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SUMMARY
Overexpression of USP7 and HDM2 inactivates P53 signaling in tumor cells and facilitates their progression,
but suppression of these targets by conventional strategies to reactivate P53 function remains a challenge.
We applied polyQ sequences and target-interacting peptides to engineer polyQ fusion proteins that specif-
ically sequester the targets, hence depleting their availabilities andmodulating the P53 functionality.We have
revealed that the designer fusion Atx793Q-N172-IRF (IRF sequence: SPGEGPSGTG) sequesters USP7 and/or
HDM2 into aggregates and thereby increases the P53 level, but it depends on the IRF repeats fused, suggest-
ing that depletion of the USP7 availability plays a dual role in controlling P53 stability. Direct sequestration of
HDM2 by Atx793Q-N172-PMI (PMI: TSFAEYWNLLSP) remarkably reduces the protein level of soluble HDM2
and hence increases the P53 level, which consequently up-regulates expression of the downstream genes.
The polyQ-fusion strategy is feasible to modulate the P53 stability and functionality, furnishing a therapeutic
potential for cancers.
INTRODUCTION

Protein aggregation is a common biological process where

improperly processed or misfolded proteins tend to form aggre-

gates accumulating within cells.1,2 This phenomenon is often

observed in various neurodegenerative diseases, especially in

polyglutamine (polyQ) diseases, which are caused by the unsta-

ble expansion of CAG trinucleotide repeats in specific gene se-

quences.3 Research also indicates that protein aggregation

might serve a protective role by segregating misfolded or

damaged proteins, thus potentially safeguarding cellular func-

tions.4–6 During the aggregation process, polyQ-expanded

(PQE) proteins can effectively sequester cellular components

into aggregates through their own structural domains/motifs,7–9

ubiquitin-mediated interaction,10–12 or RNA-mediated interac-

tion.13,14 This may lead to reduced solubility and availability of

the sequestered biomolecules essential to cellular homeostasis,

potentially impairing their biological functions and consequently

altering the cell fates.15,16

The polyQ tract is an aggregation-prone sequence, whereas

polyQ expansion can enhance aggregate formation and matura-

tion,17 but it is somehow relatively inert or even protective to the

cells. Based on these biochemical properties, we designed a se-

ries of chimeric proteins, combining a polyQ tract with one or

more peptide sequences specifically interacting with the target

proteins (enzymes). The designer polyQ fusion can sequester

the target proteins into aggregates to reduce their cellular avail-
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abilities and modulate their functionalities. In this study, we took

USP7-HDM2-P53 axis as an example and designed several

polyQ fusion proteins to sequester USP7 and/or HDM2 and

modulate the stability and functionality of the P53 protein.

Approximately two-thirds of human tumors are linked to P53

inhibition and its intracellular degradation. The stability of the tu-

mor suppressor protein P53 is significantly influenced by the

combined actions of ubiquitin-specific protease 7 (USP7),

mouse/human double minute 2 homolog (MDM2/HDM2), and

murine/human double minute X (MDMX/HDMX).18,19 USP7,

also named as herpesvirus-associated ubiquitin-specific prote-

ase (HAUSP), has been associated with various cancers. It can

indirectly facilitate P53 degradation by stabilizing HDM2, which

serves as an E3 ligase for P53 ubiquitination.20–22 Additionally,

USP7 has the ability to directly bind to and stabilize P53 through

its deubiquitinating activity.23 In this regard, overexpression of

HDM2 or inactivation of USP7 will alleviate the tumor-suppress-

ing capacity of P53 and facilitate tumor cell survival.22,24 Conse-

quently, antagonizing both USP7 and HDM2 to stabilize and

activate P53 might be a feasible strategy for antitumor drug

design.25–28

Our results demonstrate that the polyQ fusions can effectively

sequester USP7 into aggregates or inclusions and thus reduce

the availability of USP7, which plays a dual role in controlling

P53 stability but perhaps due to the functional redundancy of

USP7 in cancer cells.29 Additionally, depletion of soluble

HDM2 can reduce the ubiquitination level of P53 and up-regulate
rch 21, 2025 ª 2025 The Author(s). Published by Elsevier Inc. 1
NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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expression of the downstream genes in the USP7-HDM2-P53

pathway. This study develops a polyQ-fusion strategy to modu-

late cell functions and may also provide a therapeutic potential

for diverse diseases.

RESULTS

Design of the polyQ fusion proteins for specifically
sequestering USP7
As known, protein aggregation can sequester cellular essential

factors into aggregates or inclusions through their interacting do-

mains or motifs and consequently impair the biological functions

of targeted proteins.16 To specifically sequester cellular target

proteins (enzymes) and suppress their functions, we designed

and constructed a series of fusion proteins, based on an amyloi-

dogenic core (e.g., polyQ tract) and an interacting peptide

sequence, to modulate the biological functions of these indi-

cated targets (Figure 1A). Because the target protein USP7 is a

nuclear protein, a nuclear localization signal (NLS) is required

for directing the fusion protein into the nucleus. It was previ-

ously reported that viral interferon regulatory factor 1 (vIRF1)

specifically interacts with USP7 via a peptide sequence of

SPGEGPSGTG.30 Thus, we applied this sequence, hereinafter

referred to as IRF, to fuse with the polyQ tract to construct a

polyQ fusion protein.

First, we selected the N-terminal fragments of PQE huntingtin

(Htt) and ataxin-7 (Atx7),10,11 namely Htt-N171 and Atx7-N172,

respectively, to serve as amyloidogenic cores in our polyQ

fusion proteins (Figures 1A and S1A). We co-transfected

FLAG-tagged NLS-Atx710Q-N172, NLS-Htt18Q-N171, or their

respective fusions (IRF or 3IRF) with HA-tagged USP7 into

HEK 293T cells and performed co-immunoprecipitation (co-

IP) experiment to characterize their interactions. The data

showed that only the fusion proteins containing the IRF

sequence could interact with USP7, whereas the Atx710Q-

N172 and Htt18Q-N171 without IRF fusion did not interact with

USP7 (Figures 1B and S1B), suggesting that the polyQ fusion

proteins specifically interact with USP7 via their fused IRF

sequence. Subsequently, we performed supernatant/pellet

(S/P) fractionation, and the result indicated that Atx793Q-

N172-IRF/3IRF could precipitate more exogenous USP7 into

the pellet fraction than the non-peptide fusion form (Figure 1C).

However, there was no significant difference in the USP7 level

precipitated by Htt100Q-N171-IRF as compared with Htt100Q-

N171 (Figure S1C), possibly because the free Htt100Q-N171

fragment formed amorphous aggregates with different sizes

and could precipitate USP7 into pellet with a non-specific

manner. Therefore, we consider Atx793Q-N172 as an amyloido-

genic core suitable for fusing an interacting peptide to specif-

ically sequester USP7 into aggregates in cells.

Sequestration of endogenous USP7 into aggregates by
polyQ-IRF fusions
Since USP7 is shown overexpressing in various cancer pheno-

types, disrupting its biological function has become a promising

strategy in oncological research for cancer therapy.31,32 To

target the endogenous USP7 by designer polyQ-IRF fusions,

we overexpressed these fusion proteins in A549 cells and initially
2 iScience 28, 112025, March 21, 2025
assessed their impact on the USP7 levels. The result exhibited

that the protein levels of endogenous USP7 were almost equiv-

alent upon overexpression of Atx793Q-N172 and its IRF/3IRF

fusion forms (Figure 2A), indicating that overexpression of

polyQ-IRF fusions did not alter the cellular total USP7 levels.

S/P fractionation showed that overexpression of Atx793Q-

N172-IRF/3IRF in A549 cells significantly decreased the USP7

level in supernatant, whereas it remarkably increased the accu-

mulation of USP7 in pellet (Figure 2B). We also examined the

sequestration capacity of exogenous USP7 by these polyQ-

IRF fusions in HEK 293T cells and observed an increasing

amount of the exogenous USP7 in the pellet fraction seques-

tered by Atx793Q-N172-IRF/3IRF (Figure S2A). These findings

suggest that the IRF or 3IRF fusion form can substantially reduce

the solubility and perhaps availability of USP7 within cells

without altering its total expression level.

Subsequently, we conducted immunofluorescence imaging

for visualizing co-localization and sequestration in both A549

(Figure 2C) and HEK 293T (Figures S2B and S2C) cells.

Although Atx793Q-N172 formed large puncta in nucleus, it did

not co-localize with USP7, indicating that the Atx793Q-N172

without IRF fusion could not sequester endogenous USP7

into the inclusions. However, the inclusions formed by

Atx793Q-N172-IRF/3IRF exhibited evident co-localization with

the endogenous USP7 (Figures 2C and S2B). It means that

Atx793Q-N172-IRF/3IRF can induce endogenous USP7 to

accumulate in the large ring-like puncta. Note that each punc-

tum may contain a solid and condensed core of protein aggre-

gates, which cannot be stained by the dyes, so it looks like a

hollow ring under microscopic imaging. Similar result was

also obtained from the co-localization of exogenous USP7

with the inclusions formed by Atx793Q-N172-IRF/3IRF in HEK

293T cells (Figure S2C). Therefore, we conclude that the

polyQ-IRF fusions can effectively sequester USP7 into aggre-

gates or inclusions in cells through their combined IRF peptide

sequences, which may reduce the solubility and availability of

USP7 and interfere with its biological function in the cellular

environment.

Accumulation of endogenous HDM2 with USP7 by
polyQ-IRF fusions
USP7 plays a critical role in cellular processes; it interacts with

HDM2 and enhances its stability through the deubiquitination

pathway.33,34 Considering the interaction between USP7 and

HDM2, we further examined whether the polyQ-IRF fusions

could sequester endogenous HDM2 together with USP7. Our

S/P fractionation data indicated that, upon overexpression of

Atx793Q-N172-IRF/3IRF in A549 cells, there was a significant in-

crease of the amount of HDM2 in the pellet fraction but no

change observed in the supernatant (Figure 3A). Immunofluores-

cence imaging also showed that the endogenous HDM2was co-

localized with the puncta formed by Atx793Q-N172-IRF/3IRF

(Figure 3B), but there was no such co-localization observed be-

tween Atx793Q-N172 and HDM2. This observation was also ob-

tained from the exogenous HDM2 co-localized with the puncta

formed by Atx793Q-N172-IRF/3IRF in HEK 293T cells (Figure S3).

These data suggest that the polyQ-IRF fusions can also accumu-

late HDM2 via sequestering USP7 into aggregates.



Figure 1. The N-terminal fragment of PQE

Atx7 as an aggregation template for

designing polyQ fusion proteins

(A) Schematic diagram of the designer polyQ-

fusion proteins based on Atx793Q-N172. Atx793Q-

N172, the N-terminal 172-residue fragment of

Atx793Q; NLS, nuclear localization signal; IRF, a

homologous sequence of vIRF, SPGEGPSGTG;

3IRF, triplicate of IRF.

(B) Examining the interaction between polyQ-IRF

fusion and USP7 by co-IP assay. HEK 293T cells

were co-transfected with FLAG-tagged NLS-

Atx710Q-N172 or its IRF/3IRF fusion and HA-

USP7, and 48 h post-transfection, the cell

lysates were subjected to co-IP assay with anti-

FLAG agarose beads. Vec., vector; Atx710Q-N172,

tagged with an NLS sequence; IRF, NLS-Atx710Q-

N172-IRF; 3IRF, NLS-Atx710Q-N172-3IRF.

(C) S/P fractionation for characterizing the distri-

bution of exogenous USP7 in supernatant and

pellet. HEK 293T cells were co-transfected with

FLAG-tagged NLS-Atx793Q-N172 or its IRF/3IRF

fusion and HA-USP7, and after cultured for 48 h,

the USP7 levels in the supernatant and pellet

fractions were detected and analyzed. Sup., su-

pernatant; Pel., pellet. Vec., vector; Atx793Q-N172,

with an NLS sequence; IRF, NLS-Atx793Q-N172-

IRF; 3IRF, NLS-Atx793Q-N172-3IRF. Data are

shown as mean ± SD (n = 3). *p < 0.01; **p < 0.01;

N.S., no significance. See also Figure S1.
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Effects of polyQ-IRF fusions on P53 stability
The USP7-HDM2-P53 signaling pathway plays a critical role in

maintaining cellular homeostasis.35,36 Dysfunction in USP7 typi-

cally leads to accelerated degradation of HDM2 and in turn en-

hances theP53stability.37Tounderstand thesequestrationeffects

of thepolyQ-IRF fusionsonUSP7andHDM2thatdirectly influence
P53 stability, we overexpressed Atx793Q-

N172-IRF/3IRF in HEK 293T cells, treated

the cells with MG132, and conducted

immunoprecipitation to assess P53 ubiq-

uitination. The results showed that

Atx793Q-N172-IRF reduced the ubiquitina-

tion level of P53 remarkably, whereas

Atx793Q-N172-3IRF had little impact on

the P53 ubiquitination (Figure S4). Subse-

quently, we transfected various polyQ-

IRF fusion forms (Atx793Q-N172-IRF,

2IRF, or 3IRF) in A549 cells and detected

the P53 levels. The data showed that

Atx793Q-N172 did not alter the P53 level,

whereas Atx793Q-N172-IRF/2IRF led to a

significant increase in the P53 levels (Fig-

ure 4A). Intriguingly, overexpression of

Atx793Q-N172-3IRF caused no significant

changes in the P53 level compared to

Atx793Q-N172, being consistent with the

above-mentioned observation that over-

expression of Atx793Q-N172-3IRF did not

alter P53 ubiquitination considerably.
To further verify whether the changes in P53 stability

were caused by sequestration of USP7 and HDM2, we

conducted dose-dependent experiments to analyze the

effects of the polyQ-IRF fusions on P53 stability. The

results showed that the P53 level in cells increased with

the transfected plasmid dose of Atx793Q-N172-IRF/2IRF
iScience 28, 112025, March 21, 2025 3



Figure 2. Sequestration of endogenous

USP7 by polyQ-IRF fusions

(A) Detection of the total USP7 levels in A549

cells. A549 cells were transfected with FLAG-

tagged NLS-Atx793Q-N172 or its IRF/3IRF fusion,

and after cultured for 48 h, the total USP7

levels were detected and analyzed. Vec., vector;

Atx793Q-N172, with an NLS sequence; IRF, NLS-

Atx793Q-N172-IRF; 3IRF, NLS-Atx793Q-N172-

3IRF.

(B) S/P fractionation for characterizing the dis-

tribution of endogenous USP7 in supernatant

and pellet. A549 cells were transfected with

FLAG-tagged NLS-Atx793Q-N172 or its IRF/3IRF

fusion, and after 48-h culture, the USP7 levels

in the supernatant and pellet fractions were de-

tected and analyzed. Sup., supernatant; Pel.,

pellet. Data are shown as mean ± SD (n = 3).

*p < 0.05; **p < 0.01; N.S., no significance.

(C) Immunofluorescence imaging for character-

izing the co-localization of endogenous USP7

with the aggregates formed by Atx793Q-N172 or

its IRF/3IRF fusion. A549 cells were transfected

with FLAG-tagged NLS-Atx793Q-N172 or its IRF/

3IRF fusion, and after cultured for 48 h, the

cells were fixed and immunostained with anti-

FLAG (green) and anti-USP7 (red) antibodies.

Nuclei were stained with Hoechst (blue). Scale

bar, 10 mm. Bottom: co-localization analysis of

the fluorescence signals for the distance repre-

sented by white lines. See also Figure S2.
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(Figures 4B and 4C). It was likely that the P53 level tended to

reach a saturation upon transfection of Atx793Q-N172-2IRF

with 0.8 mg of the plasmid, whereas it did not get saturation

within the experimental dose of Atx793Q-N172-IRF. Unexpect-

edly, the P53 level was decreased slightly with the increasing

dose of Atx793Q-N172-3IRF (Figure 4D). Considering the dual
4 iScience 28, 112025, March 21, 2025
regulatory function of USP7 in P53

stability, we speculate that, with the

increasing number of IRF repeats, the

polyQ fusion may deplete more USP7

from the soluble fraction, leading to

attenuate its deubiquitination function

on P53 and thereby reduce the P53

level.

PolyQ-IRF fusions dually modulate
P53 signaling by sequestering
USP7/HDM2
P53, a pivotal tumor suppressor pro-

tein, orchestrates many cellular pro-

cesses, including DNA repair, cell-cycle

arrest, and apoptosis.38–40 Since the

3IRF fusion form had an opposite regu-

latory effect on the P53 level compared

to the others, we assessed the expres-

sion levels of P53 downstream genes

(PUMA and P21) in the A549 cells

overexpressing Atx793Q-N172-IRF/
3IRF fusions, respectively. The data showed that overexpres-

sion of Atx793Q-N172-IRF significantly increased the protein

levels of PUMA (Figure 5A) and P21 (Figure 5B), whereas

Atx793Q-N172-3IRF had only little effects on the proteins.

These are consistent with our previous results that the

IRF and 3IRF forms exert opposite effects on the P53



Figure 3. Sequestration of endogenous HDM2 by polyQ-IRF fusions

(A) S/P fractionation for characterizing the distribution of HDM2 in supernatant and pellet. A549 cells were transfected with FLAG-tagged NLS-Atx793Q-

N172 or its IRF/3IRF fusion, and after cultured for 48 h, the HDM2 levels in supernatant and pellet were detected and analyzed. Vec., vector; Atx793Q-

N172, with an NLS sequence; IRF, NLS-Atx793Q-N172-IRF; 3IRF, NLS-Atx793Q-N172-3IRF. Data are shown as mean ± SD (n = 3). *p < 0.05; N.S., no

significance.

(B) Immunofluorescence imaging for characterizing the co-localization of endogenous HDM2 with the aggregates formed by NLS-Atx793Q-N172 or its IRF/3IRF

fusion. A549 cells were transfected with FLAG-tagged NLS-Atx793Q-N172 or its IRF/3IRF fusion, and after 48-h culture, the cells were fixed and immunostained

with anti-FLAG (green) and anti-MDM2 (red) antibodies. Nuclei were stained with Hoechst (blue). Scale bar, 10 mm. Bottom: co-localization analysis of the

fluorescence signals for the distance represented by white lines. See also Figure S3.
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stabilities, that is, Atx793Q-N172-IRF can promote P53 stability

and thereby activate P53 signaling, whereas Atx793Q-N172-

3IRF cannot.

Sequestration of endogenous HDM2 into aggregates by
polyQ-PMI fusions
P53 directly interacts with HDM2 (MDM2) through its N-terminal

motif.41 Based on the interacting region in P53, a modified pep-

tide named PMI (for P53/MDM2 inhibitor; TSFAEYWNLLSP) was

developed, which binds to HDM2 with a higher affinity than

the homologous peptide from P53.42,43 Thus, we constructed

two polyQ-PMI fusion proteins by combining the PMI

sequence with Atx793Q-N172 (Figure 6A) and examined

whether they could sequester HDM2 into aggregates. Firstly,

the co-IP data showed that Atx710Q-N172-PMI/3PMI inter-

acted with HDM2 through the fused PMI sequence (Figure 6B),

whereas the Atx710Q-N172 without PMI fusion could not. Sub-

sequently, we overexpressed these polyQ-PMI fusions in

A549 cells (Figure 6C) or HEK 293T cells (Figure S5A) and as-

sessed the total HDM2 levels. The expression levels of endog-

enous HDM2 are almost equivalent upon overexpression of
Atx793Q-N172 or its PMI/3PMI fusion form (Figure 6C), sug-

gesting that these polyQ-PMI fusions did not alter the HDM2

levels in cells.

We then performed S/P fractionation experiments to deter-

mine the distribution of HDM2 upon overexpression of

polyQ-PMI in A549 cells (Figure 6D) and HEK 293T cells (Fig-

ure S5B), respectively. The data indicated that overexpression

of Atx793Q-N172-PMI/3PMI significantly increased the HDM2

level in pellet. Specially, the HDM2 level in supernatant re-

mained roughly unchanged (Figure 6D) or slightly decreased

in HEK 293T cells (Figure S5B). Similarly, we also observed

a significant increase of the exogenous HDM2 level upon

overexpression of Atx793Q-N172-PMI/3PMI (Figure S6A).

Immunofluorescence imaging also exhibited that all the

Atx793Q-N172 fusions formed large nuclear puncta of inclusion

bodies, whereas the inclusions formed by Atx793Q-N172-PMI/

3PMI could co-localize with the endogenous HDM2 in both

A549 cells (Figure 6E) and HEK 293T cells (Figure S5C) or with

the exogenous HDM2 in HEK 293T cells (Figure S6B). Together,

these results demonstrate that the designed polyQ-PMI fusions

are capable of sequestering HDM2 into aggregates or inclusions,
iScience 28, 112025, March 21, 2025 5



Figure 4. Effects of polyQ-IRF fusions on

P53 stability

(A) Detection of the total P53 levels in A549 cells.

A549 cells were transfected with FLAG-tagged

NLS-Atx793Q-N172 or its IRF/2IRF/3IRF fusion,

and 48 h post-transfection, the cell lysates were

detected and analyzed. Sup., supernatant; Pel.,

pellet. Vec., vector; Atx793Q-N172, with an NLS

sequence; IRF, NLS-Atx793Q-N172-IRF; 2IRF,

NLS-Atx793Q-N172-2IRF; 3IRF, NLS-Atx793Q-

N172-3IRF. Data are shown as mean ± SD (n = 3).

*p < 0.05; N.S., no significance.

(B) Dose-dependent experiment for characterizing

the effect of Atx793Q-N172-IRF fusion on the P53

level.

(C) As in (B), Atx793Q-N172-2IRF.

(D) As in (B), Atx793Q-N172-3IRF. A549 cells were

transfected with indicated dose of each plasmid,

and then the P53 levels were detected and

analyzed. See also Figure S4.

iScience
Article

ll
OPEN ACCESS
which may consequently modulate the P53 stability and the

downstream gene expression.

Sequestration of HDM2 by polyQ-PMI fusions
suppresses P53 ubiquitination and hence enhances P53
stability
HDM2 serves as a negative regulator for P53; it can facilitate P53

degradation through the ubiquitin-proteasome pathway.22,44

We have demonstrated that the polyQ-PMI fusions can specif-

ically sequester endogenous HDM2 into aggregates in cells.

To further substantiate that the HDM2 sequestration sup-

presses ubiquitination function of HDM2 on P53, we overex-

pressed these polyQ-PMI fusions in HEK 293T cells, treated

the cells with MG132, and subsequently detected the ubiqui-

tination level of P53. The data showed that overexpression of

Atx793Q-N172-PMI/3PMI led to a considerable reduction in

the ubiquitination level of P53 (Figures 7A and S7), indicating
6 iScience 28, 112025, March 21, 2025
that the ubiquitination function of HDM2

was suppressed by the polyQ-PMI

fusions.

To confirm the effect of HDM2 inhibi-

tion on the P53 stability, we employed

siRNA to knock down the HDM2 level

in A549 cells and assessed the effects

of HDM2 silencing on the protein levels

of P53 and its downstream target P21

(Figure S8). Indeed, silencing of HDM2

by siRNA could substantially enhance

the protein level of P53 as well as

P21. Subsequently, we transfected the

polyQ-PMI fusions into A549 cells and

detected the P53 expression levels.

Similar to HDM2 silencing by siRNA,

overexpression of Atx793Q-N172-PMI/

3PMI could increase the P53 level

significantly (Figure 7B). These results

suggest that sequestration of endoge-
nous HDM2 into aggregates by the polyQ-PMI fusions en-

hances the P53 stability effectively.

PolyQ-PMI fusions activate the P53 signaling pathway
by sequestering HDM2
Given our previous finding that the polyQ-PMI fusions could

enhance the P53 stability by sequestering HDM2 into aggregates,

we then examined whether these fusions could activate the P53

signaling pathway. We overexpressed the polyQ-PMI fusions in

A549 cells and detected the expression levels of the P53 targeted

genes. The results showed that Atx793Q-N172-PMI/3PMI signifi-

cantly up-regulated the mRNA levels of PUMA (Figure 8A) and

P21 (Figure 8B). In addition, we also detected the effects on their

gene products and observed that Atx793Q-N172-PMI/3PMI could

significantly increase the protein levels of both PUMA (Figure 8C)

and P21 (Figure 8D), in parallel with the upregulation of P53 level

by depleting the availability of HDM2. Altogether, these findings



Figure 5. Detecting the protein levels of

PUMA and P21 affected by polyQ-IRF fu-

sions

(A and B) A549 cells were transfected with FLAG-

tagged NLS-Atx793Q-N172 or its IRF/3IRF fusion,

and after cultured for 48 h, the cells were lysed in

RIPA buffer containing 8M urea, then the protein

levels of PUMA (A) and P21 (B) were detected and

analyzed. Vec., vector; Atx793Q-N172, with an NLS

sequence; IRF,NLS-Atx793Q-N172-IRF; 3IRF, NLS-

Atx793Q-N172-3IRF. Data are shown asmean ± SD

(n = 3). *p < 0.05; **p < 0.01; N.S., no significance.
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strongly support the viewpoint that the designer polyQ-PMI fu-

sions activate the P53 signaling pathway by sequestering cellular

HDM2.

DISCUSSION

P53 is a tumor suppressor that activates downstream target

genes, such as P21 for cell-cycle arrest, PUMA for apoptosis,

and BAX to promote cell death.45 The aberrant activities of

USP7 and HDM2 suppress the normal function of P53

and thereby disrupt the natural processes of apoptosis and

cell-cycle progression in cells, which may contribute to cancer

initiation.46 We have demonstrated that the designer polyQ

fusion proteins can specifically sequester USP7 and/or HDM2

into aggregates or inclusions and deprive them of the functional

availabilities in cells. The sequestration effect of polyQ-IRF

on USP7 can attenuate the biological function of HDM2,

directly reduce the ubiquitination and degradation of P53, and

thereby prompt the P53 level. On the other hand, polyQ-IRF

also sequesters HDM2 together with USP7 (Figure 3), which

down-regulates the function of HDM2 and thus enhances the

P53 stability (Figure 9). As for polyQ-PMI, it can deplete the

functional availability of HDM2 by sequestering the E3 ligase

directly. This sequestration effect leads to reduction of the

P53 ubiquitination level and activation of the P53 signaling

pathway (Figures 7 and 8), which can effectively suppress tu-

mor progression.

Sequestration of USP7 for modulating P53 functionality
USP7 is an important target for cancer therapy. Currently,

using small-molecule inhibitors or proteolysis targeting chimera

(PROTAC) technique to inhibit the deubiquitination function
of USP7 has become increasingly

mature.37,47 Considering that USP7 is

involved in various cellular pro-

cesses,48,49 degradation of USP7 by

PROTACmay lead to cellular dysfunction

or even cell death.50 Instead, polyQ

fusion proteins may not influence the

expression level of USP7 in cells (Fig-

ure 2); diminishing the soluble fraction of

USP7 will suppress its biological avail-

ability and deubiquitination function.

Thus, polyQ fusions may have lesser
impact on cellular processes, which provides a substantial po-

tential in the application of targeted therapeutic strategies. Of

note, protein aggregates may exhibit substantial toxicity that is

detrimental to cell function and fate. However, studies have

shown that formation of aggregates can reduce intracellular

toxicity by segregating the damaged proteins,4,5 which partially

alleviates the burden on the protein degradation system.51

Sequestration of USP7 dually modulates the P53
stability
It has been reported that the expression level of USP7 is

elevated in several types of tumor cells.31,32 Overexpression

of USP7 causes deubiquitination of HDM2 and degradation

of P53, which can promote tumor progression.46 We previ-

ously proposed that protein aggregation has great impact

on molecular pathways and cellular events by sequestering

essential factors.16 For example, PQE Atx2 can sequester

Raptor or DDX6 into aggregates, leading to impairment of

the mTORC1 signaling52 or the processing-body homeosta-

sis.53 Interestingly, although the IRF or 2IRF fusion form

causes an enhanced stability of P53, the 3IRF form slightly de-

creases the P53 level (Figure 4). We speculate that, besides

the USP-HDM2-P53 axis, another pathway by which USP7

regulates the P53 stability may have also been influenced by

the triplicate IRF fusion.

Alternatively, USP7 can also stabilize P53 through direct deu-

biquitination even in the presence of excess HDM2, inducing

P53-dependent tumor cell suppression and apoptosis.54 In

this way, the loss of USP7 function may lead to an increase

of P53 ubiquitination and thereby decrease of the P53 level.

The 3IRF fusion form sequesters USP7 strongly, which may

attenuate the deubiquitination of P53 and in turn reduce the
iScience 28, 112025, March 21, 2025 7



Figure 6. Sequestration of endogenous

HDM2 directly by polyQ-PMI fusions

(A) Schematic diagram of polyQ-PMI fusions.

Atx793Q-N172, the N-terminal 172-residue frag-

ment of Atx793Q; NLS, nuclear localization signal;

PMI, an optimized sequence based on P53:

TSFAEYWNLLSP; 3PMI, triplicate of PMI.

(B) Examining the interaction of polyQ-PMI with

HDM2 by co-IP assay. HEK 293T cells were co-

transfected with FLAG-tagged NLS-Atx710Q-

N172 or its PMI/3PMI fusion with HA-HDM2, and

48 h post-transfection, the cell lysates were sub-

jected to co-IP assay with anti-FLAG agarose

beads. Vec., vector; Atx710Q-N172, with an NLS

sequence; PMI, NLS-Atx710Q-N172-PMI; 3PMI,

NLS-Atx710Q-N172-3PMI.

(C) Detection of the total HDM2 levels in A549

cells. A549 cells were transfected with FLAG-

tagged NLS-Atx793Q-N172 or its PMI/3PMI fusion,

and after cultured for 48 h, the cells were lysed in

RIPA buffer containing 8M urea, then the HDM2

levels were detected and analyzed. Vec., vector;

Atx793Q-N172, with an NLS sequence; PMI, NLS-

Atx793Q-N172-PMI; 3PMI, NLS-Atx793Q-N172-

3PMI. Data are shown as mean ± SD (n = 3). N.S.,

no significance.

(D) S/P fractionation for characterizing the distri-

bution of endogenous HDM2 in supernatant and

pellet. A549 cells were transfected with FLAG-

tagged NLS-Atx793Q-N172 or its IRF/3IRF fusion,

and after cultured for 48 h, the HDM2 levels in

supernatant and pellet were detected and

analyzed. Sup., supernatant; Pel., pellet. Data are

shown as mean ± SD (n = 3). **p < 0.01;

***p < 0.001; N.S., no significance.

(E) Immunofluorescence imaging for character-

izing the co-localization of endogenous HDM2

with the aggregates formed by Atx793Q-N172 or its

PMI/3PMI fusion. A549 cells were transfected with

FLAG-tagged NLS-Atx793Q-N172 or its PMI/3PMI

fusion, and after cultured for 48 h, the cells were

fixed and immunostained with anti-FLAG (green)

and anti-MDM2 (red) antibodies. Nuclei were

stained with Hoechst (blue). Scale bar, 10 mm.

Right: co-localization analysis of the fluorescence

signals for the distance represented bywhite lines.

See also Figures S5 and S6.
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P53 level (Figure 9). Thus, this dually regulatory mechanism will

exaggerate the complexity of USP7 in controlling the P53 sta-

bility and weaken the modulation specificity by targeting

USP7. Given these seemingly contradictory roles of USP7 in

modulating P53 signaling pathway, the biological conse-
8 iScience 28, 112025, March 21, 2025
quences and its pharmacological effects

of the polyQ-IRF modulation in cancer

treatment remain to be explored in detail

in future.

Direct sequestration of HDM2 for
modulating P53 functionality
HDM2, a key negatively regulatory factor

of P53, is overexpressed inmany types of
tumor cells,55 whereas directly antagonizing HDM2 to activate

P53 can be achieved through several strategies, such as inhibit-

ing ubiquitin ligase activity of HDM2 or disrupting HDM2-P53

interaction. Targeting USP7 by the polyQ-IRF fusions indirectly

affects the ubiquitination activity of HDM2 in cells, but they



Figure 7. Sequestration of HDM2 by polyQ-

PMI leads to enhancement of the P53

stability

(A) Detecting the ubiquitination level of P53

affected by polyQ-PMI fusions. HEK 293T cells

were transfectedwith FLAG-taggedNLS-Atx793Q-

N172 or its PMI/3PMI fusion. About 36 h post-

transfection, the cells were treatedwithMG132 for

5 h. Subsequently, the cell lysates were subjected

to immunoprecipitation using protein A + G

agarose beads and anti-P53 antibody.

(B) Effect of the polyQ-PMI fusions on the P53

level. A549 cells were transfected with FLAG-

tagged NLS-Atx793Q-N172 or its PMI/3PMI fusion,

and 48 h post-transfection, the P53 levels in cell

lysates were detected and analyzed. siHDM2 was

set as a control. Vec., vector; Atx793Q-N172, with

an NLS sequence; PMI, NLS-Atx793Q-N172-PMI;

3PMI, NLS-Atx793Q-N172-3PMI; siHDM2, siRNA

targeting HDM2. Data are shown as mean ± SD

(n = 3). *p < 0.05; **p < 0.01; N.S., no significance.

See also Figures S7 and S8.
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may have relatively low specificities toward P53. The polyQ-PMI

fusions have been designed to specifically deplete the functional

availability of HDM2 in cells by directly sequestrating HDM2 into

aggregates.

Many small-molecule inhibitors are developed to interfere

with the HDM2-P53 interaction for anticancer therapy.56–59

However, they are likely to cause ‘‘off-target’’ toxicity due to

their relatively low binding affinity or specificity.60,61 The PMI

peptide exhibits strong affinity and specificity for binding to

HDM2,42 effectively minimizing the off-target effects. The

polyQ-PMI fusions can sequester HDM2 into aggregates (Fig-

ures 6, S5, and S6), reduce the availability of HDM2, and then

cause the decrease of the P53 ubiquitination level in cells (Fig-

ures 7 and S7). This indicates that the ubiquitination function

of HDM2 is abolished by polyQ-PMI sequestration, leading

to suppressed ubiquitination and degradation capacities for

P53. Consequently, expression of the P53 downstream genes

is promoted at both mRNA and protein levels (Figure 8). This is

reminiscent of the effect of RNA interference that activates

P53 signaling by silencing HDM2 (Figure S8).

Potential therapeutic application of the polyQ-fusion
technique
Small-molecule compounds targeting either USP7 or HDM2

have been demonstrated to modulate the P53 functionality

in cancer cells.62,63 However, despite their high efficacies,

these compounds still face numerous challenges in clinical

application, primarily including some issues with drug resis-

tance, toxicity, off-target effects, and incomplete inhibition

of the targeted pathway, which limit their widespread us-

age.64,65 Short peptides are superior in inhibiting P53-HDM2

interaction due to their abilities to antagonize both HDM2

and HDMX with high affinities, while exhibiting relatively lower
toxicities.42,66,67 The PROTAC tech-

nique can be applied to induce targeted

degradation of HDM2 by using either
the PMI peptide or small-molecule inhibitor, which has been

developed to modulate the P53 pathway and yield therapeutic

gains.59,68,69 The polyQ-PMI fusions we have designed to

effectively sequester HDM2 significantly reduce its solubility

and availability in cells. It is possible that the aggregates

formed by polyQ-PMI can redistribute HDM2 in the nucleus

and subsequently interfere with its nuclear function in ubiqui-

tination of P53. Of note, formation of polyQ-PMI aggregates

may also enhance the stability of the PMI peptide itself, pre-

venting it from degradation by intracellular proteases.70

For engineered polyQ fusion proteins, it should be concerned

that the off-target effects are important to treating efficacy.

Although these fusion proteins are designed to specifically

sequester the target proteins (enzymes) such as USP7 and

HDM2, their aggregation properties may also lead to non-spe-

cific interactions with other non-target proteins, resulting in any

potential off-target effects. Moreover, besides HDM2, USP7

may have multiple substrates such as PTEN and Axin; targeting

USP7 can also interfere with the PI3K/AKT and Wnt/b-catenin

signaling pathways,48,71 which may cause unpredictable side ef-

fects. Therefore, minimizing the off-target effects is critical in the

development of polyQ fusions.

It is obvious that polyQ proteins require a specific threshold

of glutamine repeats to induce protein aggregation72,73; the

shorter repeats are generally insufficient to induce substantial

aggregation, whereas longer repeats facilitate the formation of

aggregates, which can sequester other cellular components

and subsequently disrupt their normal biological func-

tions.16,74 In this respect, optimization of the polyQ length is

essential for achieving the desired polyQ fusion constructs.

To some extent, mature protein aggregates are relatively inert

or even protective to cells.4,5 There is a possibility that the

polyQ-fusion technique can minimize harmful impact on the
iScience 28, 112025, March 21, 2025 9



Figure 8. PolyQ-PMI fusions activate the

P53 signaling pathway

(A and B) Detecting the mRNA levels of PUMA and

P21. A549 cells were transfected with FLAG-tag-

ged NLS-Atx793Q-N172 or its PMI/3PMI fusion,

and after cultured for 48 h, the cells were lysed

with TRIzol to extract RNA, then the mRNA levels

of PUMA (A) and P21 (B) were detected and

analyzed.

(C and D) Detecting the protein levels of PUMA

and P21. A549 cells were transfected with FLAG-

tagged NLS-Atx793Q-N172 or its PMI/3PMI fusion,

and after cultured for 48 h, the cells were lysed in

RIPA buffer containing 8M urea, then the protein

levels of PUMA (C) and P21 (D) were detected and

analyzed. Vec., vector; Atx793Q-N172, with an

NLS sequence; PMI, NLS-Atx793Q-N172-PMI;

3PMI, NLS-Atx793Q-N172-3PMI. Data are shown

as mean ± SD (n = 3). *p < 0.05; **p < 0.01;

***p < 0.001; N.S., no significance. See also Fig-

ure S8.
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overall physiological function of the cell by altering the func-

tional status of cellular components rather than completely

degrading them.

We have demonstrated that the designer polyQ fusions can

modulate the P53 functionality by redistributing USP7 and/or

HDM2 from their functional compartments. This polyQ fusion

strategy can also extend to modulate other biological pathways

or processes by targeting the key proteins (enzymes) for thera-

peutic purposes. Further research on polyQ fusions is required

to investigate their potential cytotoxicity, drug delivery, off-target

effects, and more importantly translation to clinical application.

Limitations of the study
In this study, we have successfully developed a polyQ-fusion

technique to modulate the biological function of USP7/HDM2

and hence to enhance the P53 stability. This goal was just

achieved in cell models, but it still lacked evident data in animal

models, which limits our understanding of the system efficacy,
10 iScience 28, 112025, March 21, 2025
pharmacokinetics, and potential immune

responses in vivo. We also recognize that

the abnormal accumulation of mutant

P53 can have detrimental effects in

P53-related diseases, but our system is

not able to selectively increase the pro-

tein level of wild-type P53 without

affecting the mutant forms. Notably,

polyQ protein aggregation is closely

associated with neurodegenerative dis-

eases; overexpression of the polyQ fu-

sions may inevitably cause unintended

cytotoxicity, making it complicated in

therapeutic application. Although we

have designed several polyQ fusions

that specifically sequester USP7 and

HDM2, the off-target effects and aberrant

interactions with other proteins may

disrupt cellular function and homeosta-
sis. Thus, it should be clarified whether the potential benefits of

this novel approach outweigh the risks under certain conditions.

In addition, the long-term effects of polyQ aggregates on cellular

homeostasis and even overall organism, including their clear-

ance mechanisms and potential immune responses, remain

underexplored. Detailed research is needed to assess the thera-

peutic potential, efficacy, and safety of the polyQ-fusion technol-

ogy inmore complicated biological environments, with particular

focus on minimizing cytotoxicity, improving targeting specificity,

and evaluating its efficacy under more physiologically relevant

and disease-specific conditions.
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Figure 9. Schematic representation of the polyQ fusion proteins in modulating the USP7-HDM2-P53 pathway
PolyQ-IRF fusions can sequester USP7 into aggregates or inclusions via their fused IRF sequence and reduce the solubility and availability of USP7 in cells. This

may attenuate deubiquitination of HDM2 and facilitate its degradation and thereby enhance the stability of P53. PolyQ-IRF can also sequester HDM2 into ag-

gregates through the interaction of HDM2with USP7, decreasing the functional availability of HDM2 and further increasing the stability of P53. On the other hand,

because USP7 functions in deubiquitinating P53, excessive sequestration of USP7 may also interfere with the P53 deubiquitination process, which in turn re-

duces the P53 stability. Importantly, polyQ-PMI fusions directly sequester HDM2 into aggregates through its fused PMI sequence and thus reduce the solubility

and availability of HDM2 in cells, which consequently reduces the ubiquitination level of P53 and enhances its stability and functionality.
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TRITC IgG Fluorescein-Conjugated

AffiniPure Goat Anti-Mouse IgG(H+L)

ZsBIO Cat# ZF-0313; RRID: AB_2571577

Bacterial and virus strains

TOP10 TIANGEN Cat# CB104

Chemicals, peptides, and recombinant proteins

Cocktail protease inhibitor Roche Cat# 04693132001

Hoechst 33342 Sigma-Aldrich Cat# B2261

MG132 Cell Signaling Technology Cat# 2194S

N-ethylmaleimide TargetMol Cat# T3088

Critical commercial assays

ECL detection reagent Thermo Fisher Scientific Cat# 32106

Anti-FLAG-Tag Mouse Antibody (Agarose Conjugated) Abmart Cat# M20018

4 x Reverse Transcription Master Mix EZBioscience Cat# A0010

Hieff qPCR SYBR Green Master Mix Yeasen Biotech Cat# 11201ES08*

PolyJet reagent SignaGen Cat# SL100688

LipofectamineTM 3000 Thermo Fisher Scientific Cat# L3000075

NucleoBond Xtra Midi EF, Midi kit MACHEREY-NAGEL Cat# 740420.50

Deposited data

Raw and analyzed data This paper; Mendeley Data https://doi.org/10.17632/hcrhrx7473.1

NLS-Htt18Q-N171 GenBank PP861293

NLS-Htt18Q-N171-IRF GenBank PP861294

NLS-Htt18Q-N171-3IRF GenBank PP861295

NLS-Htt100Q-N171 GenBank PP861296

NLS-Htt100Q-N171-IRF GenBank PP861297

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

NLS-Htt100Q-N171-3IRF GenBank PP861298

NLS-Atx710Q-N172 GenBank PP861299

NLS-Atx710Q-N172-IRF GenBank PP861300

NLS-Atx710Q-N172-3IRF GenBank PP861301

NLS-Atx710Q-N172-PMI GenBank PP861302

NLS-Atx710Q-N172-3PMI GenBank PP861303

NLS-Atx793Q-N172 GenBank PP861304

NLS-Atx793Q-N172-IRF GenBank PP861305

NLS-Atx793Q-N172-3IRF GenBank PP861306

NLS-Atx793Q-N172-PMI GenBank PP861307

NLS-Atx793Q-N172-3PMI GenBank PP861308

Experimental models: Cell lines

A549 cell Cell Bank, Chinese

Academy of Sciences

N/A

HEK 293T cell Cell Bank, Chinese

Academy of Sciences

N/A

Oligonucleotides

Primers for PCR/qPCR, see Table S2 This paper N/A

siRNA targeting sequence: see Table S3 This paper N/A

Recombinant DNA

Plasmids, see Table S1 This paper N/A

Software and algorithms

SageCapture Sage Creation Science http://www.sagecreation.com.cn/en/

GraphPad Prism GraphPad Software https://www.graphpad.com/

ImageJ ImageJ https://imagej.net/

Leica TCS SP8 WLL Leica https://www.leicamicrosystems.com/

LAS X Leica https://www.leicamicrosystems.com/
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METHOD DETAILS

Plasmids, antibodies, and reagents
The DNA sequences for encoding NLS-fused Htt18Q-N171 (residues 1-171), Htt100Q-N171, Atax710Q-N172 (residues 1-172) and

Atx793Q-N172 were cloned in the FLAG-pcDNA3.1 vector.11 The cDNAs encoding NLS-Htt18Q-N171 or NLS-Htt100Q-N171 fused

with a peptide (IRF/3IRF) in the C-terminuswere inserted into the FLAG-pcDNA3.1 vector via EcoR I/Xba I sites. The cDNAs encoding

NLS-Atx710Q-N172 or NLS-Atx793Q-N172 fused with a peptide (IRF/2IRF/3IRF, PMI/3PMI) in the C-terminus were inserted into the

FLAG-pcDNA3.1 vector via EcoR I/Xba I sites. The DNA sequences for USP7 and HDM2 were cloned into the HA-pcDNA3.1 vector

using BamH I/Xba I sites. All the DNA sequences were verified by DNA sequencing (Table S1), and the PCR primers used in this study

were listed in nucleotide sequences (Table S2).

The anti-FLAG and anti-HA antibodies were purchased from Sigma, anti-USP7 was from Novus, and anti-MDM2 was from Cell

Signaling Technology or Abcam. The anti-P21, anti-PUMA and anti-GAPDH antibodies were from Proteintech; anti-P53 were pur-

chased from Santa Cruz. All secondary antibodies were from Jackson ImmunoResearch Laboratories. MG132 was purchased

from Cell Signaling Technology.

Cell culture, transfection, and Western blotting
HEK 293T cells and A549 cells, obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai), were cultured in Dul-

becco’s Modified Eagle’s Medium (HyClone) supplemented with 10% fetal bovine serum (Gibco) and penicillin-streptomycin. The

culture conditions were maintained at 37�C in a humidified atmosphere with 5% CO2. Plasmid transfections were conducted using

PolyJet reagent (SignaGen) according to themanufacturer’s protocol, while transfection of siRNA (Table S3) was performed with Lip-

ofectamine 3000 (Invitrogen). For protein analysis, the cell lysates were processed through SDS-PAGE and subsequently transferred

onto PVDF membranes (Millipore). The blots were sectioned as necessary before antibody incubation. Detection of the specific pro-

teins was achieved using appropriate primary and secondary antibodies, followed by visualization with an ECL detection kit
e2 iScience 28, 112025, March 21, 2025
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(ThermoFisher Scientific). Quantitative analysis of the protein bands was conducted using integral grayscale values, recorded via

Sage Capture software (http://www.sagecreation.com.cn/en/).

Supernatant/pellet fractionation
Supernatant/pellet (S/P) fractionation was conducted as described previously.13,52 Approximately 48 hrs post transfection, HEK

293T or A549 cells were collected and lysed in 90 mL of the RIPA buffer (50 mM Tris, pH7.5, 150 mM NaCl, 1 mM EDTA, 1% NP-

40, and protease inhibitor cocktail (Roche)) on ice for 30min. The lysates were then centrifuged at 13,000 rpm for 15 min at 4�C. Sub-
sequently, 80 mL of the supernatant wasmixed with 20 mL of the 5 x loading buffer (8% SDS). The pellet was thoroughly washed three

timeswith the RIPA buffer at 4�Cand resuspended in 40 mL of the 5 x loading buffer (8%SDS). Equal volumes of both supernatant and

pellet fractions were analyzed by SDS-PAGE and Western blotting.

Extraction of total protein
Approximately 48 hrs post transfection, the cultured cells were harvested and lysed in 100 mL of the RIPA buffer supplemented with

8 M urea, ensuring thorough dissolution of all aggregated forms of protein. This was followed by addition of 100 mL of 2 x loading

buffer (containing 2% SDS and 8 M urea) to the lysates. Subsequently, the protein samples obtained were boiled for denaturation

and then processed for SDS-PAGE and Western blotting analysis.

Immunoprecipitation (IP)
Immunoprecipitation was performed according to a previously outlined protocol.7 About 48 hrs following transfection, the HEK 293T

cells were harvested and harvested with the RIPA buffer (50 mM Tris, pH7.5, 150 mM NaCl, 1mM EDTA, 1% NP-40 and protease

inhibitor cocktail (Roche)). Post lysis, the cell lysates were centrifuged at 13,000 rpm for 20 min at 4�C. Following incubation for

4 hrs, the anti-FLAG beads (Abmart) were washed three times with the RIPA buffer before boiling in 40 mL of the 2 x loading buffer

(4% SDS). The protein eluates from these beads were then subjected to immunoblotting analysis.

Ubiquitination assay
About 36 hrs following transfection, cells were incubated with an indicated dose of MG-132 (Cell Signaling Technology) for 5 hrs to

promote accumulation of the polyubiquitinated proteins prior to collection. Subsequently, the cell lysis was performed using an SDS

lysis buffer (50mMTris, pH6.8; 1%SDS, 10%glycerol, protease inhibitor cocktail (ThermoFisher)). Post boiling for 10min, the lysates

were diluted tenfold in an IP Lysis buffer (50 mM Tris, pH8.0, 150mMNaCl, 1% Triton X-100), which was further enriched with 15mM

NEM (Target MOL) and additional protease inhibitors. These diluted lysates were then subjected to immunoprecipitation using spe-

cific antibodies, followed by probing with an anti-ubiquitin antibody for detection. Finally, to identify other specified proteins, 10% of

the input was analyzed via immunoblotting.

Immunofluorescence imaging
For immunofluorescence imaging, the cells cultured on glass coverslips were processed approximately 48 hrs post transfection or at

the specified culture duration. Initially, the cells were washed with a phosphate-buffered solution (PBS) (10 mM Na2HPO4, 1.8 mM

KH2PO4, 140 mM NaCl, 2.7 mM KCl, pH7.3) and then fixed using 4% paraformaldehyde for 15 min. After three washes with the PBS

buffer, the cells were permeabilized with 0.1%Triton X-100 and blocked in a solution containing 5%bovine serum albumin in the PBS

buffer for 1 hr at room temperature. The cells were then incubated overnight at 4�C with specific primary antibodies. Following pri-

mary antibody incubation, the cells were washed with the PBS buffer and then incubated with either fluorescein isothiocyanate

(FITC)-conjugated or tetramethyl rhodamine isothiocyanate (TRITC)-conjugated secondary antibodies (Jackson ImmunoResearch

Laboratories). Nuclei were stained with Hoechst (ThermoFisher Scientific). The imaging was performed using a Leica TCS SP8

WLL confocal microscope (Leica Microsystems), and the images were captured using LAS X software (https://www.

leicamicrosystems.com/) and presented without modification.

Quantitative RT-PCR assay
Total RNAwas extracted from cultured HEK 293T cells using TRIzol reagent (Life Technologies) following the manufacturer’s instruc-

tions. The cDNA synthesis was performed using 4 x Reverse Transcription Master Mix (EZBioscience) with 2 mg of total RNA from

each sample. Quantitative real-time PCR (qPCR) was conducted using Hieff qPCR SYBR Green Master Mix (Yeasen Biotech) on

a LightCycler96 PCR system (Roche). The qPCR reactions were set up in a total volume of 20 mL, comprising 10 mL of SYBR Green

Master Mix, 2 mL of cDNA template, and 0.5 mM of each primer (Table S2). The fold changes of mRNA expression were quantified

using the 2-DCt algorithm, normalized against theGAPDH expression. This assay was replicated in three independent experiments to

ensure reliability of the results.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Quantitative analysis of the Western blots was conducted using ImageJ software (https://imagej.net/). The integral grayscale values

of the indicated protein bands were normalized against those of respective controls. Data were derived from a minimum of three in-

dependent experiments and are presented as Mean ± SD. Statistical analyses were performed using GraphPad Prism 7.0 (https://

www.graphpad.com/) with the student’s t-test. Statistical significance was established at p < 0.05, where the p-values were denoted

in graphs as * (p < 0.05), ** (p < 0.01), *** (p < 0.001), or N.S. (no significance).
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