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ABSTRACT: Accumulating evidence indicates that oxidative stress and inflammation are
involved in the physiopathology of liver fibrogenesis. Nuclear factor erythroid 2-related
factor 2 (Nrf2) is a key transcription factor, which regulates the expression of redox
regulators to establish cellular redox homeostasis. The Nrf2 modulator can serve as a
primary cellular defense against the cytotoxic effects of oxidative stress. We designed a
chimeric Keap1−Keap1 peptide (KKP1) based on the proteolysis-targeting chimera
technology. The KKP1 peptide not only can efficiently penetrate into the rat hepatic
stellate cell line (HSC-T6) cells but also can induce Keap1 protein degradation by the
ubiquitination−proteasome degradation pathway, which releases Nrf2 and promotes the transcriptional activity of the Nrf2/
antioxidant response element pathway. It then activates the protein expression of the downstream antioxidant factors, the glutamate-
cysteine ligase catalytic subunit and heme oxygenase-1 (HO-1). Finally, Keap1 protein degradation inhibits the nuclear factor-
kappaB inflammatory signal pathway, the downstream inflammatory factor tumor necrosis factor alpha, and the interleukin-1beta
protein expression and further inhibits the expression of the fibrosis biomarker gene. The current research suggests that our designed
KKP1 may provide a new avenue for the future treatment of liver fibrosis.
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Liver fibrosis is a common liver pathological process in
which excessive precipitation of the diffusive liver

extracellular matrix (ECM) occurs because of the intrahepatic
connective tissue dysplasia caused by a variety of factors, such
as viral infection, autoimmunity, drugs, cholestasis, and
metabolic diseases.1−4 Activated hepatic stellate cells (HSCs)
are the main ECM-producing cells in the injured liver and the
key mediators of liver fibrosis.5−8

Chronic damaged liver cells trigger inflammation and
activate Kupffer cells. Inflammatory factors and reactive oxygen
species (ROS)-activated HSCs up-regulate the expression of
alpha smooth muscle actin (α-SMA) and collagen and further
promote the production of intracellular ROS.9,10 Oxidative
stress can simultaneously activate the transcription factor
nuclear factor erythroid 2-related factor 2 (Nrf2) anti-oxidative
stress and the nuclear factor-kappaB (NF-κB) signaling
pathway. The Nrf2 pathway inhibits the activity of NF-κB by
preventing the degradation of IκB-α and neutralizing the
cellular ROS. On the other hand, NF-κB-mediated tran-
scription reduces the antioxidant response element (ARE)
gene transcription and free cAMP response element-binding
protein by competing with Nrf2 for CBP, thereby inhibiting
the Nrf2 pathway activation.11 Nrf2 translocation into the
nucleus binds to the Maf protein to form a heterodimer and
then binds to ARE, which initiates the transcription of the
downstream HO-1, quinine oxidoreductase 1 (NQO-1), GSH

synthase [glutamate-cysteine ligase catalytic (GCLC), gluta-
mate-cysteine ligase catalytic modifier (GCLM)], and other
antioxidant stress protein genes.12

The key to the activation of the Nrf2 signaling pathway is
the uncoupling of Nrf2 and Keap1, releasing Nrf2, and
inducing the degradation of Keap1, which can promote anti-
inflammatory and antioxidant properties. In recent years, the
proteolysis-targeting chimera (PROTAC) technology uses the
ubiquitin−proteasome pathway to perform post-translational
degradation of target proteins, which has become a promising
strategy for targeted drug development.13,14 One of the keys to
the PROTAC technology is the linking ligand that connects
the target protein to the E3 ubiquitin ligase.14−18 Winter et al.
reported that the bromodomain-containing protein 4 (BRD4)
inhibitor JQ1 was linked to the E3 small molecule ligand
thalidomide by linking the ligands to target the PROTAC
small molecule dBET1 (bromodomain and extraterminal
domain) that degrades BRD4.19 Ramani et al. used JQ1 and
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the von Hippel-Lindau (VHL) small molecule ligand VHL-2 to
design and synthesize the PROTAC molecule ARV-771 that
targets the degradation of the BET protein to inhibit tumor
growth in the castration-resistant prostate cancer mouse
models.20

Here, we designed the KKP peptide to specifically degrade
Keap1 and enhance the transcriptional activity of Nrf2, which
will help improve the antioxidant capacity of HSCs, inhibit the
inflammatory response, and then inhibit the HSC activation.
Considering the chimeric molecule size and weight, a cell-
penetrating peptide (CPP) sequence called hPP10,21−24 which
has the ability of macromolecule delivery similar to that of
other known CPPs, was fused to the C-terminal of the
designed chimeric peptide, which was expected to efficiently
penetrate the cytoplasm to accomplish its function. In this
experimental study, the designed and synthesized fusion
Keap1−Keap1 peptide (KKP1) was used as a linking ligand
in PROTAC technology to recruit Keap1 target proteins and
connect to the E3 ubiquitin ligase, thereby degrading the total
amount of Keap1 protein. These findings indicated that our
designed KKP1 can be used to achieve the purpose of
inhibiting liver fibrosis.

■ MATERIALS AND METHODS
Bioinformatic Analysis. Amino acid sequences of the

designed peptides KKP1, KKP2, and KKPs were submitted to
the TASSR (https://zhanglab.ccmb.med.umich.edu/I-
TASSER/),25,26 Raptor X (http://raptorx.uchicago.edu/),27,28

PEP-FOLD3 (https://bioserv.rpbs.univ-paris-diderot.fr/
services/PEP-FOLD3/),29,30 and RoseTTAFold (https://
robetta.bakerlab.org/)31,32 online web servers to predict their
secondary structures. The three dimensional (3D) models’
validations using PROCHECK,33 ERRAT,34 and ProSA35 were
also performed. The predicted structures, hydrophobicity,
energy map, and surface electrostatics were illustrated using
the Molegro Molecular Viewer.

To further predict the penetration property of the designed
peptides KKP1, KKP2, and KKPs, sequence-based penetration
property predictors including CellPPD-MOD (https://webs.
iiitd.edu.in/raghava/cellppdmod/),36 C2Pred (http://lin-
group.cn/server/C2Pred),37 and MLCPP (http://www.
thegleelab.org/MLCPP/)38 were used to predict whether
these three peptides are CPP or non-CPP.

Before the computational molecular docking studies on
KKP1−KEAP1 interactions, the rat KEAP1 protein structure
was generated using AlphaFold,39 a web server ClusPro 2.0 for
KKP1, and rat KEAP1 docking was used in this study.40 The
docked complex of KKP1−KEAP1 with the lowest binding
energy was selected and illustrated by PyMOL.
Peptide Synthesis, Plasmids, Cell Lines, and Cell

Culture. The fluorescein isothiocyanate (FITC)-labeled
peptide KKP was synthesized by Wuhan Baiyixin Biotechnol-
ogy Co., Ltd. with a purity of 93.42%. The synthesized
peptides were dissolved with phosphate-buffered saline (PBS),
diluted to 0.5 mM in a solution, and stored at −80 °C until
use.

The immortalized rat HSC-T6 was kindly gifted by
Professor Liu Chenghai (Shanghai University of Traditional
Chinese Medicine) and maintained in the Hubei Key
Laboratory of Tumor Microenvironment and Immunotherapy,
China Three Gorges University. HSC-T6 cells were grown in
Dulbecco’s modified Eagle’s medium with the addition of 10%

heated-inactivated fetal bovine serum and 1% penicillin−
streptomycin at 37 °C and 5% CO2.

The ARE luciferase reporter gene plasmid (ARE-Luc) was
purchased from Beijing Biolab Technology Co., Ltd., and the
NF-κB response reporter plasmid NF-κB luciferase reporter
(V15-Luc) was ordered from New England Biolabs. (R)-
MG132 (GC41233) was obtained from GLPBIO (Montclair,
CA, USA).

■ FLUORESCENT MICROSCOPY AND FLUORESCENT
QUANTIFICATION

HSC-T6 cells (1.8 × 105 cells per well) were seeded in a 24-
well plate and cultured overnight. A serum-free medium (about
800 μL) supplemented with 5% dimethyl sulfoxide (DMSO)
was added to each well for 30 min of incubation. The
supernatant medium was discarded and supplied with 800 μL
of a medium containing different concentrations of peptide
KKP1, KKP2, or KKPs and incubated with different points.
After washing three times with PBS, the cells were observed
under a fluorescence microscope (Nikon, Tokyo, Japan).

To determine the cellular uptake of KKP, multimode
spectrophotometry was used to quantify the fluorescence in
the cell. After peptide incubation, the cells in the plate were
washed three times using PBS. The cell lysate collection with a
0.3 mL/well-lysing buffer (0.1 M NaOH) was performed, and
then, it was centrifuged at 110 g for 5 min. The fluorescence
intensity of the supernatant was read by a plate-reader
spectrophotometer (Tecan, Mannedorf, Switzerland) to
quantify the fluorescence intensity at the wavelengths of 485
nm in excitation and 535 nm in emission. Normalization was
performed by the protein concentration. Three replicate
experiments were conducted for the quantification.
Cytotoxicity Assay. HSC-T6 cells were seeded in a 96-

well plate with 104 cells per well overnight. After washing with
PBS, the cells were treated with peptides KKP1, KKP2, and
KKPs for different time points. A Cell Counting Kit (CCK)-8
assay was performed by following the manufacturer’s
instructions, and the absorbance of formazan was read in a
Multiskan Spectrum (Thermo Fisher Scientific, Waltham, MA,
USA) reader at 460 nm.
Western Blotting. HSC-T6 cells were plated in a six-well

plate with 104 cells per well and cultured overnight. HSC-T6
cells were treated with different concentrations of peptides
KKP1, KKP2, and KKPs for different time points. After
washing with PBS, the total protein was extracted from the
HSC-T6 cells by using the RIPA lysis buffer with PMSF. Equal
amounts of proteins (10 μg) in the loading buffer were
separated by sodium dodecyl sulfate polyacrylamide gel
electrophoresis and transferred to a polyvinylidene difluoride
membrane. After blocking with 5% non-fat milk for 1 h, the
membrane was incubated with anti-Keap1 (Santa Cruz
Biotechnology, sc-365626, 1:1000), COX2 (Santa Cruz
Biotechnology, sc-19999, 1:1000), NQO-1 (Proteintech,
11451-1-AP, 1:4000), HO-1 (Proteintech, 10701-1-AP,
1:2000), GCLC (Santa Cruz Biotechnology, sc-22755,
1:1000), IL-6 (Santa Cruz Biotechnology, sc-57315, 1:1000),
interleukin-1beta (IL-1β) (Proteintech, 16806-1-AP, 1:1000),
tumor necrosis factor alpha (TNF-α) (Santa Cruz Biotechnol-
ogy, sc-52746, 1:1000), Col1α1 (Proteintech, 25870-1-AP,
1:3000), Col1α2 (Santa Cruz Biotechnology, sc-166865,
1:1000), α-SMA (Proteintech, 14395-1-AP, 1:2000), β-actin
(Santa Cruz Biotechnology, sc-517582, 1:1000), or GAPDH
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(Proteintech, 10494-1-AP, 1:5000). All treatments had at least
three independent replicates for the Western blot.
Luciferase Reporter Gene Assay. The ARE response

element plasmid ARE-Luc and the NF-κB response element
plasmid NF-κB luciferase reporter (V15) were co-transfected
into HSC-T6 cells using a Turbofect transfection reagent
(Thermo Fisher). After 24 h of culture, the HSC-T6 cells were
treated with peptides KKP1, KKP2, and KKPs for 24 h. After
carefully washing with PBS, the cells were lysed with RIPA
buffer. According to the manufacturer’s instructions of the
luciferase activity detection kit, 30 μL of the substrate per
sample was added into a 96-well plate, mixed well, and placed
in a luminometer to measure the fluorescence intensity. The
protein concentration of the cell lysates was examined with a
bicinchoninic acid Protein Assay Kit, and the final luciferase
activity was normalized by the protein concentration.
Statistical Analysis. All the present control and exper-

imental values are expressed as mean ± standard error of the
mean (SEM). Significance analysis was conducted using the
GraphPad software Prism 6.0 (GraphPad Software, San Diego,
CA, USA). Statistical analyses were performed by one-way
ANOVA followed by Turkey’s multiple comparison test. The p
value of 0.05 or less was considered as a statistically significant
difference.

■ RESULTS
Peptide Design and Its Bioinformatic Prediction.

Previous references proved that interfering with the expression
of Keap1 has an obvious protection effect against the carbon
tetrachloride (CCl4)-induced hepatic fibrosis,41 which suggests
that targeting Keap1 may represent as an alternative strategy
for fibrosis treatment. The PROTAC technology developed in
recent years has been recognized as a useful tool for targeted
protein degradation. Therefore, we designed three peptides
shown in Figure 1A. Considering the length and molecular
weight of the peptide designed, it may lead to a low efficiency
for entering the cytoplasm to accomplish its functions; thus, we
fused the ETGE motif (essential for the interactions with
Keap1) from Nrf2 with a CPP sequence hPP10 in the C-
terminal end. Simultaneously, as shown in Figure 1A, we also
designed mutants in the ETGE motif (KKP2 and KKPs) as the
control for the rest of the treatments.

The Neh2 domain of Nrf2 contains two motifs, ETGE and
DLG, which can bind to the Kelch domain on the Kelch-like
ECH-related protein-1 (Keap1). The ETGE motif has a higher
affinity than that of the DLG motif. Keap1 is an adaptor to the
E3 ligase that targets Nrf2 for ubiquitin-dependent degrada-
tion.42

Then, several sequence-based structure prediction online
servers (TASSR, Raptor X, PEP-FOLD3, and RoseTTAFold)
were used to predict the secondary structure, and we also
conducted the structure quality validation using ERRAT,
PROCHECK, and ProSA online tools, as shown in Figure S1.
Among these four predicted structures of KKP1, KKP2, and
KKPs, the RoseTTAFold-generated structures have a higher
accuracy, examined by ERRAT, PROCHECK, and ProSA
(overall and local quality). Thus, the secondary structures of
KKP1, KKP2, and KKPs predicted by the RoseTTAFold server
were used in the further study. The 3D structure, hydro-
phobicity, energy map, and surface electrostatics of peptides
KKP1, KKP2, and KKPs are shown in Figure 1B, which shows
a mild difference of appearance in the overall surface, which
may have different interaction abilities with Keap1.

Before we started to perform the experimental validation of
the penetration efficiency of KKP1, KKP2, and KKPs,
CellPPD-MOD was used to calculate the hydrophobicity,
hydropathicity, hydrophilicity, charge, and molecule weight of
KKP1, KKP2, and KKPs (Figure 1C); KKP1 has a moderate
hydrophobicity, hydropathicity, hydrophilicity, and charge
compared with KKP2 and KKPs. KKP1, KKP2, and KKPs as
CPPs predicted by CellPPD-MOD and C2Pred (expect KKPs)
are shown in Figure 1D; although the penetration property
prediction using the MLCPP server was entirely different with
CellPPD-MOD and C2Pred servers’ prediction (Figure 1D),
this result may be due to the sensitivities of the different
prediction servers, and thus, we need further experimental
validation.

Figure 1. Peptide KKP secondary structure prediction. (A) Sequence
of the designed PROTAC degrader KKP, residues in purple and the
red text correspond to the recognition site and the binding site,
respectively, and residues highlighted in red correspond to CPP-
hPP10. (B) RoseTTAFold-predicted three-dimensional structure,
hydrophobicity, energy map, and surface electrostatics of the peptide
KKP illustrated using a Molegro Molecular Viewer. (C) Key
physicochemical properties including the hydrophobicity, hydro-
pathicity, and hydrophilicity of the peptide KKP predicted using a
CellPPD-MOD online server. (D) Cell penetration property
prediction of the peptide KKP conducted using CellPPD-MOD,
C2Pred, and MLCPP.
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KKP1 and Keap1 Docking. To investigate whether KKP1
associates with Keap1, a molecular docking by using ClusPro
2.0 server was conducted to predict the possible binding
patterns between the Kelch domains of Keap1 and KKP1. To
date, although the available crystal structures of Keap1 are of
human and mouse origins, there is no available rat Keap1
structure described in the Protein Data Bank database.
Therefore, AlphaFold was used to predict the rat Keap1
structure as shown in Figure S2A. It suggested that the DC
domain possesses a highly certain prediction, which is
consistent with the local quality estimation shown in Figure
S2B and the aligned position errors’ heatmap in Figure S2C.

Then, we used this rat Keap1 structure to conduct the
docking study. The prepared targeted receptor rat Keap1 was
uploaded in the ClusPro molecular docking interface. Using
the clustering techniques, the ClusPro server finds the near-
native conformations and determines which is the best
conformation with the lowest energy score. As shown in
Figure 2 with different orientations, KKP1 was found to form
strong interactions with rat Keap1 with weighted lowest energy
scores of −914.0 and −770.6 kcal/mol in the center.
High Penetration Efficiency of KKP and Low Toxicity

in HSC-T6 Cells. To further validate the penetration property
of KKP1, KKP2, and KKPs, we treated HSC-T6 cells with the
indicated concentrations of KKP1 and different incubations as
well. The results shown in Figure 3A−C suggest that KKP1 has
the highest penetration efficiency at 7.5 μM. FITC-labeled
KKP1 in the cell has the strongest fluorescence intensity during

the initial 1 and 2 h of treatment and gradually decreased after
4, 8, 16, and 24 h (Figures 3D,E and S3). Our previous
publications suggest that a penetration enhancer43−45 can
significantly enhance the penetration efficiency of the well-
known different CPPs including hPP3,23 hPP10,21,46 MT23,47

Scp01-b,48 Dot1l,49 P2,50 and P1.51 We wanted to address
whether the penetration efficiency of KKP can further be
enhanced. Therefore, we used treatments with or without 5%
DMSO in the HSC-T6 cells and then examined the efficiency
of KKP (Figure 3F,G). We found that 5% DMSO also can
significantly enhance the KKP penetration efficiency. Finally,
the cell viability of HSC-T6 was measured after 24 or 48 h of
treatment with KKP1. We did not observe significant
inhibition of the HSC-T6 cell growth after 24 and 48 h of
treatment (Figure 3H).
Keap1 Protein Efficiently Degraded by KKP1 in HSC-

T6 Cells. To address whether the designed KKP peptide can
induce Keap1 degradation, we assessed the endogenous Keap1
protein level in HSC-T6 cells in the presence of different doses
of KKP1 (from 2.5 to 10 μM). A Western blotting evaluation
showed that the Keap1 protein gradually decreased upon
different KKP1 peptide treatments (Figure 4A,B).

Next, we examined the Keap1 levels at different time points
(1, 2, 4, 8, 16, and 24 h) after KKP1, KKP2, and KKPs
treatment. As shown in Figure 4C−F, the Keap1 protein level
was slightly downregulated at the initial 1 and 2 h after the
KKP1 treatment. As noted, we found that KKP1 can
significantly induce Keap1 protein degradation in 4 h of

Figure 2. Molecular docking of KKP1 binding with Keap1 using ClusPro 2.0. The top panel shows a cartoon representation of the obtained
complex with different orientations between KKP1 and Keap1 predicted by docker ClusPro 2.0. Degrader KKP1 is shown in purple, while Keap1 is
colored in light orange. The bottom panel shows the Keap1 surface binding with KKP1 with different orientations.
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treatment (Figure 4C−E). The area under the curve (AUC)
bar graph suggests that KKP1 significantly induced 25% of

Keap1 degradation in total, while KKP2 and KKPs did not
(Figure 4F).

Figure 3. Penetration efficiency of peptide KKP. (A) Fluorescence microscopy of the FITC-labeled peptide KKP penetration at the indicated
peptide concentration; FITC-labeled hPP10 at 5 μM was used as the control. (B) Fluorescence intensity quantification of FITC-labeled KKP1
treated at the indicated peptide concentration corresponding to the fluorescence microscopy shown in (A). (C) Corresponding p value plot
between data pairs presented in (B). ANOVA was used to compare the differences between the control and experimental values. (D) Fluorescence
microscopy of FITC-labeled KKP1 at a 7.5 μM incubation with different time points. (E) Fluorescence intensity quantification of FITC-labeled
KKP1 (7.5 μM) treated with different time points (with or without the MG132 treatment) corresponding to the fluorescence microscopy shown in
(D). The value represents means ± SEM. The groups from KKP1 incubation for 1 and 2 h were compared with the 4, 8, 16, and 24 h groups. (F)
Fluorescence microscopy of the FITC-labeled KKP peptide (7.5 μM) in HSC-T6 cells pretreated with or without 5% DMSO. (G) Fluorescence
intensity quantification of the FITC-labeled KKP peptide in HSC-T6 cells pretreated with or without 5% DMSO. Comparisons were made between
with or without 5% DMSO treatment using ANOVA. (H) The cell viability of HSC-T6 was examined by a CCK-8 test at the indicated
concentration for 24 or 48 h.
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To prove that the decreased levels of the Keap1 protein were
due to the ubiquitin−proteasome degradation pathway, we
treated HSC-T6 cells with MG132 (inhibitor of proteasome
activity). As shown in Figure 4G−I, the KKP1-induced Keap1
protein degradation was completely abolished after MG132
addition. These results suggest that KKP1 induces Keap1
degradation via ubiquitination and the proteasome pathway.
KKP1 Treatment Induces Antioxidant Gene Expres-

sion via the Nrf2/ARE Signaling Pathway. To address
whether the Nrf2/ARE signaling pathway is involved after the
Keap1 degradation induced by KKP1, we first transiently
transfected the ARE luciferase plasmid in the HSC-T6 cells
using TurboFect (Figure 5A). After 8 or 16 h of transfection,
the luciferase activity in the KKP1 group was significantly
increased than that of the control group and the KKP group,
although the luciferase activity of the KKP2 group also
increased to a certain extent (Figure 5B−D). Thus, this result

suggests that KKP1-induced Keap1 degradation may lead to
the release of Nrf2, thereby activating the ARE.

The subunit of the GCLC enzyme activity is a component of
the rate-limiting enzyme that synthesizes the GSH in cells, and
its expression is regulated by complex mechanisms of signal
transduction mediated by Nrf2 and NF-κB. Ramani et al.
reported that the expression of GCLC and the level of GSH in
the quiescent HSCs were higher and decreased during the
HSC activation process.20 Our group found that the
endogeneous and exogeneous expression of GCLC in the
HSCs can increase the intracellular level of GSH and inhibit
HSC activation.21 Thus, we examined the expression level of
Nrf2/ARE downstream of the target gene GCLC and HO-1
(Figure 5E−G). We found that the GCLC and HO-1 levels
were significantly increased when compared within the groups.
These results suggest that KKP1-induced Keap1 protein
degradation can activate the Nrf2 pathway and further up-
regulate the downstream target genes including GCLC and

Figure 4. Peptide KKP effectively degrades the Keap1 protein. (A) Western blot analysis of the Keap1 protein level in HSC-T6 cells treated with
different concentrations of KKP1 for 4 h. (B) Densitometric quantification of the Keap1 protein in the blots shown in (A); the data in the graph are
means ± SEM of three independent measurements. (C) Western blot analysis of the Keap1 protein level in HSC-T6 cells incubated with 0.75 μM
of KKP1, KKP2, and KKPs at 1, 2, 4, 8, and 16 h respectively. (D) Densitometric quantification of the Keap1 protein in the blots shown in (C).
The data in the graph are means ± SEM of three independent measurements. (E) Corresponding p-value plot between data pairs presented in (C).
ANOVA was used to compare the differences between the control and experimental values in the 4 and 8 h treatment groups. (F) Bar graph
showing the AUC analysis of (D). (G) Western blot analysis of the Keap1 protein level in the HSC-T6 cells incubated with the proteasome
inhibitor MG132 (10 μM, 4 h) before 7.5 μM of KKP1, KKP2, and KKPs treatment. (H) Densitometric quantification of the Keap1 protein in the
blots shown in (E). The data in the graph are means ± SEM of three independent measurements. (I) The bar graph shows the AUC analysis of
(F).
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HO-1. Additionally, the levels of the Nrf2/ARE downstream
genes COX2 and NQO-1 were also examined, although we
found that only COX2 was significantly decreased after the
KKP1 treatment (Figure S4A−C).
KKP1 Treatment Inhibits the NF-κB Signaling Path-

way. The activated NF-κB pathway in the HSCs is an
important signal pathway involved in regulating the immune
and inflammatory responses.52−55 The main signal target genes

downstream of NF-κB signal transduction include the
encoding pro-inflammatory factors (such as TNFα, IL-1β,
and IL-6), COX2, and anti-apoptotic proteins.56−59 Thus,
following the same strategy as that of the Nrf2/ARE signaling
pathway, we transiently transfect the NF-κB luciferase vector
(V15) in HSC-T6 cells (Figure 6A). We found that the
luciferase activity driven by the NF-κB promoter decreased by
40% in the KKP1 treatment group (Figure 6B−D).

Figure 5. Peptide KKP1 treatment induces the transcriptional activity of the Nrf2/ARE signaling pathway. (A) Schematic representation of the
Nrf2 luciferase reporter constructs shown in the top panel, while the bottom panel represents the experimental protocol of this assay. (B) Relative
luciferase activity in HSC-T6 cells transfected with the Nrf2/ARE reporter constructs undergoing KKP1, KKP2, and KKPs treatment for 4, 8, 16,
and 24 h. (C) Corresponding p-value plot of the data pairs shown in (B). No significance of the 4 h treatment was shown. (D) Bar graph shows the
AUC analysis of (B). (E) Western blot analysis of the GCLC and HO-1 protein levels in HSC-T6 cells incubated with KKP1, KKP2, and KKPs for
8 h. (F) Densitometric quantification of the GCLC and HO-1 proteins in the blots shown in (E). Data in the graph are means ± SEM of three
independent measurements. (G) Corresponding p-value plot of the data pairs shown in (F).
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Furthermore, we examined the protein level of the
inflammatory factors TNF-α, IL-1β, and IL-6, and we found
that KKP1 treatment can significantly down-regulate the TNF-
α and IL-1β protein level and the observed trend of IL-6
downregulation as well (Figure 6E−G).
KKP1 Treatment Downregulates the Expression of

the Fibrosis Markers. To directly address whether the
KKP1-induced Keap1 degradation can reverse the expression
of the fibrosis markers, we examined the protein levels of
Col1α1, Col1α2, and α-SMA. As shown in Figure 7A−C, ,
KKP1 can significantly inhibit Col1α1, Col1α2, and α-SMA
gene expression, which leads to hepatic stellate cell activation
in fibrosis.

■ DISCUSSION
E3 ubiquitin ligases are the key enzymes within proteostasis,
also known as the required component of PROTAC to induce
the ubiquitination and subsequent proteasomal degradation of
the protein of interest. E3 ligases are also involved in the
regulation of several diseases including metabolic diseases,
cancer, and neurological dysfunction.60 Therefore, modulating
the activities of the E3 ligase can serve as a potential strategy
for therapeutic intervention. In 2017, Dr. Ciulli’s group
reported an approach named homo-PROTACs, which can
effectively trigger a VHL E3 ligase suicide-type chemical
knockdown inside the cells,61 and they later report on
homobifunctional CRBN degraders that were developed.62

As an extension of the homo-PROTAC approach, hetero-
bifunctional PROTACs were designed and provided a proof of

Figure 6. Peptide KKP1 treatment inhibits the transcriptional activity of the NF-κB signaling pathway. (A)Schematic representation of the NF-κB
reporter constructs shown in the top panel, while the bottom panel represents the experimental protocol of this assay. (B) Relative luciferase
activity in the HSC-T6 cells transfected with the NF-κB reporter constructs undergoing KKP1, KKP2, and KKP treatment for 4 and 8 h.
(C)Corresponding p-value plot of the data pairs shown in (B). No significance of 16 and 24 h of treatment was shown. (D) The bar graph shows
the AUC analysis of (B). (E) Western blot analysis of TNF-α, IL-1β, and IL-6 protein levels in the HSC-T6 cells incubated with KKP1, KKP2, and
KKPs for 8 h. (F) Densitometric quantification of TNF-α, IL-1β, and IL-6 proteins in the blots shown in (E). The data in the graph are means ±
SEM of three independent measurements. (G) Corresponding p-value plot of the data pairs shown in (F).
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principle for dimerizing two different E3 ligases as a novel
approach to inducing one ligase to degrade another one.63,64

On the other hand, traditional inhibitors of E3, substrate
interaction and homo- and heterobifunctional PROTAC
approaches, undoubtedly indicated that the chemical modal-
ities to target the E3 ligases open powerful new avenues to
drugging the E3 ubiquitin ligases in various diseases and
biological processes in ways that are not possible with
inhibitors alone.

PROTAC is now attracting increasing attention because of
its great potential in developing bio-therapeutics for undrug-
gable targets, such as transcription factors, scaffold proteins,
non-enzymatic proteins, and ubiquitin ligases summarized
above. However, small-molecular PROTACs have several
limitations, including difficult-to-chemical synthesis, off-target
toxicity, poor oral absorption, and weak transmembrane
properties. However, a previous study suggests that the
peptide-based PROTACs have some disadvantages such as
high molecular weight, poor cell penetration, and so forth.65

These shortcomings may hinder the role of peptide-PROTACs
as pharmaceutical candidates. Thus, effective therapeutic
strategies are still in urgent demand. We successfully developed
a variety of delivery vectors of CPPs to deliver biotherapeutics
into intracellular in vitro cultured cells and the in vivo mouse
model.21−24,43,45,47−49,51,66,67 Thus, with our combined ex-
pertise, we attempted to develop a CPP-based PROTAC.

In the current study, a CPP hPP10-based PROTAC has
been reported. Here, we found that the fusion peptide KKP1
can efficiently penetrate into the HSC-T6 cells and induce
Keap1 degradation within a few hours of treatment and then
lead to Nrf2 release and induce antioxidant gene expression via
the Nrf2/ARE signaling pathway. Moreover, KKP1 treatment
can inhibit the NF-κB inflammatory signaling pathway and
further down-regulate the expression of its downstream genes
and fibrosis markers. Our data suggested that KKP1 represents
a promising therapeutic peptide for anti-fibrosis therapy.

Although we found that KKP1 was effective in inducing
Keap1 degradation and further in alleviating the fibrosis effect

in the in vitro-cultured HSC-T6 cell model in the initial 4 h, its
degrader function gradually became ineffective as the
incubation time increasing. We speculated that this may be
due to the low half-life of KKP1. Previous studies suggested
that residue modification (e.g., PEG)68 and D-amino acid
substitution69 may enhance the half-life of the peptide in the
serum and thus extend the therapeutic proteins’ stability.
These strategies may open a new avenue for us to enhance the
pharmacological function of KKP1 in in vitro and in vivo
mouse models in later studies, which will provide more pre-
clinical evidence to confirm the effectiveness of the KKP1-
mediated anti-fibrosis effect.

■ CONCLUSIONS
It is suggested that the fusion peptide KKP1 can induce the
degradation of Keap1 to promote Nrf2 signal transduction,
inhibit the NF-κB inflammation signal pathway, and thereby
inhibit the activation of hepatic stellate cells.
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