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1 | BACKGROUND

Head and neck cancer (HNC) is the sixth most common

ALDEFLUOR, Western blotting assays and xenograft mouse models, were used
to investigate the role of PLEK2 in regulating the malignant behaviors of HNSCC
cells. The underlying molecular mechanisms for the tumor-promoting role of
PLEK2 were elucidated using co-immunoprecipitation, cycloheximide chase
analysis, ubiquitination assays, chromatin immunoprecipitation-quantitative
polymerase chain reaction, luciferase reporter assays and rescue experiments.
Results: The expression levels of PLEK2 mRNA and protein were significantly
increased in HNSCC tissues, and PLEK2 overexpression was strongly associated
with poor overall survival and therapeutic resistance. Additionally, PLEK2 was
important for maintaining the proliferation, invasion, epithelial-mesenchymal
transition, cancer stemness and tumorigenesis of HNSCC cells and could alter
the cellular metabolism of the cancer cells. Mechanistically, PLEK?2 interacted
with c-Myc and reduced the association of F-box and WD repeat domain con-
taining 7 (FBXW?7) with c-Myc, thereby avoiding ubiquitination and subsequent
proteasome-mediated degradation of c-Myc. Moreover, the c-Myc signaling
activated by PLEK2 was important for sustaining the aggressive malignant phe-
notypes and tumorigenesis of HNSCC cells. c-Myc also directly bounded to the
PLEK2 promoter and activated its transcription, forming a positive feedback
loop.

Conclusions: Collectively, these findings uncover a previously unknown molec-
ular basis of PLEK2-enhanced c-Myc signaling in HNSCC, suggesting that
PLEK2 may represent a promising therapeutic target for treating HNSCC.

KEYWORDS
c-Myc, cancer stemness, FBXW7, HNSCC, PLEK2, positive feedback loop, tumorigenesis,
ubiquitination-mediated degradation

provide new opportunities for improving the treatment
and outcomes of this malignancy.
Pleckstrin-2 (PLEK2) is located on chromosome

cancer globally, and squamous cell carcinoma (HNSCC)
is the most prevalent histological subtype, constituting
up to 90% of all HNC cases [1]. HNSCC is derived from
the mucosal epithelium lining the oral cavity, pharynx
and larynx [2, 3]. Although it is well established that
HNSCC develops from different degrees of neoplasia to
eventually become invasive carcinoma, most HNSCC cases
are diagnosed at late phases when aggressive treatments
are needed. In addition, advanced-stage HNSCC features
unfavorable clinical outcomes, a high recurrence rate and
high metastatic potential. Treatments for HNSCC are mul-
timodal, including surgery, chemoradiotherapy, targeted
therapy and immunotherapy [4]. Unfortunately, the over-
all survival of HNSCC patients has remained stagnant over
the past decade [5]. Therefore, it is imperative to elucidate
the molecular events in HNSCC, which could undoubtedly

14g23.3-q24.1 and encodes a 353-amino acid protein
widely expressed in multiple tissues. PLEK2 binds to
membrane-associated phosphatidylinositol produced by
phosphatidylinositol 3-kinase, which subsequently regu-
lates actin cytoskeleton organization and cell spreading
[6]. Although aberrant expression of PLEK2 has been
shown to play a critical role in regulating many important
biological processes such as inflammation, erythropoiesis
and tumorigenesis [7-9], its underlying cellular and
molecular mechanisms remain poorly understood. PLEK2
was reported to be highly expressed in several malignan-
cies, including non-small cell lung cancer [10], gallbladder
cancer [11] and gastric cancer [12], while low PLEK2
mRNA levels were observed in multiple myeloma bone
marrow progenitor cells [13] and prostate cancer [14].
These findings indicate that the biological functions of
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PLEK2 might be tumor type-dependent and closely related
to the tumor microenvironment in which cancer cells
reside. Our large-scale transcriptomic analysis of differ-
entially expressed genes (DEGs) between HNSCC tissues
and paired adjacent normal tissues (ANTSs) revealed that
the expression levels of PLEK2 were consistently increased
in malignant specimens, indicating that PLEK2 might be
involved in regulating HNSCC tumorigenesis. However,
the clinical relevance of PLEK?2 and its regulatory roles in
HNSCC remains poorly understood.

In this study, we hypothesized that PLEK2 plays a crucial
role in HNSCC tumorigenesis. Our aim was to determine
the clinical significance of PLEK2 in HNSCC and to elu-
cidate the molecular events involved in PLEK2-mediated
signaling for promoting the progression of HNSCC. First,
the relationship between aberrant PLEK2 expression and
unfavorable clinical outcomes in HNSCC was investigated.
Additionally, the underlying molecular mechanisms for
the role of PLEK2 in HNSCC tumorigenesis were sys-
temically explored. Moreover, a regulatory signaling
loop that modulates PLEK2 expression in HNSCC was
identified.

2 | MATERIALS AND METHODS

2.1 | Patients and clinical samples

The study protocol regarding the re-utilization of clini-
cal samples and medical information was approved by
the Ethics Committee of the First Affiliated Hospital of
Sun Yat-sen University (Guangzhou, Guangdong, China).
Written informed consent was obtained from all patients.
All the procedures were conducted following the Dec-
laration of Helsinki. The following inclusion criteria
were used: 1) all patients underwent primary surgery for
HNSCC; 2) the diagnosis was pathologically confirmed as
HNSCC. The exclusion criteria were as follows: 1) patients
with more than one primary malignancy; 2) patients
with incomplete clinical or prognostic data. Tumors and
ANTs were obtained at the First Affiliated Hospital of
Sun Yat-sen University between January 2013 and June
2015. Fifteen paired HNSCC and ANT tissues were used
for the western blotting analysis of the PLEK2 expres-
sion pattern. All tissue specimens were snap-frozen in
liquid nitrogen and stored at -80°C or formalin-fixed
and paraffin-embedded. For the patients who underwent
induction chemotherapy, the regimen was delivered with
docetaxel 75 mg/m? intravenously on day 1, cisplatin 75
mg/m? intravenously on day 1 and 5-fluorouracil 750
mg/m? by infusion for 120 h on days 1-5. The treatment was
administered every 3 weeks for 2 cycles.

2.2 | Celllines and cell culture

The HNSCC cell lines UMSCC-1 (SCC-1) and UTSCC-23
(SCC-23) were obtained from the University of Michigan
(Ann Arbor, MI, USA), and FaDu was obtained from Amer-
ican Type Culture Collection (Manassas, VA, USA). All cell
lines were maintained in the Dulbecco’s modified eagle
medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin at 37°C with
5% CO,. Cisplatin-resistant SCC-1, SCC-23 and FaDu cell
lines were developed by chronic exposure of the parent
cisplatin-sensitive cell lines in 0.5-25 umol/L of cisplatin.

2.3 | 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT)
assay

The cells were seeded in 96-well plates at a density of 3 X
103 cells/well. In brief, MTT solution (5 mg/mL, Sigma-
Aldrich, Burlington, MA, USA) was added to each well,
and the cell culture was maintained for 4 h at 37°C.
Then, the supernatant was carefully removed, and the for-
mazan product was dissolved with dimethyl sulfoxide. The
absorbance was measured with a Synergy HT microplate
reader (BioTek Instruments, Winooski, VT, USA) at a
wavelength of 570 nm.

24 |
assay

5-ethynyl-2’-deoxyuridine (EdU)

Briefly, 10 umol/L EdU labeling solution was added to
the wells, and the cells were incubated for 2 h. After fix-
ation and permeabilization, the cells were stained with
the Click-iT®) Plus reaction cocktail (Invitrogen, Carlsbad,
CA, USA) for 30 min in the dark. Then the Hoechst 33342
dye was used for nuclear staining. Images were taken with
an inverted fluorescence microscope (Leica Microsystems,
Wetzlar, Hessen, Germany).

2.5 | Colony formation assay

Cells were seeded in 6-well plates at a density of 3000
cells/well and cultured for 2 weeks. After fixation with 4%
paraformaldehyde, 0.5% crystal violet was used to visualize
the colonies.

2.6 | Sphere formation assay

Briefly, the cells were cultured with ultra-low adhesion
plates and maintained in DMEM/F12 medium supple-
mented with 1% B27 supplement (Invitrogen), 1% N2
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supplement (Invitrogen), 20 ng/mL epidermal growth fac-
tor and 10 ng/mL basic fibroblast growth factor. The
images of tumor spheres were captured with an inverted
microscope (Leica Microsystems).

2.7 | Matrigel invasion assay

Matrigel invasion assay was performed using Transwell
chambers with a pore size of 8 um (Costar, Cambridge,
MA, USA). Following serum starvation, the cells in the
serum-free medium were seeded into the upper chambers,
and the complete culture medium was added to the bot-
tom chambers. After 48 h of incubation, the non-invaded
cells on the upper side of the membrane were removed
with a cotton swab. Then the invaded cells were fixed with
4% paraformaldehyde and subsequently stained with 0.5%
crystal violet. Six fields per chamber were imaged, and the
average area of the invaded cells per field was calculated as
a measure for cell invasion.

2.8 | Production of lentiviral particles
and cell transfection

The short hairpin RNAs (shRNAs) targeting PLEK2
were inserted into the LV3-pGLV-hl-GFP-puro vector
(GenePharma, Shanghai, China) to establish recombi-
nant lentiviral expression plasmids. The full-length human
PLEK2 was cloned to a pGCL-GFP vector to construct
the PLEK2 overexpression vector. The recombinant lentivi-
ral vectors, packaging plasmids and envelope plasmids
were co-transfected into HEK-293T cells to produce
lentiviruses. The c-Myc shRNA was purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). For transient
transfection, siRNAs targeting PLEK2 or c-Myc were trans-
fected into cancer cells with Lipofectamine RNAIMAX
reagent (Invitrogen) following the manufacturer’s instruc-
tions. The recombinant pcDNA3-c-Myc (Addgene, Cam-
bridge, MA, USA) or pcDNA3 control plasmid was trans-
fected into cells with Lipofectamine 2000 (Invitrogen). The
sequences of shPLEK2, siPLEK2 and sic-Myc are listed in
Supplementary Table S1.

2.9 | Quantitative polymerase chain
reaction (QqPCR)

Total RNA was extracted using the Quick-RNA™ kit
(Zymo Research Corp, Irvine, CA, USA) according to the
manufacturer’s recommendations. The first-strand cDNA
was synthesized reversely with the SuperScript™III First-
Strand Synthesis SuperMix (Invitrogen). Briefly, the Oligo

(dT)-primers and annealing buffer were added to the RNA
samples. The mixture was incubated at 65°C for 5 min,
and immediately chilled on ice for 2 min. The first-strand
reaction mix and SuperScript® III/RNase Out™ enzyme
mix were added to the mixture, followed by incubation
at 50°C for 50 min. The reaction was terminated at 85°C
for 5 min and the cDNA samples were stored at -20°C
until use. The amplification of cDNA was performed with
LightCycler 480@ SYBR Green I MasterMix (Roche, Basel,
Switzerland) on a CFX96 Real-Time PCR detection system
(Bio-Rad, Hercules, CA, USA). Thermal cycling conditions
were as follows: 1 cycle for 5 min at 95°C, 40 PCR cycles of
amplification (95°C for 10 s, 60°C for 20 s and 72°C for 30
s), 1 cycle for obtaining melting curve and 1 cycle for 10 s at
40°C for cooling. The relative changes in gene expression
were measured with the 2724t method. The sequences
for the primers used in qPCR are listed in Supplementary
Table S1.

2.10 | Measurements of glucose uptake
and lactate production

To measure the glucose uptake, the cells were first cul-
tured in media without FBS and glucose for 6 h, followed
by incubation with a glucose-free DMEM supplemented
with 10 umol/L 2-deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-
yl) amino]-D-glucose for 2 h. Then the samples were
washed twice with phosphate-buffered saline (PBS) and
analyzed by flow cytometry (BD Biosciences, Franklin
Lakes, NJ, USA). The measurement of lactate production
in the samples was performed using lactate colorimetric
assay kit (BioVision, Milpitas, CA, USA) according to the
manufacturer’s protocols. Of note, the final amount of
lactate in the samples was determined by deducting the
amount of lactate in the media.

2.11 | ALDHEFLUOR assay

ALDEFLUOR assay was performed with the ALDE-
FLUOR assay kit (StemCell Technologies Inc., Vancouver,
BC, Canada), following the manufacturer’s instructions.
For every individual sample, an aliquot was treated with
diethylaminobenzaldehyde (DEAB) as a negative con-
trol. Sample analysis was conducted on a DXxFLEX flow
cytometer (Beckman Coulter, Inc., Brea, CA, USA).

2.12 | Cellisolation and flow cytometry

The primary HNSCC tumor tissues from 6 patients
were mechanically minced on ice and then digested
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into single-cell suspensions using Collagenase I (Sigma-
Aldrich). Antibodies of EpCAM and CD45 were used to
separate epithelial tumor cells from stromal cells and
blood cells. The aldehyde dehydrogenase™" (ALDHMh)
tumor cells from primary HNSCC cells were sorted
with an ALDEFLUOR assay kit (StemCell Technologies
Inc) following the manufacturer’s guidelines. Then, the
PLEK?2 antibody was used to sort PLEK2-high cells and
PLEK2-low cells. Similarly, the ALDHM&" cancer stem
cells (CSCs) from SCC-1 and SCC-23 cell lines were sorted
with an ALDEFLUOR assay kit (StemCell Technologies
Inc). ALDHMeM and ALDH!V subpopulations were iso-
lated by fluorescence-activated cell sorting (FACS). For
apoptosis assay, the cells with indicated treatments were
collected and subsequently stained with APC-annexin V
and propidium iodide. The percentage of apoptosis cells
was detected using a DXFLEX flow cytometer (Beckman
Coulter, Inc.).

2.13 | Western blotting

Equal amounts of prepared protein lysates were loaded
into a 4%-20% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) gels (Beyotime, Shanghai,
China). Following electrophoretic separation, the pro-
teins were transferred onto 0.2 um polyvinylidene fluoride
membranes using the Trans-Blot Turbo system (Bio-Rad).
After incubating with blocking buffer (EpiZyme, Shang-
hai, China) for 30 min at 25°C, the membranes were
incubated with primary antibodies at 4°C overnight. Then
the membranes were probed with the corresponding HRP-
conjugated secondary antibodies (Proteintech, Chicago,
IL, USA) for 1 h at 25°C. The Amersham ECL Prime West-
ern Blotting Detection Reagent (Cytiva, Marlborough, MA,
USA) was used to visualize the blots. The primary anti-
bodies used in this study were as follows: anti-PLEK2
(Proteintech), anti-SOX2 (Proteintech), anti-CD44 (Pro-
teintech), anti-CD133 (Santa Cruz Biotechnology), anti-
PCNA (Proteintech), anti-Cyclin D1 (Proteintech), anti-
MCM2 (Cell Signaling Technology, Danvers, MA, USA),
anti-Bcl-2 (Proteintech), anti-Bax (Proteintech), anti-N-
cadherin (Santa Cruz Biotechnology), anti-E-cadherin
(Proteintech), anti-Vimentin (Cell Signaling Technology),
anti-Snail (Santa Cruz Biotechnology), anti-Slug (Santa
Cruz Biotechnology), anti-Twist (Abcam, Cambridge, UK),
anti-BMI-1 (Proteintech), anti-OCT4 (Cell Signaling Tech-
nology), anti-Nanog (Proteintech), anti-ENO1 (Abcam),
anti-LDHA (Cell Signaling Technology), anti-PKM2 (Cell
Signaling Technology), anti-HK2 (Proteintech), anti-c-
Myc (Proteintech), anti-FBXW?7 (Proteintech), and anti-
GAPDH (Proteintech).

2.14 | Cycloheximide (CHX) chase assay
The cells with indicated modifications were treated with
100 ug/mL CHX. The total protein lysates were harvested
at the indicated time points and subjected to western
blotting to determine the half-life of c-Myc.

2.15 | Luciferase reporter assay

The wild-type (pGL3-PLEK2-wt) or mutant PLEK2
(pGL3-PLEK2-mut) promoter-reporter plasmid was
co-transfected with pcDNA3.0-c-Myc or pcDNA-3.0
into HNSCC cells. At 24 h post-transfection, the relative
luciferase activities were quantified with a Dual-Luciferase
Assay System (Promega, Madison, WI, USA).

2.16 | Chromatin
immunoprecipitation-quantitative
polymerase chain reaction (ChIP-qPCR)

The ChIP assay was performed with the ChIP Assay Kit
(Millipore, Billerica, MA, USA). The cells were incubated
with 1% formaldehyde for 10 min at 25°C to cross-link
proteins and DNA. After washing with PBS twice, the cells
were lysed in radioimmunoprecipitation assay (RIPA)
buffer, and the DNA was broken into pieces by sonication.
The chromatin fragmentation was immunoprecipitated
with a primary antibody against c-Myc or IgG overnight
at 4°C. The purified DNA pellets were subjected to
gPCR. The potential binding sites between c-Myc and
PLEK2 were first predicted using the R/Bioconductor
packages  (https://www.bioconductor.org/) including
TFBSTools, JASPAR2016 and Biostrings. Then the primers
for CHIP-qPCR were designed with ApE software
(https://jorgensen.biology.utah.edu/wayned/ape/)  and
NCBI primer blast (https://www.ncbi.nlm.nih.gov/tools/
primer-blast/). The primer sequences used for ChIP-qPCR
are available on request.

217 |
assay

Co-immunoprecipitation (Co-IP)

The harvested cells with indicated treatments were lysed
in RIPA buffer (Beyotime). Immunoprecipitation was per-
formed using the primary antibodies and IgG control
antibody in the presence of protein A/G magnetic beads
for 6 h at 4°C. After washing with the elution buffer thrice,
the protein complexes were heated at 100°C for 10 min
in the SDS sample buffer. Immunoblotting was performed
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as described above. To suppress the proteasome activity,
the cells with indicated modifications were treated with
MG132 (20 umol/L, 8 h). The total protein lysates were
harvested and subjected to immunoblotting.

218 |
analysis

Immunohistochemistry (IHC)

After deparaffinization and rehydration in a descending
series of ethanol, the formalin-fixed paraffin-embedded
tissue specimens were blocked with goat serum for 2
h at 25°C, then probed with primary antibodies in a
cold room overnight. After washing with PBS thrice, the
sections were incubated in the horseradish peroxidase-
labeled secondary antibody solution for 1 h at 25°C. A
3,3’-diaminobenzidine substrate kit was used to detect the
staining signal. For the quantitative IHC analysis, the THC
score of interested proteins equals to the staining intensity
(on ascale of 0-3: negative = 0, weak = 1, moderate = 2, and
strong = 3) X the percentage of cells stained (on a scale of
0-4: 0 = 0%, 1 = 1%-25%, 2 = 26%-50%, 3 = 51%-75%, and
4 = 76%-100%). The percentage of Ki67 positive cells was
used to evaluate Ki67 staining intensity in xenograft tumor
tissues.

2.19 | Tumor models

All the mice used in this study were obtained from
Guangdong Medical Laboratory Animal Center (Foshan,
Guangdong, China). For the 4-nitroquinoline 1-oxide
(4-NQO) induced HNSCC mouse model, six-week-old
C57BL/6 male mice were treated with 4-NQO in drink-
ing water (50 ug/mL) for 16 weeks and then received
regular drinking water for another 8-10 weeks. For the
xenograft mouse model, 6-week-old immune-deficient
BALB/c nude mice were injected subcutaneously with
2 X 10% HNSCC cells in the dorsal flank region. Four
weeks after the injection, mice were sacrificed and
tumor tissues were excised by surgery. The tumor size
and weight were measured and recorded. The collected
tumor samples were fixed with 4% paraformaldehyde
for immunohistochemical analysis. For limit-dilution
transplantation in nude mice, different numbers of
FACS-sorted cells (EpCAM+/ALDH+/PLEK2+ and
EpCAM+/ALDH+/PLEK2-) from primary HNSCC
tumors were mixed with Matrigel and subcutaneously
injected into nude mice for 4 weeks. Similarly, the
ALDHMe! CSCs from SCC-1 or SCC-23 cells were infected
lentiviruses expressing PLEK2 or control lentiviruses.
Then, a different number of cells with indicated modifica-
tions were subcutaneously into the nude mice for 4 weeks.

The tumor-initiating capacity of cancer cells was analyzed
using the Extreme Limiting Dilution Analysis (ELDA)
software (http://bioinf.wehi.edu.au/software/elda/).

2.20 | Determine the clinical relevance of
PLEK?2 in cancer with publicly accessible
databases

The public datasets comparing the genome-wide gene
expression profiling between tumor tissues and nor-
mal tissues/precancerous lesions were downloaded from
the Gene Expression Omnibus database (https://www.
ncbi.nlm.nih.gov/geo/). The accession numbers were
GSE127165, GSE25099, GSE31056, GSE30784, GSE85195
and GSE41613. For The Cancer Genome Atlas (TCGA)
data analysis, the RNA-seq expression profile data and
the corresponding clinical information of all TCGA tumor
types were retrieved from The National Cancer Insti-
tute Genomic Data Commons (https://gdc.cancer.gov/).
The X tile software (https://medicine.yale.edu/lab/rimm/
research/-software/) was used to determine the best cut-
off point for dividing the cancer patients into high and low
PLEK?2 expression groups.

2.21 | RNA-Seq analysis

Fourteen paired HNSCC and ANT tissues were used for
RNA-seq analysis. Sequencing was performed with the
BGISEQ-500 platform at the Beijing Genomics Institute
(Beijing, China). The hierarchical indexing for spliced
alignment of transcripts pipeline (http://www.ccb.jhu.
edu/software/hisat/) was applied to align reads against
the reference genome (human assembly GRCh37/hgl9).
The clean reads were mapped to reference genes with the
Bowtie2 software, and the expression values of candidate
genes were calculated with the RNA-Seq by Expectation-
Maximization software. The DEGs were identified using
the DEGseq. The cutoff of DEGs was absolute fold change
>2 and adjusted P value < 0.001.

2.22 | Statistical analysis

ation, and the statistical analyses were performed using
the Graphpad Prism version 9.0 (GraphPad Software, San
Diego, CA, USA). Differences between the two groups were
analyzed by independent sample t-test or paired t-test.
One-way analysis of variance followed by post hoc Tukey’s
test was performed to compare the differences among mul-
tiple groups. Overall survival was defined as the date of

All data were presented as the mean + standard devi-
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diagnosis to final follow-up or to the date of death from any
cause. The survival differences between different groups
were calculated using the Kaplan-Meier method and ana-
lyzed by log-rank test. The Pearson correlation analysis
was used to determine statistical correlations. P < 0.05 was
considered statistically significant.

3 | RESULTS
3.1 | PLEK?2 overexpression was an
unfavorable prognostic factor for HNSCC

In total, the RNA-Seq analysis identified 10814 significantly
altered genes (6655 upregulated and 4159 downregulated)
between 14 paired HNSCC tissues and ANTs (Figure 1A),
and the expression of PLEK2 was significantly higher in
tumor tissues than in the ANTs (Figure 1B). In addi-
tion, the top five upregulated genes in HNSCC tissues
compared to ANTs were listed in Supplementary Table
S2. We then evaluated the expression pattern of PLEK2
in HNSCC using publicly accessible datasets. The results
showed that PLEK2 expression was significantly higher in
HNSCC tissues than in paired ANTs in both TCGA HNSCC
and GSEI127165 cohorts (Figure 1C,D). Similarly, higher
PLEK?2 levels were found in malignant specimens than in
normal tissues in the GSE25099 and GSE31056 datasets
(Figure 1E,F). Interestingly, similar observations were
made between tumor tissues and precancerous lesions in
the GSE30784 and GSE85195 datasets (Figure 1G,H). Sur-
vival analysis further revealed that upregulation of PLEK2
in HNSCC tissues was significantly associated with poor
overall survival in different independent study cohorts
(Figure 1LJ).

We then assessed the expression levels of PLEK2 using
HNSCC tissues and ANTSs from patients who received sur-
gical treatments in our hospital. The results showed that
PLEK2 was consistently upregulated in 15 paired tumor

specimens compared to ANTs (Figure 1K). A 4-NQO-
induced HNSCC mouse model was further constructed
to validate the dynamic changes in PLEK2 observed in
the publicly accessible datasets. Our results showed that
PLEK2 was gradually increased from normal and dyspla-
sia to cancer tissues (Figure 1L,M), indicating that PLEK2
might play an important role in modulating tumorige-
nesis in HNSCC. To further determine the clinical sig-
nificance of PLEK2 in HNSCC, the correlation between
PLEK?2 expression and chemotherapy was evaluated. The
cisplatin-resistant HNSCC cell lines were established and
then verified. As expected, the cisplatin-resistant cell lines
were more resistant to cisplatin than their respective
parental cell lines (Supplementary Figure S1A). Our results
demonstrated that PLEK2 was significantly upregulated in
chemoresistant cancer cell lines compared to chemosen-
sitive controls at both the mRNA and protein levels
(Figure 1N, Supplementary Figure SIB). In addition, an
HNSCC cohort including 42 patients receiving chemother-
apy was stratified into a chemosensitive group (n = 21) and
a chemoresistant group (n = 21). The THC results showed
that PLEK2 was overexpressed in the chemoresistant
group compared to the chemosensitive group (Figure 10).
Moreover, chemotherapy increased the expression levels of
PLEK?2 in treatment-resistant individuals (Figure 1P). The
association between PLEK2 expression and overall sur-
vival of HNSCC was also evaluated using our own HNSCC
cohort. The survival analysis revealed that the HNSCC
patients in the high PLEK2 staining group had worse
overall survival than those in the low PLEK2 staining
group (Figure 1Q). High PLEK?2 expression was also asso-
ciated with unfavorable overall survival in many cancer
types from the TCGA cohort, including low-grade glioma
(LGG), liver hepatocellular carcinoma (LIHC), lung ade-
nocarcinoma (LUAD), ovarian cancer (OV), pancreatic
adenocarcinoma (PAAD), sarcoma (SARC), skin cuta-
neous melanoma (SKCM) and uveal melanoma (UVM)
(Supplementary Figure S2).

FIGURE 1

High PLEK?2 expression predicts unfavorable clinical outcome in HNSCC patients. (A) RNA-seq analysis of the DEGs

between 14 paired HNSCC tissues and ANTs. (B) PLEK2 was among the top dysregulated genes based on transcriptomics analysis. (C-D)
Expression of PLEK2 in tumor tissues and paired ANTs from TCGA HNSCC and GSE127165 cohorts. (E-F) Expression of PLEK2 in tumor
tissues and normal tissues in GSE25099 and GSE31056. (G-H) Expression of PLEK2 in normal tissues, precancerous tissues and tumor tissues
in GSE30784 and GSE85195 cohorts. (I-J) Correlation between PLEK?2 expression and overall survival of HNSCC patients in TCGA HNSCC
and GSE41613 cohorts. (K) Expression levels of PLEK2 in 15 paired tumor tissues and normal tissues detected by Western blotting. PLEK2 was

significantly increased in tumor tissues compared to ANTs. (L-M) PLEK2 is progressively upregulated from normal, dysplasia to cancer

tissues in the 4-NQO-induced HNSCC mouse model. (N) Expression of PLEK2 protein in parental HNSCC cell lines and corresponding

chemoresistant cell lines. (O) Quantitative IHC staining score of PLEK2 in specimens of HNSCC patients with chemosensitive and
chemoresistant characteristics. (P) IHC analysis of PLEK2 expression in specimens of HNSCC patients before and after chemotherapy. (Q)
HNSCC patients in the high PLEK2 staining group had worse overall survival than those in the low PLEK2 staining group. *P < 0.05, ***P <
0.001. Abbreviations: PLEK?2, pleckstrin 2; ANTS, adjacent normal tissues; TCGA, The Cancer Genome Atlas; HNSCC, head and neck
squamous cell carcinoma; 4-NQO, 4-Nitroquinoline 1-oxide; IHC, immunohistochemistry; Chemo-S, chemosensitive; Chemo-R,

chemoresistant
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FIGURE 2 Overexpression of PLEK2 enhances the malignant characteristics of HNSCC cells. (A) Validation of the extent of endogenous
PLEK?2 depletion in response to shPLEK2 in cancer cells. (B) An MTT assay of the indicated cells with or without PLEK2 depletion was
performed. (C) Colony formation assay of HNSCC cells with the indicated modifications. (D) The percentage of EAU positive cells in the
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3.2 | PLEK2 promoted the malignant
characteristics in HNSCC

To study the unknown functions of PLEK2 in HNSCC, we
first generated stable PLEK2 knockdown HNSCC cell lines
(Figure 2A, Supplementary Figure S3). MTT, colony for-
mation and EdU assays showed that downregulation of
PLEK?2 significantly restrained the growth and clonogenic-
ity ability of HNSCC cells (Figure 2B-D). In addition, the
invasive capacity of HNSCC cells was dramatically reduced
following PLEK2 knockdown (Figure 2E). The apoptosis
rate was higher in the PLEK2 knockdown cells com-
pared to the control cells (Supplementary Figure S4). The
xenograft mouse model revealed that shPLEK2 markedly
decreased the weight and volume of SCC-1 or SCC-23 cell-
derived tumors grown in nude mice compared to cells
treated with shCTRL (Figure 2F,G, Supplementary Figure
S5A-B). PLEK2 was then stably overexpressed in HNSCC
cells to further determine its functional roles (Figure 2H,
Supplementary Figure S5C-D). Our results demonstrated
that ectopic expression of PLEK?2 significantly enhanced
the proliferation, clonogenicity and invasion of HNSCC
cells (Figure 2I-L). More importantly, the in vivo results
further confirmed that PLEK2 overexpression remarkably
promoted tumor growth in both SCC-1 and SCC-23 cells
(Figure 2M,N, Supplementary Figure S5E-F).

3.3 | PLEK2 controlled cancer stemness
in HNSCC

As PLEK?2 is strongly correlated with chemoresistance
and tumors acquire drug resistance due to the presence
of CSCs [15], the correlation between PLEK2 and can-
cer stemness was further explored. Our results revealed
that tumor formation capacity was significantly sup-
pressed in PLEK2 knockdown cells (Figure 3A), and the
opposite findings were observed when PLEK2 was over-
expressed (Figure 3B), indicating that PLEK2 might play
an important role in regulating HNSCC stemness. The
ALDEFLUOR assay revealed that the percentage of cells
with high ALDH activity was markedly lower in the
shPLEK2 group than in the shCTRL group (Figure 3C,
Supplementary Figure S6A), and overexpression of PLEK2
significantly increased the proportion of ALDH-positive

cells (Figure 3D, Supplementary Figure S6B). Notably, the
expression levels of PLEK2 were remarkably higher in
ALDH"Mg" CSCs than in ALDH"Y tumor cells (Supple-
mentary Figure S6C-D).

To further determine whether PLEK2 controls cancer
stemness, flow cytometry was used to isolate PLEK2-
high-expressing cells from PLEK2-low-expressing cells in
primary HNSCC cancer cells derived from six indepen-
dent patients. Our results showed that the expression of
SOX2, CD44 and CD133, which are well-established mark-
ers for maintaining cancer stemness in HNSCC cells, was
consistently upregulated in PLEK2-high cells compared to
PLEK2-low cells (Figure 3E, Supplementary Figure S6E).
To further determine the role of PLEK2 in controlling
HNSCC tumorigenesis, we injected 1x 10°-1x 10® PLEK2-
high or PLEK2-low primary HNSCC cells separated from
tumor specimens into the subcutaneous space on the
back of nude mice to perform an in vivo limiting dilu-
tion tumorigenicity assay. We found that PLEK2-high cells
exhibited a marked increase in stem cell frequency (1/8975)
compared with PLEK2-low cells (1/714,459) (Figure 3F),
indicating that PLEK2 could be crucial for maintaining
the tumorigenic potential of CSCs in nude mice. Simi-
larly, SCC-1 or SCC-23 cells with PLEK2 overexpression
exhibited markedly higher tumor-forming ability and stem
cell frequency than the control cells (Supplementary Table
S3-S4).

3.4 | The effects of PLEK2 depletion or
overexpression on the expression of
important molecular markers and
glycolytic metabolism in HNSCC

As our results demonstrated that PLEK2 was crucial
for controlling the malignant phenotypes of HNSCC
cells, potentially important molecular markers affected by
PLEK2 were further investigated. As shown in Figure 4A,
not surprisingly, the expression of proliferation mark-
ers, including PCNA, cyclin D1 and MCM2, was sig-
nificantly decreased following PLEK2 downregulation
and vice versa. Interestingly, we also observed that the
anti-apoptotic protein Bcl-2 was reduced, while the pro-
apoptotic protein Bax was increased in PLEK2 knockdown
cells. The opposing results were observed in PLEK2-

PLEK2- depleted and control groups. (E) Representative images of invaded cells with the indicated modifications. (F-G) Xenograft tumors
formed by cancer cells with the indicated treatments in the SCC-1 and SCC-23 cell lines. (H) Validation of the extent of PLEK2 upregulation
by PLEK2 OV in the indicated cells. (I-K) MTT, colony formation and EdU assays of cancer cells with the indicated treatments. (L) Matrigel
invasion assay of cancer cells with the indicated modifications. (M-N) Xenograft tumors formed by the indicated cells with or without PLEK2
overexpression. **P < 0.01, ***P < 0.001. Abbreviations: PLEK2, pleckstrin 2; HNSCC, head and neck squamous cell carcinoma; MTT,
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; EAU, 5-ethynyl-2’-deoxyuridine; OV, overexpression; CTRL, control
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FIGURE 3 PLEK?2 controls HNSCC cancer stemness. (A) Tumor spheres of the indicated cells with or without PLEK2 depletion were
detected. (B) The tumor sphere formation capacity of HNSCC cells with the indicated modifications. (C) ALDEFLUOR assay of the
percentage of ALDH positive cells in PLEK2 depleted groups and the control group. (D) ALDEFLUOR assay of the percentage of ALDH
positive cells in the PLEK2 overexpression and control groups. (E) Immunoblot analyses of PLEK2, SOX2, CD44, and CD133 expression in
PLEK2-high cells and PLEK2-low cells from six patients are shown. (F) In vivo limiting dilution analysis of PLEK2-high cells and PLEK2-low
cells from patient 1. These cells were subcutaneously injected into nude mice (n = 8) at the indicated cell dose. Tumor formation ability and
stem cell frequency were analyzed using ELDA software. ***P < 0.001. Abbreviations: PLEK2, pleckstrin 2; HNSCC, head and neck squamous
cell carcinoma; ALDH, aldehyde dehydrogenase; SOX2, sex-determining region Y-box 2; ELDA, extreme limiting dilution analysis; DEAB,
diethylaminobenzaldehyde; PS: patients; CSC, cancer stem cells; CI: confidence interval
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FIGURE 4 The effects of PLEK2 on important signaling pathways and metabolism in HNSCC. (A) Expression of proliferation markers
(PCNA, Cyclin D1 and MCM2), apoptosis-related markers (Bcl-2, Bax), EMT related markers (N-cadherin, E-cadherin, Vimentin, Snail, Slug
and Twist), cancer stemness markers (CD133, SOX2, CD44, BMI-1, OCT4 and Nanog), and glycolysis related metabolic enzymes (ENO1,
LDHA, PKM2 and HK?2) in indicated cells with or without PLEK2 depletion as well as in the indicated cells with or without PLEK2
overexpression. (B) Relative glucose uptake in cancer cells with the indicated modifications. (C) Relative glucose uptake in the indicated cells
with or without PLEK2 overexpression. (D-E) Relative lactate production in the indicated cells with or without PLEK2 depletion and in cells
with or without PLEK?2 overexpression. *P < 0.05, **P < 0.01, ***P < 0.001. Abbreviations: PLEK?2, pleckstrin 2; HNSCC, head and neck
squamous cell carcinoma; PCNA, proliferating cell nuclear antigen; MCM2, minichromosome maintenance complex component 2; Bcl-2,
B-cell lymphoma 2; Bax, Bcl-2-associated X protein; EMT, epithelial-mesenchymal transition; SOX2, sex-determining region Y-box 2; OCT4,
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overexpressing cells, further supporting that PLEK2 upreg-
ulation protects cells against chemotherapy by conferring
increased resistance to apoptosis-induced signaling.

As epithelial-to-mesenchymal transition (EMT) is asso-
ciated with invasion and the generation and maintenance
of CSCs [16], we assessed the changes in the EMT mark-
ers, N-cadherin, E-cadherin, vimentin, snail, slug and twist
in PLEK2-downregulated or PLEK2-upregulated cells. Our
results demonstrated a significant decrease in E-cadherin
levels and a dramatic increase in N-cadherin, vimentin,
snail, slug and twist in PLEK2-overexpressing HNSCC
cells. In contrast, opposite findings were observed in
PLEK2 knockdown cells. As expected, PLEK2 depletion
significantly reduced the expression of stemness-related
markers, including CD133, SOX2, CD44, BMI-1, OCT4 and
Nanog, while PLEK2 overexpression markedly induced
their expression (Figure 4A).

The effects of PLEK2 on metabolic changes in HNSCC
cells were also investigated. The immunoblotting results
showed that downregulation of PLEK2 inhibited the
expression of ENO1, LDHA, PKM2 and HK2, which
are critical metabolic enzymes controlling glycolysis
(Figure 4A). In addition, PLEK2 overexpression led to the
opposite findings. To further validate the effects of PLEK2
on cellular metabolism, we measured glucose uptake and
lactate production in HNSCC cells with PLEK2 depletion
and overexpression. Our results showed that knockdown
of PLEK2 reduced glucose uptake and lactate production
in HNSCC cells, while overexpression of PLEK2 enhanced
glucose uptake and lactate production (Figure 4B-E).

3.5 | PLEK2increased the expression of
c-Myc by enhancing its stability

To explore the underlying mechanisms by which PLEK2
promotes HNSCC, we first searched for the potential
proteins that might interact with PLEK2. Interestingly,
based on the BioGRID (https://thebiogrid.org/) predicted
results and the high throughput results reported by Hei-
delberger et al. [17], PLEK2 was one of the highest-ranked
proteins that might interact with c-Myc. The MYC onco-
gene is a master regulator that controls proliferation,

apoptosis, EMT, stemness and glycolysis in cancer cells.
Therefore, we speculated that PLEK2 might exert its
functions by interacting with c-Myc. To test this hypoth-
esis, endogenous and exogenous co-immunoprecipitation
(Co-1P) assays were performed to detect the potential
interaction between PLEK2 and c-Myc. The results con-
sistently demonstrated that PLEK?2 interacted with c-Myc
(Figure 5A,B).

Based on the TCGA HNSCC cohort, we found that
PLEK?2 was positively correlated with c-Myc downstream
targets such as LDHA, ENOI, FOSL1, MTHFDI and CTSC
(Supplementary Figure S7A), indicating that PLEK2 might
modulate the expression levels of c-Myc. Immunoblotting
results showed that PLEK2 depletion reduced the expres-
sion of c-Myc, while overexpression of PLEK2 increased
c-Myc levels in HNSCC cells (Figure 5C,D). In addi-
tion, downregulation of PLEK2 significantly inhibited
mRNA expression of the c-Myc targets LDHA, SLCIA5,
EIF4E, CCND2, PCK2, VEGFA, CCNBI and CDK4 in
both SCC-1 and SCC-23 cells (Figure 5E, Supplemen-
tary Figure S7B). Moreover, we found that expression of
c-Myc was significantly lower in the xenograft tumor tis-
sues from the shPLEK2 group compared to the control
group (Figure 5F), whereas c-Myc levels were higher in
xenograft tumor tissues derived from the PLEK2 overex-
pression group (Figure 5G). Next, we explored whether
PLEK2 modulated c-Myc expression by regulating the sta-
bility of c-Myc. Treatment of HNSCC cells with the protein
synthesis inhibitor CHX demonstrated that PLEK2 deple-
tion reduced c-Myc expression by shortening its half-life
(Figure 5H). In contrast, PLEK2 overexpression stabi-
lized the expression of c-Myc by prolonging its half-life
(Figure 51).

3.6 | PLEK2 stabilized c-Myc by
hindering its interaction with FBXW7

c-Myec stability is regulated by ubiquitination-dependent
proteasomal degradation [18]. PLEK2 depletion on c-
Myc expression was abrogated by adding the protea-
some inhibitor MG132 (Figure 6A), indicating that PLEK2
enhances c-Myc stability by preventing its proteasome-

FIGURE 5

PLEK2 regulates c-Myc expression by modulating its stability. (A) Endogenous Co-IP revealed that PLEK2 interacts with

c-Myec. (B) The interaction between PLEK2 and c-Myc was further evaluated by exogenous Co-IP. (C-D) Expression of c-Myc in the indicated
cells with or without PLEK2 depletion and in cells with or without PLEK2 overexpression. (E) The effects of PLEK2 depletion on the
expression of c-Myc targets in SCC-1 cells. (F) Expression of c-Myc in xenograft tumor tissues formed by the indicated cells with or without
PLEK?2 depletion. (G) Expression of c-Myc in xenograft tumor tissues from the PLEK2 overexpression and the control groups. (H) HNSCC
cells with the indicated modifications were treated with CHX for the indicated time periods. (I) HNSCC cells with or without PLEK2
overexpression were treated with CHX for various periods of time. *P < 0.05, **P < 0.01, ***P < 0.001. Abbreviations: PLEK2, pleckstrin 2;
Co-IP, co-immunoprecipitation, HNSCC, head and neck squamous cell carcinoma; CHX, cycloheximide


https://thebiogrid.org/

ANCER
ZHAO ET AL. 15
COMMUNICATIONS J_
(A) (B) scca SCC-23 sCC-1 SCC-23
SCC-1 His-ub - + + His-ub - + + His-ub - + + His-ub - + +
siPLEK2 - - + SPLEK2 - - +  FlagPLEK2 - - + Flag-PLEK2 - - +
V5-c-Myc + + + V5-c-Myc + + + V5-c-Myc + + + V5-c-Myc + + +
siPLEK2 - + +
MG132 - - * & -
CMyc | - - IE: Hiszub IB: His-ub IB: His-ub IB: His-ub
PLEK2 | Ml = s
GAPDH | S
V5 |- e V5 (. - V5 ... V5 ---
PLEK2 |l o PLEK2 | 4 Flag - Flag .I
GAPDH | i GAPDH | g GAPDHE' GAPDHEI
(C) (D) IP: HA (E) IP: HA
SCC-1 scc-23 sCC-1 : scc-23 :
V6-c-Myc  + V5c-Mye + + + + Flag-PLEK2 - + Flag-PLEK2 - +
HA-FBXW7 - + + HA-FBXW?7 - + + -
Flag-PLEK2 . - + Flag-PLEK2 - - + + V5-C-MYC | s V5-c-Myc | S —
V5 V5 |- - -
L L - ‘ HA-FBXW7 | W— HA-FBXW7
HA - HA - - SCC-1 IP:HA $CC-23
SiPLEK2 + SIPLEK2
Flag - Flag -‘ V5-c-Myc EI V5-c-Myc
GAPDH | " GAPDH “‘ HA-FBXW7 _: HA-FBXW7
(F) (G)
scc-1 scc-23 scc-1 SCc-23
Hissub - + + + His-ub - + + + His-ub - + + + His-ub - + + +
Flag-PLEK2 - - - + + Flag-PLEK2 . - - + Flag-PLEK2 - - - + + Flag-PLEK2 - - - + +
HA-FBXW7 - - + - + HA-FBXW7 . - + . + SIFBXW7 . . o SIFBXW7 - - + - +
V5-c-Myc + + + + + V5-c-Myc + + + + + V5-c-Myc + + + + V6-c-Myc + + + + +
E J 4 o
- 4
IB: His-ub IB: His-ub IB: His-ub IB: His-ub
-
- '
- -
V5 | - - V5 I----- V5 [ - - - V5 | .- .-
Flag - Flag - Flag - Flag -
HA - - HA - - FBXW?7 M.} FBXWT | g i o 8 =
GAPDH l“ GAPDH |"-EE—_——— GAPDH E GAPDH E




CANCER
6 | COMMUNICATIONS

ZHAO ET AL.

dependent degradation. As expected, PLEK2 depletion
increased c-Myc polyubiquitylation, while PLEK2 overex-
pression decreased c-Myc polyubiquitylation in both SCC-1
and SCC-23 cells (Figure 6B). The most extensively charac-
terized pathway regulating c-Myc protein stability involves
FBXW?7 [19]. Interestingly, we found that FBXW7 reduced
c-Myc protein levels as expected, while co-expression of
PLEK2 with FBXW7 enhanced c-Myc levels, suggesting an
opposing effect of PLEK2 on FBXW?7 function (Figure 6C).
More importantly, the Co-IP results showed that PLEK2
overexpression reduced the binding of FBXW7 to c-Myc
in HNSCC cells, whereas PLEK2 depletion enhanced their
interaction (Figure 6D-E). These results indicated that
PLEK2 could hinder the binding of FBXW7 to c-Myc,
decreasing the degradation of c-Myc. We next examined
the combined effects of PLEK2 and FBXW7 on c-Myc
ubiquitination. Our results demonstrated that overexpres-
sion of FBXW?7 increased c-Myc polyubiquitination, which
was reduced by co-expression of PLEK2 (Figure 6F).
In contrast, downregulation of FBXW7 reduced c-Myc
polyubiquitylation, while co-expression of PLEK2 further
enhanced the suppressive effect of FBXW7 inhibition on
c-Myc polyubiquitylation (Figure 6G).

3.7 | Depletion of c-Myc abrogated the
tumor-promoting effects of PLEK2 in
HNSCC

Here, we investigated whether PLEK2 promoted HNSCC
tumorigenesis by modulating c-Myc. The expression of
c-Myc in PLEK2-overexpressing cells was significantly
reduced following the transfection of shc-Myc (Supple-
mentary Figure S8A). Our results showed that the prolifer-
ation, colony formation and invasion capacities of cancer
cells promoted by PLEK2 overexpression were signifi-
cantly reduced following c-Myc depletion (Figure 7A-C).
Similarly, knockdown of c-Myc also inhibited the tumor
sphere formation capability of HNSCC cells, which was
enhanced by PLEK2 upregulation (Figure 7D). More
importantly, PLEK2 overexpression significantly increased
the weight and volume of xenograft tumors, and these
enhancing effects were abrogated by c-Myc depletion

in both SCC-1 and SCC-23 cells (Figure 7E,F). IHC
results revealed that PLEK2 overexpression significantly
enhanced the staining intensities of Ki-67 and CD44 in
xenograft tumor tissues, and these promoting effects were
reduced by c-Myc downregulation (Figure 7G, Supple-
mentary Figure S8B-C). The effects of FBXW7 depletion
on the malignant activities of HNSCC cells subjected to
PLEK?2 downregulation were also investigated. Our results
showed that FBXW?7 depletion partially rescued the tumor-
suppressive effects of PLEK2 inhibition (Supplementary
Figure S9).

3.8 | c-Myc directly regulated PLEK2
expression in HNSCC cells

Based on bioinformatics analysis of potential transcrip-
tion factors binding to PLEK2, we found that c-Myc has
one potential binding site on the promoter region of
PLEK?2 (Supplementary Figure SI0A). c-Myc depletion sig-
nificantly reduced PLEK2 expression at both the mRNA
and protein levels in HNSCC cells (Figure 8A,B, Supple-
mentary Figure S10B-C). Likewise, PLEK2 expression was
enhanced by c-Myc upregulation, which was restored by
c-Myc knockdown (Figure 8C). Luciferase assays revealed
that c-Myc enhanced the luciferase activity of the wild-
type PLEK2 promoter, whereas c-Myc did not affect the
activity of the mutant-type PLEK2 promoter (Figure 8D-E).
ChIP-qPCR showed that c-Myc was enriched at the bind-
ing site in the promoter region of PLEK2 (Figure 8F). These
findings indicate that c-Myc directly regulates PLEK2
expression in HNSCC cells.

4 | DISCUSSION

In this study, we first revealed that PLEK2 was highly
expressed in HNSCC and that its upregulation was asso-
ciated with chemoresistance and unfavorable clinical out-
comes in HNSCC. Mechanistically, PLEK2 exerted strong
tumor-promoting effects on HNSCC cells by hindering
the interaction between c-Myc and FBXW7, which sub-
sequently enhanced c-Myc stability. Additionally, c-Myc

FIGURE 6

PLEK?2 stabilizes c-Myc by hindering its interaction with FBXW?7. (A) SCC-1 cells with the indicated modification were

treated with or without MG132. Western blotting analyses were performed using the indicated antibodies. (B) Ubiquitination levels of c-Myc

in the indicated cells with or without PLEK2 depletion and those with or without PLEK2 overexpression were detected by Co-IP. (C)
Immunoblot analyses of c-Myc levels in the indicated cells transfected with flag-PLEK2 and HA-FBXW?7, flag-PLEK2 alone or HA-FBXW?7
alone. (D-E) A vector expressing HA-FBXW?7 was transfected into HNSCC cells with the indicated treatments. Immunoprecipitation and

immunoblotting analyses were performed using the indicated antibodies. (F-G) Ubiquitination levels of c-Myc in HNSCC cells with the

indicated modifications were detected by Co-IP. Abbreviations: PLEK?2, pleckstrin 2; FBXW7, F-box and WD repeat domain containing 7;

Co-IP, co-immunoprecipitation, HA-FBXW7, hemagglutinin-FBXW7; HNSCC, head and neck squamous cell carcinoma; His-ub,

His-ubiquitin
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directly regulated PLEK2 expression, forming a positive
feedback loop driving HNSCC progression. The proposed
model for the PLEK2-c-Myc feedback circuit in regulat-
ing HNSCC tumorigenesis is illustrated in Figure 8G.
Although previous studies have revealed that abnormal
expression of PLEK?2 is associated with poor clinical out-
comes in some types of cancer [9, 12], its expression pattern
and clinical significance in HNSCC remain unknown. A
recent bioinformatics analysis of public datasets demon-
strated that PLEK2 might be a potential molecular target
for HNSCC [20]. We experimentally validated the prog-
nostic significance of PLEK2 overexpression in HNSCC.
PLEK2 has been linked to tumor growth and metastasis [9,
10, 12]. However, most of these findings have not been fur-
ther explored to determine the exact function of PLEK2 in
regulating cellular activities and the biological processes
of cancer cells. In addition, the role of PLEK2 in HNSCC
tumorigenesis is completely unknown. Here, we uncov-
ered a novel PLEK2-c-Myc positive feedback loop driving
HNSCC tumorigenesis, which might represent a potential
therapeutic target for treating HNSCC.

The reasons we chose PLEK2 as the molecular target
were as follows: first, although PLEK2 was not among
the most upregulated genes (Supplementary Table S2),
our transcriptomic data revealed that it was one of
the most consistently increased genes in the tumor tis-
sues compared to the paired ANTs (data not shown).
In addition, based on the analysis of publicly available
datasets, it was consistently upregulated in tumor tis-
sues in different independent HNSCC cohorts. These
findings indicated that PLEK2 might play an important
role in regulating HNSCC tumorigenesis. Interestingly, it
should be pointed out that the PLEK2 level was found
to be higher in normal tissues than in the margins of
tumor tissues in GSE31056. As described in the dataset,
all the specimens were obtained from patients with
histologically normal surgical resection margins, indi-
cating that these margins were probably free of tumor
cells. In addition, to achieve adequate surgical mar-
gins, the muscular tissue components might be removed.
Thus, a higher percentage of muscle tissues might be
in surgical margins than in normal tissues. Further, the
Human Protein Atlas (https://www.atlasantibodies.com/
resources/human-protein-atlas/) showed that PLEK2 is

enriched in epithelial cells but barely detectable in
myocytes. Therefore, it is possible to observe that PLEK2
was lower in the surgical margins than in the normal tis-
sues. Further experiments are warranted to determine the
expression patterns of PLEK2 mRNA and proteins between
surgical margins and normal tissues.

Chemoresistance is one of the biggest challenges in
conquering HNSCC. Consistent with our findings, Wang
et al. [9] reported that downregulation of PLEK2 increased
the chemosensitivity of esophageal squamous cell carci-
noma cells. However, the underlying molecular mecha-
nism is unknown. Cancer stem cells are believed to play
an important role in acquiring drug resistance [21, 22].
Our results showed that PLEK2-positive cells from pri-
mary HNSCC tissues had a significantly stronger tumor-
initiating capacity than PLEK2 negative cells. In addition,
PLEK2 overexpression promoted cancer cell stemness
properties, including enhancing the tumor sphere forma-
tion capacity, increasing the ALDH-positive subpopula-
tion, and improving the tumor-forming capability. These
data consistently indicate that PLEK2 modulates the can-
cer stemness of HNSCC. The EMT process is critical for
generating and maintaining CSCs [16]. In addition, recent
findings revealed that glycolysis was more active in CSCs
than in the bulk of cancer cells [23]. Therefore, it was rea-
sonable to expect that PLEK2 also significantly affected
the expression of EMT markers and glycolytic metabolism
in HNSCC, providing direct evidence for PLEK2 being a
driver of cancer stemness in HNSCC. Therefore, target-
ing PLEK2 might be a promising strategy for overcoming
chemoresistance in HNSCC.

Mechanistically, we provided compelling evidence
showing that PLEK2 interacted with c-Myc and regu-
lated its expression by modulating its stability. It is well
established that c-Myc dictates many different cancer
cellular functions, including uncontrolled proliferation,
immortalization, EMT, cancer stemness, metastasis and
metabolic reprogramming [24, 25]. As c-Myc plays a
central regulatory role in tumorigenesis and PLEK2
modulates the expression of c-Myc, it is no wonder that
PLEK2 regulates many important biological processes
critical for HNSCC initiation and progression. Although
targeting the c-Myc oncoprotein directly is a good strategy
for treating cancer, it has been a major challenge for

FIGURE 8

c-Myc directly regulates PLEK2 expression in HNSCC cells. (A-B) Expression of PLEK2 mRNA and protein in the indicated

cells subjected to c-Myc depletion. (C) Expression of PLEK2 in SCC-1 or SCC-23 cells transfected with siCTRL, sic-Myc, pcDNA3 and
pcDNA3-c-Myc alone or in combination. (D-E) Relative luciferase activities of HNSCC cells with the indicated modifications. (F) ChIP
analysis of c-Myc occupancy at the PLEK2 promoter in SCC-1 and SCC-23 cells. (G) Proposed model for the tumor-promoting role of PLEK2
in HNSCC tumorigenesis. ***P < 0.001, ns: not significant. Abbreviations: PLEK2, pleckstrin 2; HNSCC, head and neck squamous cell

carcinoma; CHIP-qPCR, chromatin immunoprecipitation-quantitative polymerase chain reaction; PLEK2 WT, PLEK2 wild type; PLEK2 Mut,

PLEK2 mutant
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decades due to its “undruggable” protein structure [26].
Therefore, exploring other alternatives for blocking the
c-Myc signaling pathway is important for improving
anticancer outcomes. Because PLEK2 functions as an
upstream regulator of c-Myc, developing efficient and
selective agents against PLEK2 might provide a practical
and effective new approach for suppressing c-Myc activity.

As a protein with a short half-life, c-Myc’s levels are
tightly regulated, and it is degraded by the ubiquitin-
proteasome pathway. One well-established mechanism
whereby this occurs is through the binding of FBXW?7 and
c-Myc, which directly results in c-Myc degradation [19].
Interestingly, we observed that PLEK2 hindered the inter-
action between c-Myc and FBXW7, consequently reducing
the ubiquitination levels of c-Myc and increasing its accu-
mulation. As a powerful transcription factor, c-Myc exerts
its biological functions by regulating its target genes. Inter-
estingly, we demonstrated that c-Myc directly bounded to
the promoter region of PLEK2 and regulated its expression.
Collectively, these results indicated that PLEK2 promoted
the expression of c-Myc by increasing its stability by
hindering the interaction between c-Myc and FBXW7.
Accumulating c-Myc enters the nucleus and promotes the
expression of PLEK2, forming a positive feedback loop to
promote the tumorigenesis of HNSCC.

There were some limitations in our study. First, the
global mRNA and protein alterations in HNSCC cells in
response to PLEK2 depletion or overexpression were not
sufficiently clear and warrant further investigation. Sec-
ond, the identification of selective inhibitors of PLEK2
by high-throughput screening is urgently needed to test
their potential for treating patient-derived xenograft (PDX)
models of HNSCC, especially those with chemoresistance.

In summary, our findings demonstrate a previously
unknown mechanism underlying the stabilization of the c-
Myc protein and activation of the c-Myc signaling pathway.
PLEK2 plays a critical role in promoting chemoresistance,
proliferation, anti-apoptosis, EMT, cancer stemness and
metabolic reprogramming, suggesting PLEK2 as a novel
and promising molecular target for combating HNSCC.
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