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ABSTRACT It has been demonstrated that APPL1 (adaptor protein, phosphotyrosine
interacting with PH domain and leucine zipper 1) is involved in the regulation of several growth-related signaling pathways and thus closely associated with the development and progression of some cancers. Diallyl trisulfide (DAT), a garlic-derived bioactive compound, exerts selective cytotoxicity to various human cancer cells through
interfering with pro-survival signaling pathways. However, whether and how DAT affects survival of human hepatocellular carcinoma (HCC) cells remain unclear. Herein,
we tested the hypothesis of the involvement of APPL1 in DAT-induced cytotoxicity
in HCC HepG2 cells. We found that Lys 63 (K63)-linked polyubiquitination of APPL1
was significantly decreased whereas phosphorylation of APPL1 at serine residues
remained unchanged in DAT-treated HepG2 cells. Compared with wild-type APPL1,
overexpression of APPL1 K63R mutant dramatically increased cell apoptosis and
mitigated cell survival, along with a reduction of phosphorylation of STAT3, Akt, and
Erk1/2. In addition, DAT administration markedly reduced protein levels of intracellular TNF receptor-associated factor 6 (TRAF6). Genetic inhibition of TRAF6 decreased
K63-linked polyubiquitination of APPL1. Moreover, the cytotoxicity impacts of DAT
on HepG2 cells were greatly attenuated by overexpression of wild-type APPL1. Taken
together, these results suggest that APPL1 polyubiquitination probably mediates the
inhibitory effects of DAT on survival of HepG2 cells by modulating STAT3, Akt, and
Erk1/2 pathways.

INTRODUCTION
Hepatocellular carcinoma (HCC) ranks as the fifth most common tumor and the third most common cause of death from
cancers in the world. The incidence and mortality of HCC have
remained largely stable in Asian countries in past two decades
and increased in Europe and United States in the last years [1,2].
Currently, surgical resection and liver transplantation are the best
treatment option for the patients with HCC, but can only be ap-

plied to about 15% of the patients [3-5]. Despite the non-surgical
treatment has made some progress in recent years, the median
survival time of the patients with unresectable and metastatic
HCC remains still only a few months. Therefore, screening novel
medications from traditional herbs or foods to prevent HCC
development and progression will undoubtedly provide creative
therapy strategies for non-surgical treatment of HCC.
Diallyl trisulfide (DAT) is a major constituent of oil-soluble
sulfur compounds derived from garlic (Allium sativum L. family
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Liliaceae), a well-known traditional medicine for a long time [6].
A growing number of studies have demonstrated that DAT possesses multiple pharmacological functions. DAT has been found
to ameliorate myocardial ischemia-reperfusion injury and carbon
tetrachloride-caused liver damage [7,8], protect cardiac myocyte
against high glucose-induced apoptosis [9], augment ischemiainduced angiogenesis [10], attenuate ethanol-induced hepatic steatosis and n-hexane-induced neurotoxicity [11,12], and suppress
the adipogenesis of 3T3-L1 preadipocyte [13], through its inhibitory effects on oxidative stress, endoplasmic reticulum stress [7,10],
inflammatory responses [14], and so on. Recently, accumulating
studies have shown its impacts on carcinomas or cancer cell lines.
DAT can effectively promote apoptosis of cancer cells and attenuate growth and metastasis of tumors, including breast cancer
[15], lung carcinoma [16], gastric cancer [17], colon tumor [18,19],
prostate cancer [20,21], osteosarcoma [22]and etc. DAT has also
exhibited significant anti-tumor effect in orthotopic murine HCC
model by suppressing cell proliferation and inducing cell apoptosis [23]. However, the molecular mechanisms underlying DAT
action are largely ill-defined.
APPL1 (adaptor protein containing PH domain, PTB domain
and leucine zipper motif 1) is a multifunctional adaptor protein,
which has been shown to regulate cell proliferation, adiponectin
signal, and insulin sensitivity through actively participating in
various stages of signaling pathways [24,25]. Recent studies have
confirmed that APPL1 protein is highly expressed in some types
of tumor tissues such as breast cancer, HCC, and invasive prostate cancer [26-28]. Knockdown of APPL1 protein inhibits TGFβinduced invasion of human prostate cancer PC-3U cells and
breast cancer MDA-MB-231 cells [27], and significantly enhances
the sensitivity of pancreatic cancer cells to radiation therapy [29].
Our previous study has also evidenced that APPL1 promotes
leptin-induced cell proliferation and migration in HCC HepG2
cells and breast cancer MCF-7 cells [28]. These findings strongly
suggest that APPL1 has a positive effect on the growth and metastasis of certain tumors under a variety of pathophysiological
conditions, but the detailed mechanism still remains largely unresolved.
The present study aims to observe the potential impacts of
DAT on survival of HepG2 cells and to elucidate its underlying
mechanism, particularly the possible novel role of APPL1 in mediating DAT action. We experimentally evidenced that the reduction of TNF receptor associated factor 6 (TRAF6)-medicated Lys
63 (K63)-linked polyubiquitination of APPL1 is responsible for
the cytotoxicity of DAT on HepG2 cells.

METHODS
Antibodies and reagents
The antibodies used in this study include: anti-APPL1 (#3858),
Korean J Physiol Pharmacol 2022;26(6):457-468
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anti-STAT3 (#9139), anti-phospho-STAT3 Try705 (#9145), antiAkt (#4691), anti-phospho-Akt Ser473 (#9271), anti-Erk (#4695),
and anti-phospho-Erk Thr202/Tyr204 (#4370) antibodies, Cell
Signaling Technology (Beverly, MA, USA); anti-phospho -(Ser/
Thr) (ab17464), anti-TRAF6 (ab94720), anti-ubiquitin (linkagespecific K63) (ab179434), and anti-ubiquitin (linkage-specific
K48) (ab190061) antibodies, Abcam Inc. (Cambridge, MA, USA).
Diallyl trisulfide (DAT, SMB00289) and 3-(4,5-dimethylthiazol2-yl)-2,5-diphenyltetrazolium bromide (MTT, M2128) were from
Sigma-Aldrich (St. Louis, MO, USA). Protein A-Sepharose beads
was purchased from Amersham-Pharmacia Biotech (Piscataway,
NJ, USA).

Cell culture
Human hepatocellular carcinoma HepG2 cells (HB-8065) and
normal murine hepatocyte AML12 (alpha mouse liver 12) cells
(CRL-2254) were purchased from American Type Culture Collection (ATCC, Rockville, MD, USA). HepG2 cells were routinely
cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin. AML12 cells were grown in a mixture of DMEM
and Ham's F12 medium supplemented with 0.005 mg/ml insulin,
0.005 mg/ml transferrin, 5 ng/ml selenium, 40 ng/ml dexamethasone, and 10% FBS. All cells were incubated in humidified atmosphere containing 5% CO2 and 95% air at 37°C.

Plasmid construction, virus infection, and siRNA
transfection
Human APPL1-encoding plasmid (pcDNA3/APPL1), adenovirus encoding human full length APPL1, and adenovirus encoding β-galactosidase (β-gal) were gift from Drs. Feng Liu and Lily Q.
Dong (University of Texas Health Science Center at San Antonio,
San Antonio, TX, USA). K63R mutation of APPL1 was generated by single-stranded site-directed mutagenesis by standard
molecular cloning techniques [30], using the following oligonucleotides: forward 5’-CAACACACCTGACCTCAAGGCTTTTAAAAGAATATG-3’ and reverse 5’-CATATTCTTTTAAAAGCCTTGAGGTCAGGTGTGTTG-3’ [31]. Adenovirus
encoding APPL1 K63R mutant was generated as perilously described [32]. Recombinant adenoviruses were packaged and amplified in HEK-293T cells, followed by purification using affinity
column chromatography.
For virus infection, cells were incubated in serum-free medium
containing adenoviruses (MOI:50) for 6 h, and then grown in
complete medium for another 36 h. After 42 h of infection, the
cells were pending for experimental study. Adenovirus carrying
β-gal served as a negative control.
SiRNA transfection was performed as our previous described
[33]. SiRNA sequences used to silence expressions of human
TRAF6 (NM_145803) were as following: 5’-CATCAGAGAAhttps://doi.org/10.4196/kjpp.2022.26.6.457
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CAGATGCCTAATCAT-3’, and scrambled control 5’-CATGAGCAAAGACGTATCTACACAT-3’. The knockdown efficiency was
assessed by western blot.

Cell viability and proliferation
Cell viabilities were determined by MTT assay as our previously described [28,34,35]. Briefly, 5 × 103 cells/well were grown
in DMEM with 10% FBS. After treatment with different concentration of DAT for the desired time, the medium was replaced by
100 μl of fresh DMEM (no phenol red) with 10 µl of the 12 mM
MTT stock solution. And the cells were incubated at 37°C for 3 h.
The medium was then carefully removed and 150 µl of MTT solvent (containing 4 mM HCl, 0.1% Nonidet P-40, all in isopropanol) was added into each well. The plate was covered with tinfoil
and agitated on an orbital shaker for 20 min. An ELISA (enzymelinked immunosorbent assay) plate reader (BioTek, Winooski,
VT, USA) was used to determine absorbance at 590 nm with a
reference filter of 620 nm.
Cell proliferation was evaluated by a BrdU Cell Proliferation
Assay Kit (ab287841; Abcam) according to the protocol provided
by the manufacturers.

Apoptosis determination
Apoptosis was induced by serum deprivation for 60 h [36]. The
cells were fixed with 3.8% paraformaldehyde for 20 min, and
then stained with the terminal deoxyribonucleotidyl transferase
(TdT)-mediated dUTP-digoxigenin nick end labeling (TUNEL)
reagent (Roche, Basel, Switzerland) for in situ apoptosis detection,
according to the manufacturer’s instruction. Positive and negative controls were pretreated with 10 U/ml DNase or incubated
without TdT, respectively. Apoptotic cells were detected under
an Olympus FluoView FV1000 Confocal Microscope (Olympus,
Tokyo, Japan).

Western blot and immunoprecipitation
Western blot and immunoprecipitation were carried out as our
previously described [28,34,35]. Briefly, cell lysate was extracted
with lysis buffer (containing 50 mM HEPES, pH 7.6, 150 mM
NaCl, 1% Triton X-100, 10 mM NaF, 20 mM Na4P2O7, 20 mM
β-glycerol phosphate, 1 mM Na3VO4, 10 mg/ml leupeptin, 10
mg/ml aprotinin, and 1 mM PMSF). Protein concentration was
determined by bicinchoninic acid assay. For immunoprecipitation, cell lysates were centrifuged at 14,000 g for 10 min at 4°C,
and the supernatants were incubated overnight with specific
antibodies bound to Protein A-Sepharose beads at 4°C. After
incubation, the beads were washed extensively with ice-cold wash
buffer (containing 50 mM HEPES, pH 7.6, 150 mM NaCl, and
0.1% Triton X-100). Proteins bound to the beads were eluted by
heating at 95°C for 10 min in SDS-PAGE sample loading buffer.
www.kjpp.net

The proteins were separated by SDS-PAGE gel, transferred to a
nitrocellulose membrane, incubated with specific primary antibody for overnight, and detected with alkaline phosphatase- or
horseradish peroxidase-conjugated secondary antibodies by using
Colorimetric AP Systems or a VersaDoc Image System. Proteins
levels were normalized with β-tubulin levels or an internal reference protein from the same samples using Quantity One software
(Bio-Rad, Philadelphia, PA, USA).

Statistical analysis
All data are expressed as means ± standard deviation (SD).
Statistical comparison was performed using Tukeye Kramer posthoc test or independent samples t-test after ANOVA. Differences
were considered significant at p < 0.05. The quantification of
the relative increase in protein expression and phosphorylation
statuses was normalized with control protein expression in each
experiment. All figures were representative of at least three independent experiments.

RESULTS
DAT selectively suppressed survival and proliferation
of HepG2 cells
To observe the potential impact of DAT on survival of cancer
cells, HepG2 cells were cultured in DMEM supplemented with
10% FBS in the presence of 0, 25, 50, 100, and 200 µM DAT for 24
h (Fig. 1A), or 100 µM DAT for 0, 12, 24, and 48 h (Fig. 1B). MTT
assay was performed to determine cell viability. As shown in Fig.
1A and 1B, DAT administration significantly reduced viabilities
of HepG2 cells in dose- and time-dependent manners. Since that
the reduction of cell viabilities has statistical significance with 100
µM DAT treatment for 24 h, the same dose and treatment durations of DAT was used to investigate mechanism underlying DAT
function.
To confirm whether DAT has a selective cytotoxicity to cancer
cells, the similar experiments were carried out on normal murine hepatocyte AML12 cells. We found that the cell viabilities
of AML12 remained unchanged under treatment with DAT
(Supplementary Fig. 1), suggesting that DAT selectively kills cancerous cells with no harmful effect on normal cells. To observe
the impact of DAT on cell proliferation, HepG2 cells were treated
with 100 µM of DAT for 24 h. we found that DAT treatment
markedly suppressed cell proliferation (Fig. 1C). When serumstarved HepG2 cells were treated with 100 µM DAT for 24 h,
we found that DAT supplementation significantly increased cell
apoptosis (Fig. 1D, E). Consistent with this result, we also found
that the levels of cleaved caspase-3, a marker protein of cell apoptosis, were markedly increased in DAT-treated cells (Fig. 1F).
Taken together, these results suggest that DAT treatment inhibKorean J Physiol Pharmacol 2022;26(6):457-468
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Fig. 1. Effect of DAT on cell survival and proliferation of HepG2 cells. (A) Dose-response of DAT on cell viability. (B) Time-response of DAT on cell
viability. (C) Effect of DAT on cell proliferation. (D) Representative images of cell apoptosis by DAT (×400). (E) Quantitative analysis of cell apoptosis in (D).
(F) Impact of DAT on cleaved caspase-3 levels. DAT, diallyl trisulfide. *p < 0.05, **p < 0.01, ***p < 0.001 vs. control group.
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Fig. 2. Effect of DAT on phosphorylation of STAT3, Akt, and Erk1/2 in HepG2 cells. (A) Impact of DAT on STAT3 phosphorylation. (B) Impact of DAT
on Akt phosphorylation. (C) Impact of DAT on Erk1/2 phosphorylation. Upper panels are representative Western blot images and bottom panels are
quantitative analysis of the ratio of phosphorylated proteins to the related-proteins. DAT, diallyl trisulfide. *p < 0.05, **p < 0.01, ***p < 0.01 vs. control
group.
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its survival and proliferation of HepG2 cells.

DAT inhibited phosphorylation of STAT3, Akt, and
Erk1/2
To elucidate the potential mechanism underlying DAT action,
HepG2 cells cultured in DMEM supplemented with 10% FBS
were treated with 100 µM DAT for 0, 12, 24, and 48 h. As shown
in Fig. 2, DAT supplementation significantly attenuated phosphorylation of STAT3 (Fig. 2A), Akt (Fig. 2B), and Erk1/2 (Fig.
2C). Given that the activities of these kinases are represented by
their phosphorylation, our results suggest that DAT possesses the
inhibiting properties against STAT3, Akt, and Erk1/2 signaling
pathways.

A

DAT downregulated K63-linked polyubiquitination of
APPL1
Our previous study has shown the involvement of APPL1 in
the regulation of leptin-stimulated proliferation and migration of
cancer cells through modulating STAT3, Akt, and Erk1/2 signaling pathways [28]. We thus investigated whether DAT administration affects APPL1 expression. HepG2 cells were cultured in
DMEM supplemented with 10% FBS and then treated with 100
µM DAT for 0, 12, 24, and 48 h. We found that DAT treatment
did not change abundance of intracellular APPL1 protein (Fig.
3A). When APPL1 was immunoprecipitated and then detected
by a specific anti-serine or anti-ubiquitin (linkage-specific K63
or K48) antibody, we found that the serine phosphorylation of
APPL1 also remained unchanged (Fig. 3B). Surprisingly, DAT
administration significantly reduced K63-linked polyubiquitination of APPL1 in a time-dependent manner in HepG2 cells (Fig.

C

D

B
G

E

F

Fig. 3. Effect of DAT on phosphorylation and polyubiquitination of APPL1 in HepG2 cells. (A) Impact of DAT on the levels of intracellular APPL1
protein. (B) Impact of DAT on serine phosphorylation of APPL1. APPL1 was immunoprecipitated by specific antibody and serine phosphorylation
was then detected by western blot using a specific anti-serine antibody. (C) Impact of DAT on K63-linked polyubiquitination of APPL1. APPL1 was immunoprecipitated by specific antibody and polyubiquitination was detected by Western blot using a specific antibody against K63-linked polyubiquitination. (D) Quantitative analysis of K63-linked polyubiquitination of APPL1 in (C). (E) Impact of DAT on the levels of intracellular Nedd4 and TRAF6
proteins. (F) Quantitative analysis of TRAF6 levels in (E). (G) Impact of TRAF6 knockdown on K63-linked polyubiquitination of APPL1. DAT, diallyl trisulfide; APPL1, adaptor protein, phosphotyrosine interacting with PH domain and leucine zipper 1; K63, Lys 63; Nedd4, neural precursor cell expressed,
developmentally down-regulated protein 4; TRAF6, TNF receptor-associated factor 6; IP, immunoprecipitation; Ub, ubiquitin; polyub, APPL1 polyubiquitination. *p < 0.05, **p < 0.01 vs. control group.
www.kjpp.net
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results suggest that K63-linked polyubiquitination of APPL1
is a key player in the regulation of survival and proliferation of
HepG2 cancer cells probably through modulating phosphorylation of STAT3, Akt, and Erk1/2.

3C, D) whereas K48-linked polyubiquitination of APPL1 was not
detected (data not shown). Both TRAF6 and Nedd4 (neural precursor cell expressed, developmentally down-regulated protein 4)
have been reported to act as E3 ligases, responsible for K63-linked
polyubiquitination of APPL1 [31,37]. Therefore, we checked the
levels of intracellular Nedd4 and TRAF6. As expected, DAT
treatment reduced TRAF6 expression in a time-dependent manner (Fig. 3E, F) whereas Nedd4 levels remained unchanged (Fig.
3E). To further confirm the function of TRAF6 in mediating
APPL1 ubiquitination, TRAF6 was silenced by siRNA technique.
Compared with siRNA control, TRAF6 knockdown significantly
reduced APPL1 polyubiquitination at K63 (Fig. 3G). These results
indicate that DAT supplementation mitigates TRAF6-mediated
K63-linked polyubiquitination of APPL1.

APPL1 overexpression reversed DAT action on
survival and proliferation of HepG2 cells
To further confirm the pivotal role of APPL1 in DAT-induced
cytotoxicity on HepG2 cells, APPL1 recovery experiments were
performed. The cells overexpressed with wild-type APPL1 were
incubated with DMEM supplemented with or without 10% FBS
(for MTT and TUNEL assay, respectively) and then treated with
100 µM DAT for 24 h. As shown in Fig. 6, APPL1 overexpression
significantly restored DAT-reduced phosphorylation of STAT3,
Akt, and Erk1/2, as demonstrated by the representative images
of phosphorylated proteins (Fig. 6A) and its quantitative analysis
(Fig. 6B). Consistent with these findings, HepG2 cells with APPL1
overexpression exhibited an obvious increase in cell viability (Fig.
7A) and proliferation (Fig. 7B), a reduction in cell apoptosis (Fig.
7C, D) and the expression of cleaved caspase-3 (Fig. 7E), when
compared with cells infected with β -gal control adenovirus.
These results further indicate that APPL1 plays an important role
in DAT-suppressed survival and proliferation of HepG2 cancer
cells.

K63-linked polyubiquitination of APPL1 was
associated with survival and proliferation of HepG2
cells
To figure out the critical role of K63-linked polyubiquitination
of APPL1 in regulating survival of cancer cells, HepG2 cells were
infected with adenovirus encoding human full length APPL1 or
its K63R mutant (replacement of Lys63 with arginine), followed
by incubation with DMEM supplemented with 10% FBS for 24 h.
Compared with overexpression of wild-type APPL1, overexpression of K63R mutant largely abolished basal phosphorylation of
STAT3, Akt, and Erk1/2 (Fig. 4), as demonstrated by representative images of phosphorylated proteins (Fig. 4A) and its quantitative analysis (Fig. 4B). Using the same strategy as described above,
we also found that K63R mutant significantly decreased cell viability (Fig. 5A) and proliferation (Fig. 5B), increased cell apoptosis
(Fig. 5C, D) and expression of cleaved caspase-3 (Fig. 5E). These

A

DISCUSSION
The previous studies have evidenced that DAT has the potential to be developed as an anti-cancer agent. The mechanisms
underlying this action are largely associated with down-regula-

B

Fig. 4. Effect of APPL1 K63R mutant on phosphorylation of STAT3, Akt, and Erk1/2 in HepG2 cells. (A) Representative Western blot images. (B).
Quantitative analysis of the ratio of phosphorylated proteins to the related-proteins. APPL1, adaptor protein, phosphotyrosine interacting with PH
domain and leucine zipper 1; K63, Lys 63; OE, overexpression; Endo, endogenous; WT, wild type. *p < 0.05, **p < 0.01 vs. control group; ##p < 0.01 vs.
APPL1 WT group.
Korean J Physiol Pharmacol 2022;26(6):457-468
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Fig. 5. Effect of APPL1 K63R mutant on survival and proliferation of HepG2 cells. (A) Impact of K63R mutation of APPL1 on cell viability. (B)
Impact of K63 mutation of APPL1 on cell proliferation. (C) Representative images of cell apoptosis by APPL1 K63R mutation (×400). (D) Quantitative
analysis of cell apoptosis in (C). (E) Impact of APPL1 K63R mutation on cleaved caspase-3 levels. APPL1, adaptor protein, phosphotyrosine interacting
with PH domain and leucine zipper 1; K63, Lys 63; WT, wild type. *p < 0.05, **p < 0.01 vs. control group.

tion of STAT3, Akt, and MAPK signaling pathways [20,38-41].
Consistent with these findings, our results demonstrated that
DAT supplementation significantly promoted cell apoptosis and
reduced viability and proliferation of HepG2 cells (Fig. 1), accompanied with inactivation of STAT3, Akt, and Erk1/2 (Fig. 2).
Therefore, our results further confirm that the ability to suppress
these signaling pathways is a therapeutic advantage for this antitumor drug.
We have shown previously that APPL1 positively mediates
leptin signaling leading to leptin-stimulated proliferation and migration of both HepG2 and MCF-7 cancer cells by directly binding to both leptin receptor and STAT3 [28]. Overexpression or
suppression of APPL1 promotes or attenuates, respectively, basal
and leptin-induced phosphorylation of STAT3, Akt, and Erk1/2
in these two cancer cell lines, along with enhanced or mitigated
cell proliferation and migration [28]. Given that phosphorylation of both Akt and Erk1/2 are suppressed by STAT3 inhibition
whereas STAT3 phosphorylation is not affected by the treatment
www.kjpp.net

with specific inhibitors of Akt or Erk1/2, STAT3 should be an
upstream kinase for both ERK1/2 and Akt [28,42]. These findings
strongly suggest that APPL1-mediated STAT3 activation plays a
critical role in hepatocellular carcinogenesis. Indeed, overexpression of APPL1 greatly restored DAT-reduced phosphorylation of
STAT3, Akt, and Erk1/2, and significantly abrogated cytotoxicity
of DAT on HepG2 cells (Fig. 7). However, our results also found
that intracellular APPL1 levels remained unchanged in DATtreated HepG2 cells (Fig. 3A), suggesting that APPL1-mediated
cytotoxicity of DAT is modulated by its protein modification but
not by its protein abundance.
The function of APPL1 has been reported to be regulated by
its phosphorylation at serine residues including Ser401, Ser430,
and Ser707 [43-46]. Among them, Ser401 and Ser430 have been
found to mediate the crosstalk between the insulin and adiponectin pathways [44,45] whereas Ser707 involves in the regulation
of neuroprotective AKT signaling pathway [46]. In the present
study, APPL1 was immunoprecipitated and its phosphorylation at
Korean J Physiol Pharmacol 2022;26(6):457-468
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A

B

Fig. 6. Effect of overexpression of wild-type APPL1 on phosphorylation of STAT3, Akt, and Erk1/2 in DAT-treated HepG2 cells. (A) Representative Western blot images. (B) Quantitative analysis of the ratio of phosphorylated proteins to the related-proteins. APPL1, adaptor protein, phosphotyrosine interacting with PH domain and leucine zipper 1; DAT, diallyl trisulfide; OE, overexpression; Endo, endogenous; WT, wild type. **p < 0.01 vs.
control group; #p < 0.05, ##p < 0.01 vs. DAT-treated control group.

serine residues were detected using specific anti-serine antibody,
due to lack of commercial phospho-antibodies against specific
serine residues of APPL1. Our results found that the serine phosphorylation of APPL1 remained unchanged (Fig. 3B), indicating
that APPL1-mediated cytotoxicity of DAT is independent on its
phosphorylation at serine residues.
Protein ubiquitination is also one of most important posttranslational modifications. Ubiquitin can be attached to specific
lysine (K) residues including K48 and K63 in target proteins
through three sequential enzymatic reactions catalyzed by an
ubiquitin-activating enzyme (E1), an ubiquitin-conjugating
enzyme (E2), and an ubiquitin ligase (E3). It is well established
that K48-linked polyubiquitination mainly targets the substrate
proteins for proteasome-mediated degradation and thus regulates
protein stability [47,48]. However, K63-linked ubiquitylation is essential for endocytosis, protein sorting or membrane trafficking
events, DNA damage response, and activation of various signaling pathways [31,49-52]. APPL1 has been found to undergo K63linked polyubiquitination and thus plays a pivotal role in insulin
action in hepatocytes and TGFβ type I receptor-intracellular
domain-induced progression of prostate tumor [27,31,37], partly
through the modulation of the membrane targeting of APPL1
and Akt [31] as well as the promotion of TGFβ-induced nuclear
transport of the TGFβ type I receptor intracellular domain [27],
respectively. In the present study, we found that DAT administration significantly reduced K63-linked polyubiquitination of
APPL1 (Fig. 3C, D). Replacement of Lys63 with arginine (K63R)
dramatically reduced phosphorylation of STAT3, Akt, and Erk1/2
(Fig. 4), enhanced cell apoptosis (Fig. 5C–E), and reduced cell
Korean J Physiol Pharmacol 2022;26(6):457-468

viability (Fig. 5A) and proliferation (Fig. 5B), when comparing
with wild-type APPL1. Combined with our results showing that
DAT mitigated K63-linked polyubiquitination of APPL1 (Fig.
3C), these findings strongly suggest that cytotoxicity of DAT on
HepG2 cells is probably regulated by ubiquitin modification of
APPL1.
Previous studies have identified Nedd4 and TRAF6 as crucial
E3 ligases for APPL1 ubiquitination [31,37]. TRAF6 are also
known to be over-expressed in cancer tissues and may contribute
to tumorigenesis and cancer metastasis including HCC [53,54].
Thus, TRAF6 might become a predictive and therapeutic biomarker for HCC. In the present study, we found that the levels
of intracellular TRAF6 but not Nedd4 were reduced by DAT administration in a time-dependent manner (Fig. 3E, F). This result
is consistent with a previous study showing that DAT induces
proteasomal degradation of TRAF6 in primary effusion lymphoma [55]. In addition, genetic inhibition of TRAF6 significantly
attenuated K63-linked polyubiquitination of APPL1 (Fig. 3G).
Hence, our results indicate that reduction of TRAF6 by DAT is
responsible for downregulation of K63-linked polyubiquitination
of APPL1.
Constitutive activation of STAT3, Akt, and Erk1/2 has been
found in human HCC tissues and may provide novel and promising therapeutic targets for HCC treatment [56,57], Consistently,
HepG2 cells display a high basal phosphorylation of these signaling molecules [28,56,57]. In addition, our previous study has
confirmed that the protein levels and phosphorylation statues
of APPL1 are highly expressed in human HCC tissues and that
APPL1 is positively involved in the regulation of phosphorylahttps://doi.org/10.4196/kjpp.2022.26.6.457
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Fig. 7. Effect of overexpression of wild-type APPL1 on cell survival and proliferation in DAT-treated HepG2 cells. (A) Overexpression of wildtype APPL1 on cell viability. (B) Overexpression of wild-type APPL1 on cell proliferation. (C) Representative images of cell apoptosis by overexpression
of wild-type APPL1 (×400). (D) Quantitative analysis of cell apoptosis in (C). (E) Impact of overexpression of wild-type APPL1 on cleaved caspase-3 levels. APPL1, adaptor protein, phosphotyrosine interacting with PH domain and leucine zipper 1; DAT, diallyl trisulfide. **p < 0.01 vs. control group; #p <
0.05, ##p < 0.01 vs. DAT-treated control group.

tion of STAT3, Akt, and Erk1/2 in HepG2 cells [28]. In the present study, we found that DAT treatment significantly inhibited
phosphorylation of STAT3, Akt, and Erk1/2 in a time-dependent
manner (Fig. 2). Given that 1) DAT downregulated K63-linked
polyubiquitination of APPL1 with the same administration duration (Fig. 3) as DAT did on phosphorylation of these signaling
molecules (Fig. 2), and 2) overexpression of APPL1 WT upregulated phosphorylation of these proteins, which was diminished in
the cells with APPL1 K63R mutation (Fig. 4), it would be rational
to conclude that DAT-suppressed polyubiquitination of APPL1 is
responsible for DAT-suppressed phosphorylation of STAT3, Akt,
and Erk1/2.
Taken together, the present in vitro study identifies that the
inhibitory effects of DAT on TRAF6-mediated K63-linked polyubiquitination of APPL1 and subsequent hypophosphorylation
of STAT3, Akt, and Erk1/2 may account for its cytotoxicity on
www.kjpp.net

HepG2 cells (Fig. 8). However, the clinical or in vivo significance
of K63-linked polyubiquitination of APPL1 in mediating DAT’s
cytotoxicity against HCC remains unclear and needs more studies.
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Fig. 8. A schematic diagram of mechanism underlying DAT action
on HepG2 cell survival. TRAF6 functions as an E3 ligase. In the present study, TRAF6-modulated K63-linked polyubiquitination of APPL1
mediates the inhibitory effects of DAT on the survival of HepG2 cells
by downregulating pro-survival signaling pathways such as STAT3, Akt,
and Erk1/2 pathways. DAT, diallyl trisulfide; TRAF6, TNF receptor-associated factor 6; K63, Lys 63; APPL1, adaptor protein, phosphotyrosine
interacting with PH domain and leucine zipper 1; Ub, ubiquitin.
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