interactions of FBX032 with
IRF3, TRAF3 and TBK1 were also augmented in
CHB patients (Figure 3D-F). Together, our data
reveal that both FBXO11 and FBX032 are up-
regulated by HBV infection and form comple-
xes with TRAF3-TBK1-IRF3 signaling pathway
components.

Reciprocal expression changes of FBXO11 and
FBX032 in HEK293T cells

To explore the relationship between FBXO11
and FBX032 expression under overexpression
conditions, Myc-tagged expression plasmids
were constructed and transfected into 293T
cells. Cells were divided into four groups: con-
trol (293T+pCMV-Myc), FBXO11l overexpres-
sion (293T+pCMV-Myc-FBX011), FBXO32 over-
expression (293T+pCMV-Myc-FBX032), and
co-overexpression (293T+pCMV-Myc-FBX011+
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pCMV-Myc-FBX032). RT-gPCR analysis show-
ed that overexpression of FBXO11 was accom-
panied by increased FBXO32 mRNA expres-
sion, whereas overexpression of FBX032 was
associated with elevated FBXO11 mRNA levels
(Figure 4A, 4B). Furthermore, cells subjected to
co-overexpression exhibited higher expression
levels of both FBXO11 and FBX0O32 than those
observed in the corresponding single-overex-
pression groups. Western blot analysis revealed
similar expression patterns at the protein level
(Figure 4C, 4D).

Immunofluorescence staining demonstrated
low basal fluorescence signals for FBXO11
and FBX032 in control cells, whereas fluores-
cence intensity increased in the respective
overexpression groups. The highest fluores-
cence intensity was observed in cells co-trans-
fected with FBXO11 and FBX032 expression
plasmids (Figure 5). Quantitative analysis of
fluorescence intensity yielded findings consis-
tent with the RT-gPCR and Western blot re-
sults. Collectively, these data indicate recipro-
cal expression changes between FBXO11 and
FBX032 under the experimental conditions
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Figure 2. FBXO11 and FBX032 protein levels and alterations in TRAF3-TBK1-IRF3 pathway-related proteins in CHB patients. (A) Representative Western blot images
showing protein levels of FBXO11, FBX032, IRF3, p-IRF3, TBK1, p-TBK1, TRAF3, and GAPDH in PBMCs from healthy controls (A) and CHB patients (B). (B-H) Quantita-
tive analysis of FBXO11 (B), FBXO32 (C), IRF3 (D), p-IRF3 (E), TBK1 (F), p-TBK1 (G), and TRAF3 (H) protein levels. Ns, not significant; ***P < 0.001. Abbreviations:
CHB, chronic hepatitis B; PBMCs, peripheral blood mononuclear cells; WB, Western blot; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; p-, phosphorylated;
ns, not significant.
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Figure 3. FBXO11 and FBX032 interact with TRAF3-TBK1-IRF3 pathway components in CHB patients. Co-IP assays were performed using PBMC lysates from healthy
controls (A) and CHB patients (B). (A) Interaction between FBX011 and IRF3. (B) Interaction between FBXO11 and TRAF3. (C) Interaction between FBXO11 and TBK1.
(D) Interaction between FBX032 and IRF3. (E) Interaction between FBXO32 and TRAF3. (F) Interaction between FBXO32 and TBK1. Input indicates total cell lysates;
18G serves as negative control. Abbreviations: Co-IP, co-immunoprecipitation; PBMCs, peripheral blood mononuclear cells; CHB, chronic hepatitis B; Input, total cell
lysates; IgG, immunoglobulin G (negative control).
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Figure 4. Reciprocal expression changes of FBXO11 and FBX032 in overexpression experiments. (A, B) Relative
mRNA levels of FBXO11 (A) and FBXO32 (B) in 293T cells transfected with control vector (pCMV-Myc), pCMV-Myc-
FBX011, pCMV-Myc-FBX032, or both plasmids, as determined by RT-gPCR. (C, D) Relative protein levels of FBXO11
(C) and FBX032 (D) in the same groups of cells, as determined by Western blot. ***P < 0.001. Abbreviations: RT-
gPCR, reverse transcription quantitative polymerase chain reaction; WB, Western blot; pCMV-Myc, cytomegalovirus
promoter-driven Myc-tagged expression vector.

employed. However, the present study did not regarding feedback regulation, mutual stabili-
investigate the molecular basis underlying zation, or direct mechanistic interactions can
these observations; therefore, no conclusions be drawn from the current data.
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Figure 5. Immunofluorescence analysis of FBXO11 and FBXO32 expression under different overexpression condi-
tions. A. Representative immunofluorescence images showing FBXO11 expression (green) and DAPI nuclear stain-
ing (blue) in 293T cells. Group A: control; Group B: FBXO11 overexpression; Group C: FBXO32 overexpression; Group
D: FBXO11 and FBX032 co-overexpression. Scale bar, 50 ym. B. Quantitative analysis of FBXO11 fluorescence
intensity. C. Representative immunofluorescence images showing FBX032 expression. D. Quantitative analysis of
FBX032 fluorescence intensity. *P < 0.05, **P < 0.01, ***P < 0.001. Abbreviations: IF, immunofluorescence; DAPI,

4’ 6-diamidino-2-phenylindole (nuclear counterstain).

Association of FBXO11 and FBX032 with
TRAF3-TBK1-IRF3 pathway proteins

To validate the interactions between FBX011/
FBXO32 and TRAF3-TBK1-IRF3 pathway com-
ponents observed in clinical samples, we per-
formed Co-IP assays in 293T overexpres-
sion cells. FBXO11 co-precipitated with IRF3,
TRAF3, and TBK1, and these interactions were
enhanced in cells overexpressing FBXO11
(Figure 6A-C). Reciprocal Co-IP using antibod-
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ies against IRF3, TRAF3, or TBK1 confirmed
these interactions.

Similarly, FBXO32 was found to interact with
IRF3, TRAF3, and TBK1 in overexpression cells
(Figure 6D-F). Reciprocal Co-IP assays further
validated these interactions. Notably, when
both FBXO11 and FBXO32 were co-expressed,
the interactions between each F-box protein
and the pathway components were further
enhanced, consistent with the reciprocal
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Figure 6. FBXO11 and FBX032 interact with TRAF3-TBK1-IRF3 pathway components in overexpression cells. Co-IP assays were performed using 293T cell lysates.
Groups: A, control; B, FBXO11 overexpression; C, FBXO32 overexpression; D, FBXO11 and FBX0O32 co-overexpression. (A-C) FBXO11 interactions with IRF3 (A),
TRAF3 (B), and TBK1 (C). (D-F) FBXO32 interactions with IRF3 (D), TRAF3 (E), and TBK1 (F). Abbreviations: Co-IP, co-immunoprecipitation; 293T, human embryonic

kidney 293T cells.
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Figure 7. Neddylation inhibition reduces FBXO11 and FBXO32 protein abundance. (A, B) Relative protein levels of
FBXO11 (A) and FBXO32 (B) in 293T cells treated with or without MLN4921 (NEDD8-activating enzyme inhibitor),
as determined by Western blot. Group A: FBXO11 overexpression; Group B: FBXO11 overexpression + MLN4921;
Group C: FBXO32 overexpression; Group D: FBX032 overexpression + MLN4921. **P < 0.01, ***P < 0.001. Ab-
breviations: WB, Western blot; MLN4921, NEDD8-activating enzyme inhibitor.

expression changes observed under the same
conditions. These results confirm that FBXO11
and FBX032 physically associate with the
TRAF3-TBK1-IRF3 signaling complex.

Neddylation inhibition influences FBX011/
FBX032 protein abundance and protein as-
sociations

Given that F-box protein stability is regulated
by neddylation, we investigated the effects
of NEDDS8-activating enzyme inhibition on
FBX011 and FBX032. 293T cells overexpress-
ing FBXO11 or FBXO32 were treated with
MLN4921, a specific inhibitor of NEDDS8-
activating enzyme.

Western blot analysis revealed that MLN4921
treatment significantly reduced the protein lev-
els of both FBX011 and FBX032 (Figure 7),
indicating that neddylation modification is
essential for maintaining the stability of these
F-box proteins. The reduction was more pro-
nounced when both FBXO11 and FBXO32 were
co-expressed and treated with MLN4921.

Co-IP assays showed that MLN4921 treatment
markedly attenuated the interactions between
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FBX0O11 and IRF3, TRAF3, and TBK1 (Figure
8A-C). Similarly, neddylation inhibition impaired
FBX032 interactions with these pathway com-
ponents (Figure 8D-F). These results demon-
strate that neddylation not only stabilizes
FBXO11 and FBX032 but also facilitates their
assembly with the TRAF3-TBK1-IRF3 signaling
complex.

Validation of CRISPR/Cas9-mediated disrup-
tion of FBXO11 and FBX032

To further elucidate the functional roles of
FBXO011 and FBX032, we employed the
CRISPR/Cas9 gene editing system to establish
stable knockout cell lines. Specific sgRNAs
targeting FBXO11 or FBXO32 were cloned into
the lentiCRISPR v2 vector. RT-qgPCR analysis
confirmed efficient knockdown of FBXO11 and
FBX0O32 at the mRNA level (Figure 9A, 9B).
Western blot analysis validated successful pro-
tein knockout, with marked reduction in
FBX011 and FBXO32 protein levels in single
knockout cells and more pronounced reduc-
tion in double knockout cells (Figure 9C, 9D).
These pooled knockout populations were used
for subsequent co-immunoprecipitation experi-
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Figure 8. Neddylation inhibition influences the association of FBX0O11 and FBXO32 with TRAF3-TBK1-IRF3 pathway components. Co-IP assays were performed
using 293T cell lysates with or without MLN4921 treatment. Groups: A, FBXO11 overexpression; B, FBXO11 overexpression + MLN4921; C, FBXO32 overexpres-
sion; D, FBXO32 overexpression + MLN4921. (A-C) Effects of neddylation inhibition on FBXO11 interactions with IRF3 (A), TRAF3 (B), and TBK1 (C). (D-F) Effects of
neddylation inhibition on FBXO32 interactions with IRF3 (D), TRAF3 (E), and TBK1 (F). Abbreviations: Co-IP, co-immunoprecipitation; MLN4921, NEDD8-activating
enzyme inhibitor.
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Figure 9. Validation of CRISPR/Cas9-mediated disruption of FBXO11 and FBX032. (A, B) Relative mRNA levels of
FBX011 (A) and FBX032 (B) in 293T cells with CRISPR/Cas9-mediated knockout, as determined by RT-qPCR. (C,
D) Relative protein levels of FBXO11 (C) and FBXO32 (D) in the same groups, as determined by Western blot. *P
< 0.05, **P < 0.01, ***P < 0.001; ns, not significant. Abbreviations: RT-gPCR, reverse transcription quantitative
polymerase chain reaction; CRISPR/Cas9, clustered regularly interspaced short palindromic repeats/CRISPR-asso-
ciated protein 9; WB, Western blot.
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ments (Figure 10) and in vivo studies (Figure
11). No single-cell cloning or Sanger sequenc-
ing was performed to validate the specific
indels; therefore, the knockout cell lines are
characterized at the protein level only. Co-IP
assays in knockout cells showed that depletion
of FBXO11 weakened its interactions with
IRF3, TRAF3, and TBK1 (Figure 10A-C), and
similarly, FBXO32 knockout impaired its inter-
actions with these pathway components
(Figure 10D-F). These cell lines were subse-
quently used for animal experiments.

HBV exposure is accompanied by increased
hepatic FBX011 and FBXO32 expression

To validate our findings in an animal model, we
established an HBV infection mouse model by
hydrodynamic injection of the pAAV-HBV1.2
plasmid. The mice were divided into ten gro-
ups: a normal control group, an HBV infection
model group, groups with FBX011 or FBX032
overexpression either with or without HBV
infection, and groups with FBX011 or FBX032
knockout either with or without HBV infection.

RT-gPCR analysis of liver tissues revealed that
HBV infection significantly increased FBXO11
and FBX032 mRNA levels compared with nor-
mal controls (Figure 11A, 11B). AAV8-mediat-
ed delivery successfully achieved overexpres-
sion of FBXO11 or FBX032, while CRISPR/
Cas9-mediated knockout effectively reduced
their expression. Notably, HBV infection furth-
er enhanced the expression of exogenous
FBXO11 and FBX032.

These results were also confirmed at the pro-
tein level by Western blot analysis (Figure 11C,
11D). HBV infection led to elevated FBX0O11
and FBX032 protein levels, which were further
increased upon overexpression and decreased
upon knockout. Overall, these in vivo findings
align with the clinical data and support a role
for FBXO11 and FBX032 in immediate early
host innate immune responses to HBV intro-
duction. These data only confirm that genetic
manipulation and HBV challenge altered
FBXO11 and FBX032 expression, without
assessing functional consequences on intra-
hepatic immune signaling, hepatic inflamma-
tion, or key virological outcomes including se-
rum HBV DNA and liver HBsAg levels. It should
be noted that the early time points (0-48 h)
reflect rapid signaling events rather than estab-

7046

lished chronic HBV infection, which requires
days to weeks to develop after hydrodynamic
injection.

Discussion

The present study investigated the expression
patterns of FBXO11 and FBX032 in chronic
hepatitis B (CHB) and explored their potential
associations with components of the TRAF3-
TBK1-IRF3 signaling pathway. Through analy-
ses of clinical PBMC samples, exploratory cel-
lular experiments, and in vivo studies, we
observed that FBXO11 and FBX032 were sig-
nificantly upregulated in CHB patients and were
accompanied by increased expression of sev-
eral molecules involved in innate immune sig-
naling. In addition, co-immunoprecipitation
analyses suggested that FBXO11 and FBX032
may associate with TRAF3, TBK1, and IRF3
under the experimental conditions employed.
These observations provide preliminary evi-
dence supporting a possible relationship
between FBX011/FBX032 and immune-relat-
ed signaling pathways in the setting of chro-
nic HBV infection. Importantly, the current find-
ings should be interpreted with caution. The
present study primarily identifies expression
changes and protein associations rather than
demonstrating direct functional regulation of
antiviral immunity. Therefore, our results shou-
Id be considered hypothesis-generating and
provide a framework for future mechanistic
investigations.

F-box proteins have emerged as important reg-
ulators of innate immune responses, with dis-
tinct family members exhibiting either positive
or negative regulatory functions [21, 22]. One
notable observation was the reciprocal change
of FBXO11 and FBXO32 expression in overex-
pression experiments. Increased expression of
either protein was accompanied by elevated
expression of the other, while simultaneous
overexpression produced the greatest expres-
sion levels. These findings suggest a potential
relationship between FBX011 and FBX032;
however, the underlying mechanism remains
unclear. Several possibilities may explain this
observation. FBX011 and FBXO32 may share
common upstream regulatory factors, partici-
pate in related transcriptional programs, or
indirectly influence each other’s expression
through intermediate signaling molecules.
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Figure 10. Effects of FBXO11 and FBX032 disruption on associations with TRAF3-TBK1-IRF3 pathway components. Co-IP assays were performed using 293T cell
lysates with CRISPR/Cas9-mediated knockout. Groups: A, control; B, FBXO11 knockout; C, FBXO32 knockout; D, FBX0O11 and FBXO32 double knockout. (A-C) Effects
of FBXO11 knockout on interactions with IRF3 (A), TRAF3 (B), and TBK1 (C). (D-F) Effects of FBXO32 knockout on interactions with IRF3 (D), TRAF3 (E), and TBK1
(F). Abbreviations: Co-IP, co-immunoprecipitation; CRISPR/Cas9, clustered regularly interspaced short palindromic repeats/CRISPR-associated protein 9.
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Figure 11. HBV exposure is accompanied by increased hepatic expression of FBXO11 and FBX032. (A, B) Relative
mRNA levels of FBXO11 (A) and FBX032 (B) in mouse liver tissues from different experimental groups, as deter-
mined by RT-gPCR. (C, D) Relative protein levels of FBX011 (C) and FBX032 (D) in the same groups, as determined
by Western blot. Groups: Normal, normal control; HBV, HBV infection model; +pCMV-Myc-FBX011/32, overexpres-
sion; +CRISPR/Cas9-FBX011/32, knockout. Abbreviations: RT-qPCR, reverse transcription quantitative polymerase
chain reaction; WB, Western blot; HBV, hepatitis B virus; AAV8, adeno-associated virus serotype 8; CRISPR/Cas9,
clustered regularly interspaced short palindromic repeats/CRISPR-associated protein 9.

Additionally, FBXO family members such as
FBX021 and FBX0O43 have been shown to par-
ticipate in complex regulatory networks that
involve coordinated expression changes [23,
24]. Alternatively, the observed changes may
reflect non-physiological effects associated
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with plasmid overexpression systems. Because
MRNA stability assays, promoter activity analy-
ses, protein turnover studies, and domain-
mapping experiments were not performed, no
conclusions regarding feedback regulation or
mutual stabilization can be drawn from the cur-
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rent data. Further mechanistic studies will be
required to clarify the biological basis of this
association.

The TRAF3-TBK1-IRF3 axis is a well-established
signaling pathway involved in innate immune
responses to viral infection [25, 26]. Another
important observation in our study was the
association of FBX011 and FBX032 with
TRAF3, TBK1, and IRF3 detected by co-immu-
noprecipitation assays. Previous studies have
reported that FBXO11 may participate in sig-
naling events related to this pathway [10]. Our
findings extend these observations by identify-
ing FBX032 as an additional protein that may
be associated with components of the same
signaling network. HTATSF1 has been shown to
regulate innate antiviral immune responses by
orchestrating TRAF3-IRF3 pathways [26], sug-
gesting that multiple regulatory proteins con-
verge on this signaling node. Nevertheless, co-
immunoprecipitation data demonstrate pro-
tein association rather than functional activity.
The present study did not evaluate TBK1 phos-
phorylation, IRF3 activation, type | interferon
production, interferon-stimulated gene expres-
sion, or HBV replication. Importantly, the pres-
ence of physical interactions does not neces-
sarily predict functional outcomes, as adaptor
proteins can bind signaling components with-
out activating them [11, 27]. Consequently, it
remains unknown whether the observed pro-
tein associations result in meaningful function-
al effects on innate immune signaling. Future
studies employing pathway activation assays
and physiologically relevant HBV infection sys-
tems will be necessary to address these
questions.

The present study also suggests a potential
role for neddylation in maintaining FBXO11 and
FBX032 protein abundance and their associa-
tions with TRAF3-TBK1-IRF3 pathway compo-
nents. Treatment with the NEDDS8-activating
enzyme inhibitor MLN4921 reduced FBX011
and FBX032 protein levels and weakened their
detectable associations with signaling pro-
teins. These findings are consistent with previ-
ous reports indicating that neddylation contrib-
utes to the regulation of protein stability and
protein-protein interactions [12, 13]. Neddyla-
tion has been shown to influence diverse
immune-related pathways, including inflamma-
some activation and viral lytic reactivation [28,
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29]. Moreover, neddylation can modulate non-
cullin substrates and affect signaling complex
assembly in a context-dependent manner [30,
31]. However, the current data do not establish
whether FBXO11 or FBXO32 are direct ned-
dylation substrates, nor do they identify the
specific molecular mechanisms involved. It
remains possible that MLN4921 treatment
exerts indirect effects on FBX011/FBX032 sta-
bility by inhibiting cullin-RING ligase activity,
which regulates the turnover of upstream sig-
naling molecules [30]. Additional biochemical
studies will be required to determine whether
neddylation directly modifies FBXO11 and
FBXO32 or indirectly influences their stability
through broader effects on cullin-RING ubiqui-
tin ligase activity.

The in vivo experiments primarily served to
evaluate expression patterns of FBX011 and
FBX032 following HBV exposure and genetic
manipulation. HBV hydrodynamic injection was
associated with increased hepatic expression
of both proteins, while AAV-mediated overex-
pression and CRISPR/Cas9-mediated disrup-
tion effectively altered their expression levels in
liver tissues. However, these experiments did
not assess downstream signaling activity,
inflammatory responses, liver pathology, viral
antigen expression, or HBV replication mark-
ers. FBXO2 and FBX024 have been implicated
in various pathological conditions through dis-
tinct mechanisms [32, 33], suggesting that
F-box proteins exhibit diverse functional roles
depending on cellular context. Therefore, the
animal data should be interpreted as support-
ive expression-based observations rather than
mechanistic validation of antiviral immune reg-
ulation. A predictive model based on the FBXO
family has revealed the significance of cyclin F
in hepatocellular carcinoma [34], indicating
that FBXO family members may serve as useful
biomarkers in liver diseases. Future studies
incorporating virological and immunological
endpoints will be necessary to determine the
biological significance of FBXO11 and FBX032
in HBV infection in vivo.

Several additional limitations warrant consider-
ation. First, the clinical cohort was relatively
small (30 CHB patients) and lacked stratifica-
tion by disease phase. Second, PBMCs reflect
systemic immune activation rather than intra-
hepatic events; we did not have access to
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paired liver biopsy samples. Third, our CRISPR/
Cas9 knockout cells were generated as pooled
populations validated only by Western blot,
without single-cell cloning or Sanger sequenc-
ing to confirm biallelic knockout. Fourth, the
study did not evaluate type | interferon produc-
tion or ISG expression, which are essential
functional readouts of TBK1-IRF3 pathway acti-
vation. FBXO11 has been reported to promote
ubiquitination of various substrates including
B-catenin and Snail family transcription factors
[35, 36], while FBXO32 can ubiquitinate PTEN
and D-type cyclins [17, 37]. Whether FBX011
and FBX032 exert similar E3 ligase activities
toward TRAF3 or TBK1 remains to be investi-
gated. Furthermore, TBK1 itself is subject to
multiple post-translational modifications in-
cluding ubiquitination and acetylation [38, 39],
and it is unknown whether FBX011/FBX032
influence these modifications. In summary,
this study demonstrates that FBXO11 and
FBXO32 are significantly upregulated in CHB
and are associated with components of the
TRAF3-TBK1-IRF3 signaling pathway. The pres-
ent findings should be interpreted as prelimi-
nary and primarily associative. Further investi-
gations using hepatocyte-based HBV infection
systems and immune-competent models will
be necessary to determine the physiological
significance of these observations.

Conclusion

In summary, this study demonstrates that
FBX011 and FBX032 are significantly upregu-
lated in PBMCs from patients with chronic hep-
atitis B and are associated with components
of the TRAF3-TBK1-IRF3 signaling pathway.
We further observed physical associations
between FBX011/FBX032 and TRAF3, TBK1,
and IRF3 in exploratory cellular experiments,
together with reciprocal enhancement of
FBX011 and FBX0O32 expression under overex-
pression conditions. In addition, neddylation
appeared to influence the stability of FBXO11
and FBX032 and their associations with signal-
ing complex components. Importantly, the
present findings should be interpreted as pre-
liminary and primarily associative. The study
does not establish direct regulation of anti-
viral immunity, interferon production, or HBV
replication by FBX011 or FBX032. Further
investigations using hepatocyte-based HBV
infection systems, primary human liver cells,
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and immune-competent models will be neces-
sary to determine the physiological significan-
ce and functional consequences of these
observations. Overall, our findings expand cur-
rent knowledge regarding FBXO family proteins
in the context of chronic hepatitis B and pro-
vide a basis for future mechanistic studies of
FBX011 and FBX032 in HBV-associated host
responses.
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