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Background: Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized by S-amyloid (A/) accumu-
lation, neuroinflammation, and neuronal loss. Interferon gamma-inducible protein 16 (IFI16) regulates inflammatory processes
in AD, while ubiquitin-specific peptidase 16 (USP16) has been shown to ameliorate memory deficits in AD models. This study
aimed to elucidate the interplay between USP16 and IFI16 in AD pathogenesis.

Methods: Differentially expressed genes associated with AD were identified using dataset GSE129296. Glial cells were exposed to
[-amyloid peptide (A3)1-42 to establish an in vitro AD model, followed by indirect co-culture with neuronal cells. Neuronal via-
bility and apoptosis were evaluated using the Cell Counting Kit-8 assay and flow cytometry, respectively. Levels of tumor necrosis
factor (TNF)-« and interleukin (IL)-15 in model glial cells were quantified by Enzyme-linked immunosorbent assay (ELISA). A
potential deubiquitylating enzyme of IFI16 was predicted using Ubibrowser and confirmed by co-immunoprecipitation, while the
ubiquitination levels of IFI16 were assessed. The expression of USP16/IFI16 and toll-like receptor 4 (TLR4)/NLR family pyrin
domain containing 3 (NLRP3) was determined by reverse transcription-quantitative PCR (RT-PCR) and western blotting.
Results: IFI16 was markedly upregulated in AD. Silencing of IFI16 attenuated A31-42-induced proinflammatory responses in
glial cells, reduced neuronal apoptosis, and enhanced neuronal viability, accompanied by decreased inflammatory cytokine levels
and downregulation of TLR4/NLRP3 expression. USP16, identified as the deubiquitylating enzyme of IFI16, was significantly
elevated in A31-42-stimulated glial cells, and its silencing reduced IFI16 expression. Furthermore, IFI16 overexpression reversed
the effects of USP16 knockdown on cell survival, apoptosis, and inflammation.

Conclusion: USP16 depletion alleviates inflammation and apoptosis in AD cellular models through modulation of IFI16, suggest-
ing that USP16 may serve as a promising therapeutic target for AD.
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Introduction only confined to the neuronal compartment but also in-
volves strong interactions with immunological mechanisms
within the brain [6]. Notably, communication between
neurons and glial cells is essential for maintaining synap-

tic homeostasis and may be disrupted during AD progres-

Alzheimer’s disease (AD) is a neurodegenerative dis-
order that impairs cognitive development and neurocog-
nitive function, neuropathologically featured by neurode-

generation, neuronal loss, and the formation of neurofibril-
lary tangles and [3-amyloid peptide (A3) plaques [1]. AD
progresses along a continuum, beginning from an asymp-
tomatic preclinical phase to mild cognitive impairment, and
eventually to mild, moderate, and even severe dementia [2].
At present, only two classes of drugs have been approved
for AD treatment; however, these agents merely alleviate
AD-related symptoms rather than cure or prevent the dis-
ease [3]. Several essential elements of AD pathophysiol-
ogy have been identified as critical contributors, driving
the translation of these findings into potential therapeutic
strategies [4].

Growing evidence has underscored the role of neu-
roinflammation in neurodegenerative diseases (NDs) such
as AD [5]. For example, the pathogenesis of AD is not

sion [7]. In light of this, we aimed to identify candidate
molecules that may modulate neuroinflammation in AD.
We first analyzed differentially expressed genes (DEGs)
using the GSE129296 dataset (expression data from mi-
croglia in AS and Tau mouse models of AD). Among
the top three cross-referenced genes, interferon gamma-
inducible protein 204 (IF1204), the murine homolog of in-
terferon gamma-inducible protein 16 (IFI16), was found
to be markedly elevated in AD [8]. IFI16 (also known as
p204) plays a pivotal role in canonical lipopolysaccharide
(LPS)-induced toll-like receptor 4 (TLR4) signaling, which
can bind to AS and activate downstream intracellular sig-
naling cascades such as NLR family pyrin domain contain-
ing 3 (NLRP3), thereby amplifying inflammation in AD
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[9-11]. Hence, it is reasonable to hypothesize that IF116
may exacerbate neuroinflammation in AD by modulating
the TLR4/NLRP3 signaling pathway.

We then investigated the specific mechanisms under-
lying this process. As a post-translational modification
(PTM) essential for maintaining multiple physiological pro-
cesses, protein ubiquitination allows cells to mount rapid
and adaptive responses to various stimuli [12,13]. Mean-
while, disruption of the ubiquitin-proteasome system (UPS)
in AD has been observed, wherein UPS dysfunction con-
tributes to the accumulation of phosphorylated tau (p-tau),
an underappreciated marker of AD [14]. Moreover, ubiqui-
tin has been shown to modulate various aspects of protein
fate and function, including protein degradation via the UPS
[15]. Conversely, deubiquitylation, the reverse process, is
catalyzed by deubiquitinating enzymes (DUBs) that remove
ubiquitin from the ubiquitinated substrates, and DUBs have
emerged as promising therapeutic targets in neurodegen-
erative diseases (NDs), including AD, due to their roles
in modulating the stability of NDs-associated pathological
proteins [16,17].

Based on these findings, we hypothesized the presence
of potential candidates capable of mediating the deubig-
uitylation and stabilization of IFI16, thereby exacerbating
neuroinflammation in AD. Thus, we predicted the upstream
mediator with the potential to deubiquitinate IFI16. Among
the predicted deubiquitylating enzymes, only ubiquitin-
specific peptidase 16 (USP16) stood out, as inhibition of
USP16 has been reported to rescue stem cell aging and ame-
liorate memory deficits in an AD model [18]. Therefore,
this study aimed to determine whether USP16 also medi-
ates the deubiquitylation of IFI16, thereby worsening neu-
roinflammation in AD.

Materials and Methods

Bioinformatics

The dataset GSE129296 (https://www.ncbi.nlm.nih.g
ov/geo/query/acc.cgi?acc=GSE129296) was retrieved from
the Gene Expression Omnibus (GEO) database and ana-
lyzed using the GEO2R tool in the NCBI (https://www.nc
bi.nlm.nih.gov/geo/geo2r/). The resulting differential ex-
pression data were visualized as a volcano plot.

Additionally, Ubibrowser (http://ubibrowser.bio-it.cn
/ubibrowser v3/) was adopted to predict potential deubiq-
uitylation enzymes targeting IF116, and the corresponding
data were presented in the figures.

Cell Culture and Intervention

The human glial cell line HMC3 (CRL-3304) and
the neuronal cell line SH-SY5Y (CRL-2266) were ob-
tained from the American Type Culture Collection (ATCC,
Manassas, VA, USA). Cells were maintained in ATCC-
formulated Eagle’s Minimum Essential Medium (EMEM,
30-2003, ATCC, USA) supplemented with 10% bovine
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calf serum (30-2020, ATCC, USA), with or without F12
medium (10-080-CV, Corning, Inc., Corning, NY, USA).
The human embryonic kidney cell line HEK-293T (CRL-
3216) was also obtained from ATCC and cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM, 30-2002,
ATCC, USA) supplemented with 10% bovine calf serum
and 2 mM L-glutamine (30-2214, ATCC, USA). All cell
lines were maintained in an incubator (NU-5720, NuAire,
Plymouth, MN, USA) at 37 °C with 5% CO,. All lines were
tested for mycoplasma contamination, confirmed to be free
of contamination, and were authenticated using short tan-
dem repeat (STR) analysis.

For transfection, sequences targeting USP16 and
IF116 were inserted into short hairpin RNA (shRNA) ex-
pression vectors pGPU6 (C02001, GenePharma, Shanghai,
China), while random sequences were cloned into the cor-
responding negative control vector (C03002, GenePharma,
Shanghai, China). All sequences used are listed in Table 1.
Meanwhile, the full-length IFT16 coding sequence was lig-
ated into the pcDNA 3.1 expression vector (V790-20, Invit-
rogen, Carlsbad, CA, USA), with the empty vector serving
as the negative control.

Table 1. Sequences used for transfection.

Gene Sequence (5-3")

shIFT16 #1 GCTACTTCACCTGCACCCT
shiFI16 #2 GGAGAAATTCAATGGAAAG
shiFI16 #3 GGAAGGGAGTCATTTTCCA
shUSP16 #1 GGAATCAAAAGGGCAGTGG
shUSP16 #2 GCTATCAGCAGCAAGACAG
shUSP16 #3 GACAATAAAGTGAAAGATA
sh-NC CAACAAGATGAAGAGCACCAA

shIFI16, short hairpin RNA targeting interferon gamma-
inducible protein 16; shUSP16, short hairpin RNA target-
ing ubiquitin-specific peptidase 16; sh-NC, negative control
of short hairpin RNA.

The constructed shRNA expression vectors and IF116
overexpression plasmids were transfected into HMC3 glial
cells with or without AF1-42 exposure using Lipofec-
tamine 2000 transfection reagent (11668-027, Invitrogen,
Carlsbad, CA, USA) at 37 °C for 48 h according to the man-
ufacturer’s instructions. Following transfection, the cells
were harvested for subsequent analyses.

For the intervention with A31-42 to mimic the AD
model, all procedures for preparing oligomeric AfS1-
42 solution followed a previously described protocol
[19]. Briefly, 1 mM AS1-42 (A99268, Acmec Bio-
chemical, Shanghai, China) was first dissolved in 100%
hexafluoroisopropanol (HFIP, H30760, Acmec Biochem-
ical, China). HFIP was then evaporated using a Speed-
Vac™ SRF110 refrigerated centrifugal vacuum concen-
trator (SRF110P1-115, ThermoFisher Scientific, Waltham,
MA, USA). The resulting, peptide film was resuspended
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to a concentration of 5 uM in anhydrous dimethyl sul-
foxide (DMSO, D12345, ThermoFisher Scientific, USA),
and subsequently diluted with phosphate-buffered saline
(PBS, AC13317, Acmec Biochemical, China) to a final
concentration of 400 uM, followed by the addition of 0.2%
sodium dodecyl sulfate (SDS, S19770, Acmec Biochemi-
cal, China). The prepared solution was incubated at 37 °C
for 24 h, then further diluted with PBS to 100 uM and in-
cubated for an additional 24 h. Based on previous studies
[19], treatment with 5 uM A31-42 for 24 h was performed
for subsequent experiments.

Enzyme-Linked Immunosorbent Assay (ELISA)

The levels of proinflammatory cytokines tumor necro-
sis factor (TNF)-a and interleukin (IL)-18 were quanti-
fied using their corresponding ELISA assay kits (RK00030,
RK00001, ABclonal, Wuhan, China). Briefly, cell culture
supernatants were centrifuged to remove particulates, and
the clarified samples, together with the working solution,
were added to the microplates. After washing, the plates
were incubated at 37 °C for 2 h, followed by the addition
of 100 pL of biotin-conjugated antibody working solution
and incubation at 37 °C for 1 h. Subsequently, 100 pL of
streptavidin-horseradish peroxidase (HRP) working solu-
tion and 100 uL. TMB substrate were added to each well
sequentially for 30 min and 20 min (in the dark), at 37 °C,
respectively. The reaction was terminated by adding 50 uL.
of the stop solution, and the absorbance was measured at
450 nm using a VICTOR® Nivo™ multimode plate reader
(PerkinElmer, Waltham, MA, USA).

Neuron-Glia Co-Culture Assay

To investigate the influence of glial cells on neuronal
function, an indirect co-culture system was established us-
ing Transwell inserts (#3412, Corning, Corning, NY, USA).
Human neuronal SH-SY5Y cells were seeded in the lower
chambers of 12-well plates at a density of 5 x 10* cells/well
in complete EMEM/F12 medium and pre-cultured for 24
h to allow for cell attachment. Transwell inserts contain-
ing pretreated HMC3 glial cells were then carefully trans-
ferred into the 12-well plates containing SH-SYSY cells in
the lower chamber. The co-culture was maintained in fresh,
serum-free EMEM medium for an additional 48 h. After co-
culture, the Transwell inserts (containing HMC3 glial cells)
were removed, and the SH-SYS5Y cells in the lower cham-
ber were collected for subsequent analyses.

Cell Viability and Apoptosis Assays

Neuronal viability and apoptosis were examined using
a commercial Cell Counting Kit-8 (CCK-8) (CA1210, So-
larbio, Beijing, China) and an Annexin V-fluorescein isoth-
iocyanate (FITC)/propidium iodide (PI) apoptosis detection
kit (CA1020, Solarbio, Beijing, China).

For the cell viability assay, neurons were seeded in 96-
well plates at a density of 2 x 103 cells/well and incubated

with 10 pL CCK-8 solution for 4 h. The absorbance was
measured at 450 nm using a microplate reader. Relative cell
Vlablhty (%) = (ODexperimem - ODblank)/(ODcomrol - ODblank)
x 100%.

For the apoptosis assay, 1 x 10° harvested cells were
resuspended in 1 mL of 1x binding buffer provided in the
kit. After centrifugation to remove the supernatant, the cells
were resuspended in the same binding buffer to a final con-
centration of 1 x 108 cells/mL and incubated with 5 uL
each of Annexin V-FITC and PI working solutions for 10
min at room temperature in the dark. Apoptotic cells were
analyzed using a CytoFlex flow cytometer (B96622, Beck-
man Coulter, Indianapolis, IN, USA), and the data were
processed using FlowJo 10 software (FlowJo, LLC., Ash-
land, OR, USA). Apoptosis rate (%) = (percentage of early
apoptotic cells) + (percentage of late apoptotic cells).

Co-Immunoprecipitation and In Vitro
Deubiquitylation Assays

All procedures for these assays followed previously
established methods [20]. Briefly, MG132 solution (20
uM, A2585, ApexBio, Houston, TX, USA) and the an-
tibodies including USP16 (A301-614A, Bethyl Laborato-
ries, Montgomery, TX, USA), IF116 (#14970, Cell Signal-
ing Technology, Danvers, MA, USA), Flag (30503ES60,
Yeasen, Shanghai, China), and HA (ab1424, Abcam, Cam-
bridge, UK) were prepared in advance.

For the co-immunoprecipitation assay, HEK-293T
cells were lysed in a lysis buffer containing Tris-HCI (50
mM, AC17151, Acmec Biochemical, China), NaCl (150
mM, S41334, Acmec Biochemical, China), and 1% NP-
40 lysis buffer (AC13046, Acmec Biochemical, China)
[21], supplemented with phenylmethylsulphonyl fluoride
(PMSF, AP0100, Acmec Biochemical, China). The total
protein lysates were incubated with an anti-IFI116 antibody
(ab169788, 1:10,000, 88 kDa) at 4 °C for 8 h, followed by
incubation with protein A/G beads (88802, ThermoFisher
Scientific, USA) at 4 °C for 2 h. Whole-cell extracts
(WCEs) were prepared as controls. The immunoprecipi-
tated proteins were eluted with 1x SDS buffer (AC13975,
Acmec Biochemical, China) and analyzed by western blot-
ting.

For the in vitro deubiquitylation assay, HEK-293T
cells were transfected with or without USP16-specific
shRNA and co-cultured with Flag-IF116 (#35064, Ad-
dgene, Watertown, MA, USA) and HA-Ubiquitin (HA-Ub,
#18712, Addgene, USA) for 48 h, followed by MG-132 ex-
posure for 5 h. Cell lysates were prepared using NP-40 ly-
sis buffer containing PMSF. After incubation with the indi-
cated antibodies at 4 °C overnight, WCEs were further in-
cubated with protein A/G beads at 4 °C for 12 h. The bead-
bound proteins were eluted with glycine (G12760, Acmec
Biochemical, China) prior to the western blot assay.
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Western Blotting

Total proteins were extracted using RIPA lysis buffer
(AR0010, Acmec Biochemical, China), and their concen-
trations were determined with a BCA protein assay kit
(PC0020, Acmec Biochemical, China). Equal amounts
of proteins were separated via SDS-PAGE gel (6% and
8%, AC13342, Acmec Biochemical, China) and transferred
to polyvinylidene fluoride membranes (AC17619, Acmec
Biochemical, China). The membranes were blocked in
5% skim milk (AD8340, Acmec Biochemical, China) pre-
pared in Tris-buffered saline with Tween 20 (TBS-T; #9997,
Cell Signaling Technologies, USA), followed by incuba-
tion with primary antibodies (Abcam, UK) against USP16
(ab121650, 1:5000, 94 kDa), IF116 (ab169788, 1:10,000,
88 kDa), TLR4 (ab218987, 1:10,000, 95 kDa), NLRP3
(ab263899, 1:1000, 118 kDa), and 3-actin (ab8226, 1:2000,
42 kDa) overnight at 4 °C. Subsequently, membranes were
incubated with HRP-conjugated secondary antibodies (Ab-
cam, UK) against mouse IgG (ab205719, 1:5000) or rabbit
IgG (ab205718, 1:5000) at room temperature for 1 h. Pro-
tein bands were visualized using the SuperSignal™ West
Dura Extended Duration Substrate (34076, ThermoFisher
Scientific, USA) and captured with an Odyssey imaging
system (version 1.2, LI-COR Biosciences, Lincoln, NE,
USA).

Reverse-Transcription Quantitative PCR (RT-gPCR)

After the designated transfection, total RNA was ex-
tracted using a total RNA extraction reagent (10606ES60,
Yeasen, China) and quantified using a spectrophotometer
(ND-LITE, ThermoFisher Scientific, USA). Complemen-
tary DNA (cDNA) was synthesized with a commercial re-
verse transcription kit (K1641, ThermoFisher Scientific,
USA). RT-qPCR was performed using an ABI Prism 7500
Fast Real-Time PCR system (Applied Biosystems, Fos-
ter City, CA, USA) and SYBR™ Green PCR Master Mix
(4309155, Applied Biosystems, USA), under the following
thermal cycling conditions: 95 °C for 10 min, followed by
40 cycles of 95 °C for 15 s and 60 °C for 1 min. [-actin
served as the internal control, and relative expression lev-
els were calculated using the 2~24Ct method [22]. Primer
sequences used are listed in Table 2.

Table 2. Primer sequence used for RT-qPCR.

Gene Sequence (5’-3%)

IF116 forward CTCAGAACCCGAAAACAG
IF116 reverse TATTGTGACATTGTCCTGTC
USP16 forward AAGATCTGAACCTCACTGTC
USP16 reverse TCCTTTACTCACTCTTTGGT
B-actin forward CACACCTTCTACAATGAGC
B-actin reverse ATAGCACAGCCTGGATAG

Notes: RT-qPCR, reverse transcription quantitative poly-
merase chain reaction; /F116, Interferon gamma-inducible

protein 16; USP16, ubiquitin-specific peptidase 16.
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Statistical Analysis

All experimental data are presented as mean =+ stan-
dard deviation. Variance homogeneity was verified using
Brown-Forsythe test. Comparisons between two groups
were performed using an independent samples #-test, while
multiple-group comparisons were analyzed using one-way
analysis of variance (ANOVA) with GraphPad Prism 8.0
(GraphPad, Inc., La Jolla, CA, USA). Tukey test was per-
formed as post-hoc. A p-value < 0.05 was considered sta-
tistically significant.

Results

IF116 Knockdown in Glial Cells Attenuated
AB1-42-Induced Inflammation and Neuronal
Apoptosis

The dataset GSE129296 was first employed to analyze
differentially expressed genes (DEGs) in AD, where IFI16
was identified as highly expressed (Fig. 1A). Accordingly,
IFI16-specific shRNAs (denoted as sh#1-—#3 in the figures)
were constructed and transfected into HMC3 glial cells, af-
ter which the transfection efficiency was evaluated. The
data revealed that sh#2 achieved the most effective knock-
down (Fig. 1B, p < 0.05). Therefore, sh#2 was selected for
subsequent experiments and transfected into HMC3 cells
prior to A51-42 exposure.

The levels of proinflammatory cytokines (TNF-«
and IL-18) and TLR4/NLRP3 inflammasomes were deter-
mined using ELISA (Fig. 1C,D) and western blot analysis
(Fig. IE-G). These inflammation-related markers were sig-
nificantly elevated following A/31-42 exposure (Fig. 1C—
G, p < 0.05), whereas their expression was notably reduced
after IF116 knockdown (Fig. 1C-G, p < 0.05).

To further examine the impact of glial activation on
neurons, A/31-42-treated glial cells were co-cultured with
SH-SYS5Y neuronal cells, and neuronal viability and apop-
tosis were assessed using CCK-8 (Fig. 1H) and flow cy-
tometry (Fig. 11,J). Exposure to A31-42 markedly reduced
neuronal viability and enhanced apoptosis (Fig. 1H-J, p <
0.05). Conversely, IF116 silencing significantly restored
neuronal viability and inhibited apoptosis (Fig. |H-J, p <
0.05).

USP16 Acted as the DUBs of IF116 and Was Highly
Expressed in AD

Next, we explored the potential upstream regulator
of IF116 from the perspective of post-translational mod-
ification (PTM). Using Ubibrowser, possible deubiquiti-
nating enzymes (DUBs) targeting IFI16 were predicted
(Fig. 2A). We then determined the expression level of
USP16 in HMC3 glial cells following A31-42 induction
and observed a significant increase (Fig. 2B,C, p < 0.05).
To verify its regulatory role, specific shRNA targeting
USP16 were designed and transfected into HMC3 glial
cells, among which sh#1 exhibited the most efficient knock-
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Fig. 1. Knockdown of IFI16, a gene abnormally overexpressed in AD, attenuates A/31-42-induced inflammation and neuronal
apoptosis in glial cells. (A) The GSE129296 dataset (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE129296) retrieved from
GEO was used to analyze the differentially expressed genes in AD. (B) Validation of /F1]6-specific ShRNA knockdown efficiency by
reverse-transcription quantitative PCR (RT-qPCR). 3-actin served as the normalization control. (C,D) ELISA was adopted to determine
the levels of proinflammatory cytokines TNF-« (C) and IL-13 (D) in HMC3 glial cells following A31-42 induction (5 uM for 24 h) and
IF116 knockdown. (E-G) Based on the analysis of protein grey values (E), the protein expression levels of TLR4 (F) and NLRP3 (G) in
HMC3 glial cells following A31-42 induction (5 uM for 24 h) were quantified via western blotting. S-actin served as the normalization
control. (H) Following co-culture of HMC3 cells (treated with A31-42, 5 uM for 24 h) and SH-SY5Y neuronal cells, neuronal viability
was determined using the CCK-8 assay. (I,J) The apoptosis of SH-SY5Y neuronal cells under the indicated treatments was analyzed by
flow cytometry. Data represent the mean =+ standard deviation from three independent experiments. Comparison between groups: **p <
0.01, ***p < 0.001. Abbreviation: /F/16, interferon gamma inducible protein 16; AD, Alzheimer’s disease; sShRNA, short hairpin RNA;
NC, negative control; AF1-42, B-amyloid peptide 1-42; TNF-c, tumor necrosis factor-a; IL-14, interleukin-1/3; ELISA, enzyme-linked
immunosorbent assay; TLR4, toll-like receptor 4; NLRP3, NLR family pyrin domain containing 3; CCK-8, cell counting kit-8; FITC,
fluorescein isothiocyanate; PI, propidium iodide.

down (Fig. 2D, p < 0.05). Moreover, following USP16
silencing, the expression level of IFI16 was markedly re-
duced (Fig. 2E,F, p < 0.05).

Given the role of USP16 as a DUB, we determined
the interaction between USP16 and IFI16 and their po-
tential role in IFI16 deubiquitination. Results from co-
immunoprecipitation (Fig. 2G) and in vitro deubiquitylation
assays (Fig. 2H) demonstrated that ectopically expressed
USP16 interacted with IFI16, and that the silencing of
USP16 enhanced IF116 ubiquitination (Fig. 2G,H). Further-
more, an IF116 overexpression plasmid was constructed and
transfected into HMC3 cells, with increased IFI16 expres-
sion confirming transfection efficiency (Fig. 21, p < 0.05).

USP16 Antagonized IF116-Mediated Inflammation
and Neuronal Damage

Finally, we investigated the interplay between IFI16
and USP16 in A/31-42-induced inflammation and apopto-
sis in glial cells, with or without neuronal cells. The secre-
tion of inflammatory cytokines TNF-« (Fig. 3A) and IL-
15 (Fig. 3B) was quantified using ELISA. Both cytokines
were significantly upregulated following the overexpres-
sion of IFI16 (Fig. 3A,B, p < 0.05), while silencing of
USP16 reduced their levels and reversed the proinflamma-
tory effects of IFI16 overexpression (Fig. 3A,B, p < 0.05).
Similarly, the expression of TLR4 and NLRP3 in HMC3
glial cells was quantified following modulation of IF116 and
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Fig. 2. USP16 functions as the DUBs of IFI16 and is highly expressed in AD. (A) Potential DUBs of IFI16 were predicted using
the Ubibrowser database, and interaction factors were ranked clockwise in descending order of confidence scores. (B,C) The protein
expression level of USP16 in glial cells following exposure to A31-42 (5 uM for 24 h) was determined by western blot analysis, with
[-actin as the normalization control. (D) Validation of USP16-specific sShRNA silencing efficiency in HMC3 cells via RT-qPCR. -
actin served as the normalization control. (E,F) Relative protein expression levels of IFI16 in HMC3 cells after USP16 silencing were
analyzed by western blot analysis. 3-actin served as the normalization control. (G,H) The interaction between USP16 and IF116, as well
as USP16-mediated deubiquitylation of IF116, was confirmed through co-immunoprecipitation and in vitro deubiquitylation assays in
HEK-293T cells. (I) Transfection efficiency of the /F/16 overexpression plasmid in HMC3 cells was determined by RT-qPCR. S-actin
served as the normalization control. Data represent the mean =+ standard deviation from three independent experiments. Comparisons
between groups: **p < 0.01, ***p < 0.001. Abbreviation: USP16, ubiquitin-specific peptidase 16; DUBs, deubiquitinating enzymes.

USP16 expression levels. IFI16 overexpression markedly knockdown exerted the opposite effect and mitigated the
enhanced the protein levels of TLR4 and NLRP3 within the IF116-induced overexpression (Fig. 3C-E, p < 0.05).
model HMC3 cells (Fig. 3C-E, p < 0.05), while USP16
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Fig. 3. USP16 knockdown counteracted the effects of IFI16 overexpression on aggravating inflammation and neuronal apoptosis
in A51-42-induced AD model cells. (A,B) ELISA was used to determine the levels of proinflammatory cytokines TNF-a (A) and IL-13
(B) in HMC3 glial cells following AB1-42 induction (5 uM for 24 h) and IFI16 overexpression and/or USP16 silencing. (C—E) Based

on the analysis of protein band grey values (C), the protein expression

levels of TLR4 (D) and NLRP3 (E) in HMC3 glial cells following

AB1-42 induction (5 uM for 24 h) and IF116 overexpression and/or USP16 silencing were quantified via western blot analysis. S-actin

served as the normalization control. (F) Following co-culture of HMC3 cells under the indicated treatments with SH-SYS5Y neuronal
cells, the viability of SH-SY5Y neuronal cells was determined using the CCK-8 assay. (G,H) The apoptosis of SH-SY5Y neuronal cells

under the indicated treatments was determined by flow cytometry. Data represent the mean = standard deviation from three independent

experiments. Comparison between groups: *p < 0.05, **p < 0.01, ***p < 0.001.

Moreover, in the co-culture system, modulation of
USP16 and IFI16 expression in glial cells markedly affected
neuronal survival. IFI16 overexpression significantly sup-
pressed the viability of SH-SY5Y cells and promoted apop-
tosis (Fig. 3F-H, p < 0.05), whereas USP16 silencing re-
versed these effects (Fig. 3F—H, p < 0.05).

Discussion

AQB is produced through the cleavage of amyloid
precursor protein in the cell membrane by [-secretase

and ~-secretase, generating monomeric peptides of vary-
ing lengths [23]. Notably, AS1-42 present in cere-
brospinal fluid (CSF) has been widely recognized as a cen-
tral biomarker for AD severity, suggesting its potential as
a diagnostic marker for the disease [24]. Therefore, AG1—
42 was employed to establish an in vitro AD model in this
study, with the aim of further evaluating the effects of the
USP16/IF116 axis on inflammation and apoptosis of these
model cells. Based on our findings, we confirmed that
silencing IFI16, which was abnormally overexpressed in
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AD and deubiquitinated by USP16, attenuated inflamma-
tion and apoptosis in AD model cells. These results high-
light the regulatory role of the USP16/IF116 axis in AD
pathogenesis and contribute to elucidating the underlying
molecular mechanisms involved.

AD is a complex neurodegenerative disorder, with
accumulating evidence indicating that both glial and neu-
ronal cells play significant roles in its pathogenesis [25,26].
Moreover, the interaction between neurons and glial cells
in AD pathogenesis has been identified as crucial for main-
taining synaptic homeostasis [7,27]. Glial cells are vi-
tal for sustaining brain homeostasis and play pivotal roles
in central nervous system (CNS) injury and diseases, and
the inflammation within these cells has been recognized as
a crucial factor that disrupts homeostasis and exacerbates
AD progression [28,29]. Additionally, neuroinflammation,
characterized by glial cell activation, is often indicated by
increased expression of inflammatory cytokines, including
TNF-« and IL-13, both of which are early response mark-
ers and are expressed concurrently [30].

Among their diverse functions, glial cells regulate
synapse formation and respond to neural activity, suggest-
ing that impaired neuron-glia interactions may contribute to
the pathogenesis of neurodevelopmental disorders [31,32].
Mechanistically, activation of the TLR4 signaling pathway
has been reported to initiate neuroinflammation, with the
NLRP3 inflammasome serving as a key mediator [33,34].
Previous studies have shown that IFI16 induces inflam-
mation in hepatitis B virus-associated glomerulonephritis
through modulation of the caspase-1/IL-15 pathway and
mediates STING signaling as a crucial regulator of anti-
HER2 immune responses in HER2-positive breast cancer
[35,36]. Moreover, IF116 has been shown to mediate TNF-
a-induced expression of Intercellular Adhesion Molecule
1 (ICAM-1), modulate inflammatory processes, and ag-
gravate LPS-induced TLR4-mediated inflammation, while
impacting NLRP3 inflammasome activation to promote
inflammation in response to Kaposi’s sarcoma-associated
herpesvirus infection [37-39].

Nevertheless, the precise role and mechanisms of
IF116 in AD pathogenesis remain insufficiently elucidated.
Consistent with our experimental data, IFI16 was signif-
icantly upregulated in AD, and its overexpression aggra-
vated inflammation in AD model cells, as evidenced by an
increased apoptosis rate and elevated levels of proinflam-
matory cytokines (TNF-a and IL-13) and TLR4/NLRP3
signaling components. These findings collectively support
the hypothesis that IFI16 contributes to the aggravation of
AD through promotion of neuroinflammatory and apoptotic
processes.

We next aimed to elucidate the potential underlying
mechanism that could further explain the effects of IF116 on
AD. We focused on the specific mechanism of ubiquitina-
tion, as its dysregulation has been implicated in various de-
velopmental disorders and neurodegenerative diseases [40].
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Enzymes, including the DUBs, have been emphasized as
key participants in the UPS, where they regulate disease-
associated proteins by modulating the degree of ubiquitina-
tion [41]. Moreover, DUBs have been shown to counter-
regulate the ubiquitination process and influence the stabil-
ity of neurodegeneration-related pathogenic proteins [17].
Notably, in addition to their potential roles in stabilizing c-
Myec [42], histone H2A lysine-119 [43], and calcineurin A
[44], USP16 knockdown has been reported to rescue stem
cell aging and memory deficits in AD models [18]. We
therefore propose that USP16 may aggravate neuroinflam-
mation in AD through deubiquitination of IFI16, thereby
enhancing its stability. However, the current study lacks an
in vivo validation to further validate these findings, which
will be the focus of future investigations.

Conclusion

In summary, our findings indicate that the interaction
between USP16 and IF116 through deubiquitylation mod-
ulates inflammation and apoptosis in A31-42-induced cel-
lular AD models. This regulatory effect appears to be me-
diated through the modulation of the TLR4/NLRP3 inflam-
masome signaling axis.
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