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Abstract

Purpose Human head and neck squamous cell carcinoma (HNSCC) is the sixth most common malignancy worldwide. Cur-
rently, surgical resection plus a combination of chemotherapy and radiotherapy is the standard treatment for HNSCC, and the
S5-year survival rate of patients with HNSCC remains very low because of the higher incidence of metastasis with consequent
recurrence. Here, we aimed to investigate the potential role of DNA N6-methyladenine (6mA) demethylase ALKBHI1 in
tumor cell proliferation in HNSCC.

Methods The expression of ALKBHI1 in 10 pairs of HNSCC/normal tissues and 3 HNSCC cell lines were measured by
gRT-PCR and western blotting. Colony formation, flow cytometry, patient-derived HNSCC organoid assays were used
to assess the role of ALKBHI1 in HNSCC cell proliferation in cell lines and human HNSCC patients. MeDIP-seq, RNA
sequencing, Dot blotting and western blotting were used to evaluate the regulatory effect of ALKBHI on the expression of
DEAD-box RNA helicase DDX18. A dual-luciferase reporter assay was used to assess the putative effect of DNA 6mA levels
on DDX18 transcription.

Results ALKBHI1 was highly expressed in HNSCC cells and patient tissues. Functional experiments revealed that ALKBH1
knockdown in SCC9, SCC25, and CAL27 cells inhibited their proliferation in vitro. Using patient-derived HNSCC organoid
assay, we found that knockdown of ALKBHI1 inhibited the proliferation and colony formation of HNSCC patients-derived
organoids. Moreover, we found that ALKBH1 can enhance DDX18 expression by erasing DNA 6mA level and regulating
its promoter activity. ALKBH1 deficiency blocked tumor cell proliferation by inhibiting DDX18 expression. Exogenous
overexpression of DDX18 rescued the cell proliferation arrest caused by ALKBH1 knockdown.

Conclusion Our data reveal the important role of ALKBHI1 in regulating proliferation of HNSCC.
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AlkB members are known as the 2-oxoglutarate (20G)
and Fe(II)-dependent dioxygenase superfamily [8], and nine
homologs including ALKBH 1-8 and FTO (fat mass and
obesity-associated protein) are encoding in human genome
[9]. They involve in various biological processes, such as
DNA repair, RNA metabolism, histone demethylation, or
fatty acid metabolism [10]. Overexpression of different
ALKBH members has been observed in various cancer
types [11-16]. For instance, higher expression of ALKBH2
is detected in bladder cancer, and its knockdown suppresses
tumor development. Interestingly, ALKBH2 downregula-
tion also sensitizes glioma cells to alkylating agents [17,
18]. Our previous work reveals a key role of ALKBHS
in acute myeloid leukemia [19]. Recent works demon-
strate that ALKBH1 functions as a demethylase of DNA
N6-methyladenine (6mA) [20, 21], and involves in many
physiological and pathological conditions [22]. ALKBH1-
demethylated DNA 6mA modification triggers vascular cal-
cification via osteogenic reprogramming in chronic kidney
disease [23]. ALKBHI1 also promotes adiponeic differentia-
tion via regulation of HIF-1 signaling [24]. However, the
roles of ALKBH1 in HNSCC remains elusive. In this study,
we observe high expression of ALKBHI1 in patients with
HNSCC, and find that ALKBH1 promotes HNSCC prolif-
eration by regulating the expression of DEAD-box RNA
helicase DDX18 in a DNA 6mA-dependent manner. Over-
all, this work uncovers a new role of ALBKHI1 in HNSCC.

2 Materials and Methods
2.1 Human HNSCC samples and cell lines

Human HNSCC tumors and normal oral mucosal tissues
were obtained from the Hospital of Stomatology of Wuhan
University. All experiments involving human samples were
conducted in compliance with all relevant ethical regula-
tions, and were approved by the Medical Ethics Committees
of the School of Medicine, Wuhan University.

HNSCC patient-derived cell lines SCC25, SCC9, and
CAL27 were maintained in DMEM containing 10% FBS
and antibiotics (streptomycin and penicillin) at 37 °C in a
5% CO2 atmosphere.

2.2 Patient-derived HNSCC organoids culture

Patient-derived HNSCC organoids culture was performed
as previously described with minor modifications [25].
Patient material was collected from pathology material in
Advanced DMEM +/+/4+ medium (Advanced DMEM/F12,
supplemented with 1xGlutaMAX, 1% Penicillin—strepto-
mycin, and 10 mmol/L HEPES). For collection of patient
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material, 100 pg/mL Primocin was added to the Advanced
DMEM +/4/+ medium. For normal tissue samples, excess
fat or muscle tissue was removed to enrich for epithelial
cells, and tissue was cut into small fragments. Fragments
were incubated at 37 °C in 0.125% Trypsin in the Advanced
DMEM +/+/4+ medium until digested. Every 10 min, the tis-
sue suspension was sheared using 1 mL pipette. Digestion
was monitored closely to prevent excess incubation in tryp-
sin. Incubation was performed for a maximum of 60 min.
When complete, Trypsin was diluted by addition of 10
mL the Advanced DMEM +/4/+ medium. Suspension was
strained over a 100 p m Easy Strainer filter and centrifuged
at 1,000 rpm. The resulting pellet was resuspended in ice-
cold 70% 10 mg/mL cold Cultrex growth factor-reduced
BME type 2 in human organoid medium (1 X B27 supple-
ment, 1.25 mmol/L N-acetyl-l-cysteine, 10 mmol/L Nico-
tinamide, 50 ng/mL human EGF, 500 nM A83-01, 10 ng/
mL human FGF10, 5 ng/mL human FGF2, 1 uM Prosta-
glandin E2, 0.3 pM CHIR 99,021, 1 uM Forskolin, 20%
R-spondin and Noggin conditioned medium). Droplets of
approximately 10 puL were plated on the bottom of pre-
heated suspension culture plates. After plating, plates were
inverted and put at 37 °C for 30 min to let the BME solidify.
Subsequently, pre-warmed organoid medium was added to
the plate. For the first week, 10 puM Rho-associated kinase
(ROCK) inhibitor Y-27,632 was added to the medium to aid
outgrowth of organoids for the primary tissue.

Organoids were split between 7 and 14 days after initial
plating. For passaging, organoids were collected from the
plate by disrupting the BME droplets with a P1000, collect-
ing and washing in 10 mL +/+/+. Pellet was resuspended
in 1 mL of TrypLE Express and incubated at 37 °C. Diges-
tion was closely monitored and suspension was pipetted up
and down every 5 min to aid disruption of the organoids.
TrypLE digestion was stopped when organoids were dis-
rupted into single cells by adding 10 mL +/4/4. Cells were
subsequently re-suspended in ice-cold 70% BME in organ-
oid medium and plated at suitable ratios (1:5 to 1:20) to
allow efficient outgrowth of new organoids. After splitting,
10 p mol/L Y-27,632 was always added to aid outgrowth
of organoids from single cells. Medium was changed every
2-3 days and organoids were split once every 1-2 weeks.

2.3 R-Spondin and noggin conditioned medium

Thaw a vial of 293T-HA-Rspol-Fc cells from liquid nitrogen
storage. Divide one vial of frozen cells into 1 x T75 flasks
containing 15ml of growth medium (no Zeocin or Puromy-
cin). After 34 days, when cells are 80% confluent, split 1:5.
4 x T75 flasks cells were cryopreserved and 1 x T75 flasks cell
was cultured with 12ml of growth medium (DMEM + 10%
FBS + 1%P/S + Zeocin (300ug/ml)). After 3—4 days, when
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cells are 80% confluent, split 1:5. Add 12ml media contain-
ing zeocin to 1 x T75 flask and 12 ml media without zeocin
to 4 x T75 flasks. Culture for another 2—-3 days until 80%
confluent. Trypsinize 4 x T75 flasks without Zeocin with 1:3
diluted Trypsin-EDTA in PBS (from 0.25% Trypsin-EDTA,
at room temperature for approximately 30 s or until cell start
detach from the flask) neutralize with DMEM + 10% FBS
and centrifuge at 200 g (1,338 rpm). Remove the trypsin
and medium, divide the cell pellet into 10 x T75 flasks each
containing 20ml medium for making conditioned medium
(Advanced DMEM/F12, supplemented with 1xXGlutaMAX,
1% Penicillin—streptomycin, and 10 mM HEPES). Harvest
after one week. Pool medium from all flasks into centrifuge
tube, centrifuge at 1000 g(2,990 rpm) for 10 min and filter
supernatant through a 0.22 um filter. Noggin Conditioned
medium acquisition is similar, except that antibiotics are
changed from Zeocin to Puromycin.

2.4 ALKBH1 demethylase assays

Demethylation assays was performed as previously
described with minor modifications [26]. Briefly, the reac-
tions were performed in a 50 uL demethylation reaction
buffer containing 50pmol DNA oligos, 500ng recombinant
ALKBHI1 protein, 50 pm HEPES (pH=7.0), 50 pm KCI,
ImM MgCl2, 2mM ascorbic acid, ImM a-KG, andlmM
(NH4)2Fe(S04)2-6H20. Reactions were carried out for 1 h
at 37°C and stopped with 5 mM EDTA followed by heating
at 95°C for 10 min. Then 2 mL of a reaction product was
used for dot blotting.

2.5 Plasmids and lentivirus production

Lentivirus pLKO.1 and pHKO.23 vectors were used. All
the target sequences for shRNA are listed in the supple-
mental Table 1. Short hairpin RNA constructs against
ALKBHI1 were designed and cloned into pLKO.1 accord-
ing to the instructions. For the ALKBHI rescue experiment,
human ALKBH1 cDNA was cloned into a vector follow-
ing shALKBH1#3’, which targets the 3’UTR of ALKBHI.
For the TWIST rescue experiment, short hairpin RNA con-
structs against TWIST were cloned into vectors following
shALKBH1#1 and shALKBH1#2. For the DDX18 rescue
experiment, human DDX18 ¢cDNA was cloned into a vec-
tor following shALKBHI. Lentiviruses were produced in
HEK293T cells transfected using PEI with viral packag-
ing constructs pMD2. G and pSPAX2. Viral supernatants
were harvested at 48 and 72 h after transfection and filtered
through a 0.45 um filter with low protein binding membrane
(Millipore).

2.6 6mA dotblot

For 6mA dot blot, DNA samples were denatured at 99°C for
10 min, cooled down on ice for 3 min, neutralized with 10%
vol of 6.6 M ammonium acetate. Samples were UV cross-
linked to the membrane, and membrane was blocked with
5% nonfat dry milk (in 1X TBS) for 1-2 h and incubated
with a specific anti-6mA antibody (1:2000 dilution, Syn-
aptic Systems, 202,003) overnight at 4°C. HRP-conjugated
secondary antibodies was added to the blots for 1 h at room
temperature and the membrane was developed with ECL
Western Blotting Substrate (Bio-Rad) and exposure with
X-Ray Super RX Films (Fujifilm).

2.7 Purification of recombinant proteins

Purification of recombinant proteins was performed as pre-
viously described with minor modifications [27]. ALKBH1
full length protein was cloned into pGEX-4P-1 expres-
sion vector(addgene,28,060), which provides a N-terminal
GST tag for purification and a Prescission protease site
for removal of the GST tag after purification. BL21(DE3)
competent cells were cultured in 2X YT broth at 37°C at
220 rpm until optical density at 600 nm reached 0.6-0.9.
Subsequently, expression was induced in 0.5 mM IPTG for
13 h at 25°C. The culture was harvested by centrifuging at
6000 rpm for 15 min at 4°C. The pellets from 1 L of bac-
terial culture were re-suspended with 30 mL of lysis buf-
fer (50mM Tris HCI, pH 7.5, 5mM EDTA, 200mM NacCl,
freshly added 5 mg/mL Lysozyme, ImM DTT, PMSF, pro-
tease inhibitor cocktail) and incubated on ice for 30 min. The
lysate was sonicated at 90% amplitude (30 s pulse-on and
90 s pulse-off). The sonicated samples were centrifuged at
13,000 rpm for 30 min at 4°C. The supernatant was filtered
and incubated with Glutathione Agarose beads at 4°C. The
beads were washed with high—salt wash buffer (50mM Tris
HCI, pH 7.5, 500mM NacCl) three times and washed once
again with Prescission protease cleavage buffer (S0mM Tris
HCl, pH 7.5, ImM EDTA, 150 mM NaCl, ImM DTT). The
beads were incubated with Prescission protease (GE Health-
care Life Sciences) added to the cleavage buffer overnight at
4°C, or GST tagged proteins were eluted with elution buffer
(Reduced glutathione, S0mM Tris HCL, pH8.0).

2.8 Cell proliferation and in vitro colony-forming
assay

For HNSCC cell proliferation assays, human HNSCC cells
(SCC9, SCC25 and CAL27) were transduced with len-
tivirus and selected with 2 mg/ml puromycin for 2 days.
After selection, cells were seeded into 96-well plates at
the concentration of 5000 cells per well in triplicates. Cell
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proliferation was assessed every 48 h using Colorimetric
CellTiter 96 AQueous One Solution Cell Proliferation assay
(Promega, Madison, WI). Experiments were performed in
triplicate. For colony-forming assay, 2,500 cells were plated
into 6 well plates in triplicate and cultured for 10-14 days in
DMEM supplemented with 10% FBS. Cells were fixed with
95% ethanol and stained with 0.5% crystal violet.

For patient-derived HNSCC organoids, organoids were
dissociated into single cells by first triturating them in media
through a fire-polished glass pipette, and then by enzymatic
dissociation with 2 mg/mL dispase dissolved in TrypLE
(Life Technologies), until the organoids appeared as single
cells under the microscope. Cells were counted, and diluted
to 10 cells/mL in a mixture of complete media, Rho Kinase
inhibitor Y-27,632, and Cultrex growth factor—reduced
BME type 2. 100 pL of this mixture (1000 cells per well)
was plated in 96-well plates (Nunc), whose wells had been
previously coated with a bed of GFR-Matrigel to prevent
attachment of the cells to the bottom of the plate. Cell viabil-
ity was measured every 48 h using the CellTiter-Glo assay
(Promega). All cell viability experiments were conducted in
quadruplicate and standard deviations were reported.

For colony formation assay, organoids were dissoci-
ated to single cells as described above. Cells were sorted
into organoid medium and were resuspended in Matrigel
and cultured in 24-well plates with Rho Kinase inhibitor
Y-27,632, for 10-14 days. The number of colonies formed
in each well was assessed using a bright-field microscope.

2.9 MeDIP-qPCR, MeDIP-seq and data analysis of
MeDIP-seq

MeDIP experiments were performed as previously
described with minor modifications [26, 28, 29]. Genomic
DNA was purified with DNeasy kit (QIAGEN). DNA
samples were fragmented into 200-300 bp fragments by
fragmentation buffer with Bioruptor. Then, adaptors were
ligated to genomic DNA fragments following the Illumina
protocol. The ligated DNA fragments were denatured at
95°C for 5 min. Then, the single-stranded DNA fragments
were immunoprecipitated with 6mA antibodies (Abcam,
ab151230) in IP buffer (150mMNacCl, 0.1% NP-40,10mM
Tris-HCI, pH 7.9, 2mM EDTA) overnight at 4 degrees. The
mixture was then immunoprecipitated by incubation with
protein-A/G beads (Thermo Fisher) at 4°C for an additional
2 h. The beads were then separated and washed with 1x IP
buffer three times before eluted with 6mA elution buffer for
two times. DNA was further purified using PCR Purifica-
tion Kit (QIAGEN) and analysed by PCR on a QuantStudio
7 Flex Real Time PCR System (Applied Biosystem). PCR
parameters were 95 °C for 2 min and 40 cycles of 95 °C for
15 s, 60 °C for 15 s, and 72 °C for 15 s, followed by 72 °C
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for 1 min. All the ChIP—-qPCR data presented were at least
three biological replicates. Primer sequences are in Table 1.
Error bars represent standard deviation (three biological
replicates).

For MeDIP-seq, IP DNA and input DNA were PCR
amplified with Illumina indexing primers. Sequencing was
carried out on Illumina HiSeq X Ten. Reads from input
and IP sequencing libraries were quality controlled with
fastqc (v0.11.5) and mapped to the human genome refer-
ence (GRCh38/hg38) using bowtie2 (v2.2.9) with default
parameters or bowtie (v1.2.2) with parameters -v2 -k1-best.
Bam files were generated with samtools 1.3.1, which was
followed by making bigwig files with deeptools (v/3.0.2)
(binsize 10). Reads were normalized to Reads Per Genome
Coverage (RPGC) with deeptools (v/3.0.2) bamCoverage
function. MACS2 was also used for peak calling, which
generated similar results as SICER. For visualizing 6mA
peaks, .bigwig files were loaded in IGV (v2.4) and adjusted
to the same scale.

2.10 RNA-seq and data analysis

For RNA-seq, total RNA was isolated using TRIzol reagent
(Thermo Fisher). Poly(A) mRNA was subsequently puri-
fied from 1 pg of total RNA using the NEBNext Poly(A)
mRNA Magnetic Isolation Module. NEBNext Ultra Direc-
tional RNA Library Prep Kit (NEB, #E7760) was used
for library preparation. RNA libraries were sequenced on
an [llumina HiSeq X Ten platform with paired-end reads
(150-bp read length). RNA-seq data were quantified with
Kallisto (v0.43.1) and summarized to the gene level by
tximport (v1.10.1). EdgeR (v3.24.3) was employed for data
normalization and differential expression analysis of RNA-
seq counts.

2.11 Quantitative RT-PCR

Total RNA from HNSCC cells was purified using TRIzol
(Life Technologies) according to the manufacturer’s
instructions. One microgram of purified total RNA was
reverse transcribed using the ReverTra Ace qPCR RT Kit
(TOYOBO). The levels of specific RNAs were measured
using a Bio-Rad real-time PCR machine and Fast Sybr-
Green PCR master mix according to the manufacturer’s
instructions. Primer sequences are listed in Supplemental
Table 1. The 2722 method was used to normalize expres-
sion to GAPDH for cell lines.

2.12 Western blot analysis

Cells were lysed in RIPA buffer with a protease inhibitor
cocktail (Roche), and the total cell lysates were resolved
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with SDS-PAGE gels. Membranes were blocked for 30 min
at room temperature in TBS supplemented with 5% nonfat
dried milk and incubated overnight at 4 °C with primary
antibody diluted in the same blocking buffer. After three
washes in TBST, membranes were incubated for 1 h at room
temperature with horseradish peroxidase (HRP)-conjugated
secondary antibodies diluted in blocking buffer and then
washed an additional three times with TBST before incu-
bation with ECL Western Blotting Substrate (Bio-Rad) and
exposure with X-ray Super RX Films (Fujifilm).

2.13 Luciferase reporter assay

HEK293T and SCC9 cells seeded in 24-well plates were
transfected with the pMIR-REPORT luciferase vector fused
with or without the promoter. Transfection efficiency was
quantified by co-transfection with an actin promoter-driven
Renilla luciferase reporter. The activities of firefly lucif-
erase and Renilla luciferase in each well were calculated
by a dual-luciferase reporter assay system (Promega). The
ratios between the promoter-reporter and Renilla control
were determined 48 h after shRNA treatment. The relative
luciferase activities were further normalized to those in cells
transfected with the firefly luciferase vector control under
the same treatment conditions.

2.14 Statistical analysis

Student’s t test was used for significance testing. The log-
rank test was used to compare survival curves. P values of
less than 0.05 were considered statistically significant. Sta-
tistical analyses were performed using GraphPad Prism 7.0
or the R statistical environment. In the figures, asterisks indi-
cate *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.

3 Results
3.1 ALKBH1 is highly expressed in human HNSCC

We first assessed the expression level of ALKBHI1 in human
HNSCC. We interrogated RNA sequencing data of 44 nor-
mal head and neck epithelial tissues and 278 HNSCC tissues
from the TCGA database. Interestingly, compared to healthy
control, high expression level of ALKBHI was observed in
most HNSCC patients (Fig. 1A). A similar result was also
observed in different HNSCC subtypes, including atypi-
cal, basal, classical and mesenchymal subtypes (Fig. 1B).
We further validated high expression of ALKBH1 using 10
human HNSCC samples compared to normal adjacent tissues
(Fig. 1C). Consistently, we also detected higher expression
of ALKBHI1 protein in patient-derived primary HNSCCs

(Fig. 1D). In addition, high expression of ALKBH1 at both
mRNA and protein level was also observed in different
patient-derived HNSCC cell lines (SCC9, SCC25, CAL27)
(Fig. 1E and F). Next, we investigated the prognostic value
of ALKBH1 in HNSCC. As expected, elevated expression
of ALKBHI1 correlated with poor overall survival of AML
patients (Fig. 1G). Collectively, these findings imply that
ALKBHI1 might play an important role in human HNSCC.

3.2 ALKBH1 promotes the proliferation of HNSCC
cells

To investigate the biological function of ALKBHI in
HNSCC, we abrogated ALKBHI1 expression in HNSCC
cells (SCC9, SCC25, and CAL27) by short hairpin RNA
(shRNA)-mediated knockdown (KD). Compared with the
scramble control, the shRNAs targeting different regions of
ALKBHI (including the coding region and 3’UTR) mark-
edly decreased its expression level in different HNSCC
cells (Fig. 2A). Interestingly, we found that knockdown
of ALKBHI1 significantly inhibited the growth of HNSCC
cells (Fig. 2B). Further, we found that ALKBH1 knockdown
obviously inhibited the cycling stage and increased the qui-
escence stage in the cell cycle of HSNCC cells (Fig. 2C and
D). Surprisingly, ALKBH1 knockdown did not significantly
affect apoptosis (Fig. 2E and F). Thus, these data suggest that
ALKBHI is essential for promoting HNSCC proliferation.

To rule out the possibility of off-target effects, we
restored ALKBH1 expression by inserting its cDNA that
is resistant to sShAALKBH] targeting the 3’UTR and can be
detected by primers for CDS region but not 3’UTR region
(Fig. 2.G). As expected, we found that reintroduction of
ALKBHI1 substantially rescued the defects in the cellular
growth and clonogenic ability of HNSCC cells caused by
ALKBHI deficiency (Fig. 2H). Together, these results indi-
cate that ALKBHI is required for the proliferation of human
HNSCC cells.

3.3 ALKBH1 regulates proliferation of patient-
derived primary HNSCC cells

We next investigated the function of ALKBH1 in HNSCC
patients. To do this, we successfully established HNSCC
patient-derived organoid system (Fig. 3A and B). Consis-
tently, when compared with the control group, ALKBHI
knockdown significantly inhibited proliferation and reduced
colony formation of patient-derived HNSCC organoids
(Fig. 3C and D). We also found that deletion of ALKBH1
blocked the cycling and arrested cells in quiescence stage of
HNSCC, but did not significantly affect apoptosis (Fig. 3E-
H). Thus, these data indicate that ALKBH]1 regulates prolif-
eration of patient-derived primary HNSCC cells.
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Fig.1 ALKBHI is upregulated
in human HNSCC. (A)ALKBH1
expression pattern investigated
using the TCGA database (278
cases of HNSCC tissues and 44
cases of normal tissues). The
expression values were log2
transformed. (B) Comparison of
the expression levels of ALKBH1
in different subtypes of HNSCC
patients with normal controls
based on TCGA datasets. The
expression values were log2
transformed. (C)ALKBH1 levels
detected in 10 HNSCC tumor tis-
sues and paired non-tumor tissues
using qRT-PCR. (D) Immunob-
lots showing ALKBH 1 expression
in normal controls (n=3) and
HNSCC patient samples (n=4).
(E). ALKBH expression in
HNSCC cell lines (SCC9, SCC25
and CAL27) and DOK cells ana-
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3.4 The demethylase activity of ALKBH1 is required
for proliferation of HNSCC cells

ALKBHI1 acts as a demethylase of DNA 6mA [20], we
next assessed whether the DNA 6mA demethylase activity
of ALKBHI is required for regulating HNSCC cells pro-
liferation. Using purified ALKBH]1 protein and synthesized
6mA DNA oligo, we first performed in vitro demethylation
assay and validated the demethylation activity of ALKBH1
(Fig. 4A). Through dot blot and mass spectrometry (MS),
we found that the global DNA 6mA level was significantly
increased in HNSCC cells upon ALKBHI1 knockdown
(Fig. 4B and C). To block ALKBHI enzymatic activity to
the genome DNA 6mA, we generated the ALKBH1 mutant
that carried four point mutations, including R24A, R25A,
R28A and R31A, the key residues for the demethylation
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activity (Fig. 4D) [21, 30]. Using this mutant, we restored
ALKBHI1 expression by inserting wild type (WT) or mutant
cDNA to shALKBHI targeting the 3’UTR to perform the
rescue experiments (Fig. 4E). As expected, restoration of
WT but not mutant ALKBH1 could revert the level of DNA
6mA in HNSCC cells (Fig. 4F). We also found that restora-
tion of wild WT ALKBHI, but not the mutant, substantially
rescued the defects in cellular growth and clonogenic ability
of HNSCC cells caused by ALKBHI1 deficiency (Fig. 4G
and H). Taken together, these results indicate that the DNA
6mA demethylase activity of ALKBHI1 is required to pro-
mote HNSCC proliferation.
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Fig. 2 ALKBHI1 promotes the proliferation of HNSCC cells. (A)
Immunoblots showing the knockdown efficiency of ALKBHI in
SCC9, SCC25 and CAL27 cells. (B) Growth curves of patient-derived
HNSCC SCC9, SCC25 and CAL27 cells after knockdown of ALKBH I .
(C and D) Cell cycle analysis of HNSCC cells after ALKBH1 knock-
down. (E and F) Apoptosis analysis of HNSCC cells after ALKBH1
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knockdown. (G) qRT-PCR analysis showing endogenous and exog-
enous ALKBH]1 expression level after transduction with the indicated
lentiviruses. Primer pair for ALKBH1 3’UTR and CDS region were
used for detecting endogenous and exogenous ALKBH 1 respectively.
(H) Colony-forming unit assay of patient-derived HNSCC cells after
knockdown of ALKBH1
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vidual patients after knockdown of ALKBHI1. (E and F) Cell cycle
distribution of HNSCC patient-derived primary cells after ALKBH1
knockdown. (G and H) Apoptosis analysis of HNSCC patient-derived
primary cells after ALKBH1 knockdown.



DNA 6mA demethylase ALKBH1 regulates DDX18 expression to promote proliferation of human head and... 1105
SCC25
A B sccy
shALKBH1 ShALKBHI
In Vitro Demethylation assays shControl  #1 # e
fmA-oligos T y ¢ .- @ 300ng 0 0 @ 300
ALKBH1-GST(ug) 0 075 15 3.0 2 6mA
== = = N6-mA
et 3 | ‘. - 150ng ﬂ 150ng
6mA (o=l - 'ﬂ-- |
3 300ng 300ng
6mA-oligos:5 biotin-CATGGA (6mA)TCTTAT
GGA(6mA)TAGCATGCGGA(6mA)TTTT 150ng
150ng
C <
2000 D
51500- s [ 1 126 191 389
£
5 ALKBH1 WT
21000 -
)
3 5004 ALKBH1 MUT
< PR
E 0- T,
o
S WD WD R24A/R25A/R28A/R31A
& X
o &
I &y@ \\f
E B B F SCC25
SCC25
SCED Stk ThE wedwk shControl - - -
4 ek Ek ek 2.5 - 1
= = . shALKBH1 - + + +
> >
3 34 3 2.0 ALKBH1 _ - WT mutant
< < cDNA
g, & 151 © © o @ 30ng
< “«7 <
Z Z 104 6mA | © @ O O |150ng
2 14 2 .
g € 054 ) € |75ng
S )
* 0- 2 0.0
shControl 4  _ . - shControl + - - - 300 ng
shALKBH1 - + + + SshALKBHI - + + +
150 ng
ALKBHI - -  WTmutant ALKBHI - -  WT mutant
¢DNA cDNA 75 ng
G H
SCC9 SCC25 SCC9 SCC25
- 400 2500 ek deded * %
1509 o shControl T 350 ]~ shContrar e 2 L i 5 Lo
1257 shaukBHI - ~®~ shALKBH1 E 300 22000
&= “7 |-~ shALKBHI+ALKBHI(WT) S 300 {~®= ShALKBHI+ALKBHI(WT) i E 1500
'; -®- shALKBHI-ALKBHI(mutant '; =@ shALKBH1+ALKBHI(mutant) =200 ]
2100 - 2 E1000
£ O 100 Z 0
E 0
- y | @%@@
3 _ shControl + I shControl + -
shALKBH1 - + + + shALKBH1 - + + +
ALKBHI1 - - WT mutant ALKBHI - - WT mutant
¢DNA ¢DNA

Days

Days
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3.5 ALKBH1 regulates DNA 6mA modification of
HNSCC cells

To determine the underlying mechanism of how ALKBH]1
regulates the proliferation of HNSCC, we first performed
methylated DNA immunoprecipitation following sequenc-
ing (MeDIP-seq). We observed 18,822 6mA peaks in
HNSCC, and these peaks located in intergenic regions
(56.94%), gene bodies (38.4%) and promoters (4.66%)
(Fig. 5A). As expected, ALKBHI knockdown signifi-
cantly increased DNA 6mA peaks (27,316 vs. 18,822

Fig.5 ALKBH]1 regulates DNA
6mA modification of HNSCC
cells. (A) Genome ontology
analysis showing the fraction of
6mA peaks present in distal inter-
genic, gene-body, or promoter.
(B) Heatmap showing sites

of 6mA enrichment following
ALKBHI knockdown. The signal
is shown over a scaled widow

3 kb upstream and downstream
of the gained 6mA peaks. Log,
enrichment was normalized to
reads per genome coverage.

(C) Profile plot showing sites

of 6mA enrichment following
ALKBHI knockdown. The signal D
is shown over a scaled widow

3 kb upstream and downstream
of the gained 6mA peaks. Log,
enrichment was normalized to
reads per genome coverage. (D)
Genome ontology analysis show-
ing the fraction of 6mA peaks
following ALKBH1 knockdown
present in distal intergenic, gene-
body, or promoter. (E) Profile
plot showing average distribution
of 6mA MeDIP-seq reads at 92
genes. (F) Volcano plots of RNA- 9
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seq assay showing differential
expression genes in SCC25
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down. (G) Integrated analysis Up
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gqRT-PCR analysis showing the
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HNSCC cells transduced with the
indicated lentiviruses.
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in HNSCC cells after knocking down ALKBH1 (Fig. 5F).
Since DNA 6mA is known to repress gene transcription,
we integrated the downregulated DEGs with the 92 target
genes showing enriched 6mA modification upon ALKBH1
knockdown. Intriguingly, we identified 9 potential over-
lapped targets, including DDXI18, RIOX2, RFC3, MTRR,
ARLG6, NR2F2, CDCA7L, SCNI14, and NARS2? (Fig. 5QG).
We further confirmed the downregulation of these 9 genes
in HNSCC cells upon ALKBH1 knockdown (Fig. SH).
Among these candidates, DDXI8 expression displayed the
most pronounced decrease with ALKBHI loss in SCC9
cells (Fig. 5SH). To further determine whether DDX18 is a
target of ALKBH1 in HNSCC cells, we performed rescue
experiments. As expect, we found that restoration of WT
ALBKHI1 but not the mutant one reverted the expression
level of DDX18 mRNA in SCC9 and SCC25 cells (Fig. 51),
suggesting that ALKBHI1 regulates DDX18 expression in
HNSCC cells, and this effect depends on the enzymatic
activity of ALKBHI1. Together, these results indicate that
ALKBHI regulates DNA 6mA modification of HNSCC
cells, and DDX18 is one of its targets.

3.6 ALKBH1 enhances DDX18 expression by
modulating DNA 6mA modification in the promoter
region

We sought to decipher the mechanism by which ALKBHI1
regulates DDX18 expression. As expected, IGV showed
the increased enrichment of 6mA in the DDX18 promoter
in HNSCC cells upon ALKBH1 knockdown (Fig. 6A).
We further designed five primer pairs from —393 to -2630
of DDX18 promoter region (Fig. 6B), and MeDIP-qPCR
showed that DNA 6mA modification was mainly enriched
in the promoter region from —393 to -1319 in both SCC9
and SCC25 cells (Fig. 6C and D). We next constructed a
luciferase reporter system by inserting this DDX18 promoter
region into a pGL3-basic vector plasmid. Using this lucif-
erase reporter assays, we found that ALKBH1 knockdown
significantly decreased the luciferase activity of DDXI8
promoter reporter, and reintroduction of wild type ALKBH1
but not the mutant reversed this phenotype in both HEK293T
and SCC25 cells (Fig. 6E). Together, these results suggest
that ALKBH1 promotes DDX18 expression by modulating
DNA 6mA modification in its promoter region.

3.7 DDX18 mediates the function of ALKBH1 in
regulating human HNSCC proliferation

DEAD-box RNA helicase DDX18 implicates in control-
ling cell cycle progression in zebrafish hematopoietic cells
[31], which is consistent with our observation in HNSCC
with ALKBH1 knockdown. Thus, we examined whether

ectopic expression of DDX18 could rescue the phenotypes
of ALKBH1-deficient HNSCC cells. As expected, restora-
tion of DDX18 partially rescued the defects in the prolif-
eration of HNSCC cells caused by ALKBH1 knockdown
(Fig. 7A and B). We also observed similar phenomena using
patient-derived HNSCC organoid system (Fig. 7C and D).
As expected, DDX18 overexpression also reversed the cell
cycle defect of HNSCC cells caused by ALKBH1 deletion
(Fig. 7E). Taken together, these data suggest that DDX18
mediates the function of ALKBHI in regulating HNSCC
proliferation.

4 Discussion

Although recent works have reported high expression
of different ALKBHs in various types of human can-
cer [11, 32, 33], the role of ALKBH1 in HNSCC remains
unknown. Herein, we demonstrate that the expression level
of ALKBHI is significantly increased in patients with
HNSCC, and ALKBHI1 is required for HNSCC prolifera-
tion which is mediated by DDX18. Interestingly, we find
that ALKBHI1 regulates DDX18 expression through erasing
DNA 6mA modification in its promoter. Overall, this work
reveals a new role of ALBKH1 in HNSCC.

Our finding shows that the function of ALKBHI on
HNSCC cells depends on its DNA 6mA demethylase activ-
ity. DNA methylation is a well-known epigenetic mark and
plays crucial roles in numerous biological processes and
human diseases. Beyond 5-Methylcytosine (5mC), the best-
characterized type of DNA methylation and predominantly
found in higher eukaryotes, 6mA is the most prevalent DNA
modification in prokaryote and its presence in eukaryotes
is gradually uncovered recently with the development of
highly sensitive detection methods. 6mA plays potentially
conserved roles in various biological processes, such as
immune modulation, transcription, nucleosome position-
ing, DNA damage control and cell cycle regulation [34—-36].
Despite controversies regarding the presence of 6mA in
multicellular eukaryotes, some potential eukaryote-specific
biological roles in stress responses, chromatin regulation
and tumorigenesis have been revealed in recent studies [20,
26, 37]. To our knowledge, this is the first time to show that
ALKBH1-mediated DNA 6mA modification in HNSCC. It
would be of great interest to fully investigate the role of
DNA 6mA modification in the development of HNSCC in
the future.

Our findings show that ALKBH]1 promotes the prolifera-
tion of HNSCC cells that is partially mediated by DDX18.
Previous studies demonstrate that DDX18 deletion causes
cell cycle arrest in G1 phase [31, 38]. In addition, a recent
work indicates that DDX18 prevents R-loop-induced DNA
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damage and genome instability via PARP-1, and deletion
of DDX18 results in aberrant endogenous R-loop accumu-
lation which leads to DNA replication defects [39]. Thus,
the proliferation defect of HNSCC cells due to ALKBHI1
deficiency to certain extent, results from downregulation
of DDX18. However, it remains unknown if ALKBH1 and
DDX18 involves in DNA damage of HNSCC, which needs
to be further investigated in the future. In addition, ecto-
pic expression of DDX18 only partially rescue the pheno-
types of ALKBH1-deficient HNSCC cells, suggesting that
other targets might mediate the function of ALKBHI. For
instance, the enrichment of 6mA level was also enriched in
the promoter region of RIOX2 and RFC3, and their expres-
sion was also regulated by ALKBHI1. These data suggest
that RIOX1 and RFC3 might be potential downstream tar-
gets, which need to be further studied. Moreover, we also
found that ALKBH1 deficiency in HNSCC cells decreases
the activation of PI3K/AKT signaling pathway, and upreg-
ulates the expression of cell cycle inhibitors CDKNIA
and CDKN2D (Data not shown), suggesting that these
downstream pathways might also mediate the function of
ALKBHI in HNSCC.
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