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ABSTRACT

Background. DNA copy number variations (CNVs) are a hall-
mark of cancer, and the current study aimed to demonstrate
the profile of the CNVs for oral cavity squamous cell carcinoma
(OSCC) and elucidate the clinicopathological associations and
molecular mechanisms of a potential marker derived from
CNVs, mixed-lineage leukemia translocated to chromosome
3 protein (MLLT3), in OSCC carcinogenesis.
Materials and Methods. CNVs in 37 OSCC tissue specimens
were analyzed using a high-resolution microarray, the OncoScan
array. Gene expression was analyzed by real-time polymerase
chain reaction in 127 OSCC and normal tissue samples. Cell
function assays included cell cycle, migration, invasion and chro-
matin immunoprecipitation assays.
Results. We found a novel copy number amplified region,
chromosome 9p, encompassing MLLT3 via the compari-
son of our data set with six other OSCC genome-wide
CNV data sets. MLLT3 overexpression was associated with

poorer overall survival in patients with OSCC (p = .048).
MLLT3 knockdown reduced cell migration and invasion.
The reduced invasion ability in MLLT3-knockdown cells
was rescued with double knockdown of MLLT3 and CBP/
p300-interacting transactivator with ED rich carboxy-
terminal domain 4 (CITED4; 21.0% vs. 61.5%). Knockdown
of MLLT3 impaired disruptor of telomeric silencing-1-like
(Dot1L)-associated hypermethylation in the promoter of
the tumor suppressor, CITED4 (p < .001), and hence dys-
regulated HIF-1α-mediated genes (TWIST, MMP1, MMP2,
VIM, and CDH1) in OSCC cells.
Conclusion. We identified unique CNVs in tumors of Taiwan-
ese patients with OSCC. Notably, MLLT3 overexpression is
related to the poorer prognosis of patients with OSCC and is
required for Dot1L-mediated transcriptional repression of
CITED4, leading to dysregulation of HIF-1α-mediated genes.
The Oncologist 2019;24:e1388–e1400

Implications for Practice: This article reports unique copy number variations in oral cavity squamous cell carcinoma (OSCC)
tumors of Taiwanese patients. Notably, MLLT3 overexpression is related to the poorer prognosis of patients with OSCC and
is required for Dot1L-mediated transcriptional repression of CITED4, leading to dysregulation of HIF-1α-mediated genes.

INTRODUCTION

Oral cavity squamous cell carcinoma (OSCC) is one of the
most common malignant diseases, accounting for more than
10,000 deaths every year and approximately 3% of all cancer

cases estimated annually worldwide [1, 2]. Although there
have been improvements in therapeutic approaches, the
5-year overall survival rate of patients with OSCC remains at
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approximately 50% [3, 4]. Environmental risk factors, includ-
ing cigarette smoking, alcohol consumption, and betel quid
chewing, contribute to the development and progression of
OSCC by facilitating genetic changes, genomic aberrations,
and widespread genomic instability [5–7]. The contemporary
treatment is mainly based on tumor staging and include sur-
gery and adjuvant therapies, such as chemotherapy and
radiotherapy. Although the improvement of the current diag-
nostic and therapeutic strategies, the 5-year overall survival
rate has still been approximately 60% for last few decades
[4]. In order to improve the detection and/or treatment of
OSCC, the discovery of OSCC-associated biomarkers may
increase our understanding of the OSCC tumorigenesis and
disclose the associated molecular mechanisms.

Genetic factors play an important role in the etiology of
OSCC, and the development and progression of OSCC result
from a multistep pathway involving an accumulation of genetic
alterations in proto-oncogenes and tumor suppressor genes
for carcinogenesis, including chromosomal alterations, DNA
copy number variations (CNVs; amplifications and deletions),
and epigenetic alterations [8–10]. Detecting carcinogenetic
abnormalities in OSCC might provide an important prognostic
indicator of patient prognosis and contribute to tailored treat-
ment for specific markers in the future. CNVs are a hallmark of
cancer that may lead to oncogene activation and/or tumor
suppressor gene inactivation in several malignancies, and they
are important for understanding the mechanisms of disease
and identifying clinical biomarkers, such as recurrence risk and
response to therapy [11, 12]. Previously, Salahshourifar et al.
compared 12 studies that used array comparative genomic
hybridization on OSCC tumors and found common genomic
CNVs and their frequency. The results indicated that the pro-
gression of oral premalignant lesions to invasive carcinomas
involved a sequential accumulation of genetic changes. Fur-
thermore, the accumulation of genetic changes increased in
disease progression and in accordance with frequency, type,
and extent of the abnormalities, even on different regions of
the same chromosome. By the comparison, the researchers
found that the amplifications on 3q (36.5%), 5p (23%), 7p
(21%), 8q (47%), 11q (45%), and 20q (31%) and the deletions
on 3p (37%), 8p (18%), 9p (10%), and 18q (11%) were the most
common CNV regions among those studies [13]. These previ-
ous investigations support the theory that genomic alterations
could be used as diagnosis and/or prognostic factors and as
therapeutic targets in cancer.

To demonstrate the profile of the genetic alterations in
OSCC, we applied a high-resolution microarray, OncoScan
FFPE Express 2.0 System (OncoScan array), for determining
the CNVs from 37 formalin-fixed paraffin-embedded (FFPE)
tissue specimens in Taiwanese patients with OSCC (OSCC-
Taiwan). The genomics platform is ideally suited to the use
of FFPE samples for analysis of CNVs, as the requirement of
input DNA is less than 80 ng and this platform can utilize
extremely degraded DNA, with probes having a genomic
footprint of just 40 bp [14]. Using this strategy, frequent
CNVs were observed, and a novel copy number amplified
region was identified in OSCC. From our CNV analyses, we
found that mixed-lineage leukemia (MLL) translocated to
chromosome 3 protein (MLLT3/AF9) is a promising bio-
marker in the Taiwanese population.

MLLT3 is a proline- and serine-rich protein of 568 amino
acids that contains a KKRKK (amino acids 296–300) nuclear
localization sequence; these features are typical of many
transcription factors. MLLT3 was first identified as one of
the 60 fusion partners of the MLL gene in acute leukemia
that results from translocations at the 11q23 locus [15, 16].
MLLT3 protein interacts with many different factors and
has been implicated in different cellular processes [17, 18].
In the extensive network of interacting proteins, MLLT3 has
been reported to be associated with disruptor of telomeric
silencing-1-like (Dot1L) [19, 20], the main enzyme responsible
for histone H3 lysine 79 (H3K79) methylation [21–23]. Dot1L is
implicated in UV damage repair [24] and affects gene expres-
sion in yeast, flies, and mammals [25, 26], whereas H3K79
methylation is involved in activation [27] and suppression
[28] of several genes. Following this line, MLLT3-Dot1L com-
plexes mediate transcriptional activation through increased
levels of dimethylated H3K79 at the Hoxa9 promoter [27]
but are also capable of transcriptional repression through
hypermethylation of H3K79 at the ENaCα and Tbr1 pro-
moter [19, 29]. In tumorigenesis, MLLT3 mediates transcrip-
tional activation and was classified as a proto-oncogene via
binding to the transcriptional repressor BCL-6 corepressor
[30]. However, the function of MLLT3 in OSCC cells has not
yet been elucidated.

Herein, we used an OncoScan array to detect frequent
CNVs in OSCC. We compared our data set with previous
genome-wide CNV data sets, and we found and validated a
novel CNV region, 9p. From this finding, we subsequently
identified a novel oncogene, MLLT3, in OSCC carcinogene-
sis. Accordingly, in the current study, we aimed to elucidate
the clinicopathological associations and molecular mecha-
nisms of MLLT3 in OSCC cells.

MATERIALS AND METHODS

Patient Populations and Clinical Specimens
Written informed consent was acquired from all of the patients
enrolled in this study before sample collection, and this study
was approved by the Institutional Review Board of Chang Gung
Memorial Hospital, Taoyuan, Taiwan. Patients whose untreated
OSCC tumors were primarily managed by surgical resection and
who did not receive radiation or chemotherapy prior to surgery
were enrolled in the study. Patients with at least one of the fol-
lowing conditions were considered ineligible and excluded from
the study: the occurrence of synchronous or metachronous pri-
mary cancer, death from unnatural causes (such as suicide), and
failure to receive adjuvant therapy when indicated. The FFPE
OSCC specimens for OncoScan analysis were obtained from
one training cohort, including 37 samples, and the clinicopatho-
logical features of the cases are summarized in supplemental
online Table 1. Tumor specimens and pericancerous normal tis-
sues for real-time quantitative polymerase chain reaction (PCR)
analysis were obtained from another two testing cohorts, in-
cluding 8 and 127 patients that were surgically resected and
enrolled consecutively among the patients diagnosed with
OSCC from 2006 to 2013. The patients in this study underwent
standard preoperative assessments according to the institu-
tional guidelines, including a detailed medical history, complete
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physical examination, computed tomography or magnetic reso-
nance imaging scans of the head and neck, chest radiographs,
bone scans, and abdominal ultrasounds. Primary tumors were
excised with adequate margins under intraoperative frozen
section control. After surgery, pathological TNM classification of
all tumors was performed according to the American Joint
Committee on Cancer Staging Manual (2010). After discharge,
all patients had regular follow-up visits every 2 months for the
first year, every 3 months for the second year, and every
6months thereafter.

DNA Extraction, FFPE Sample Gene Chip Analysis,
and Analysis of Molecular Inversion Probe Data
First, 10-μm FFPE samples were sliced, and the tumor area was
marked by pathologists on a hematoxylin- and eosin-stained
slide. Samples with surface areas of 100 mm2 were prepared for
DNA extraction. Using the QIAamp DNA FFPE Tissue Kit (Qiagen,
Germantown, MD), tissue sections were deparaffinized, and
DNAwas extracted and eluted for quality and quantity inspection
according to themanufacturer’s instructions. DNA concentration
and purity were determined using the Qubit Fluorometer
(Thermo Fisher Scientific, Waltham, MA). The extracted
samples were further processed at the Genomic Medicine
Research Core laboratory in Chang Gung Memorial Hospital
at Linkou for OncoScan FFPE platforms to analyze copy
number variations [31, 32]. The data of the molecular inver-
sion probe and the percentage of the genome that changed
were analyzed by using SNP-FASST2 in Nexus Express software
version 3.1 (BioDiscovery, El Segundo, CA). The SNP-FASST2
algorithm was used for the segmentation and calling of chro-
mosomal amplification and deletion with the following default
parameters: significance threshold, 1.0E-8; maximal contiguous
probe spacing, 1,000 Kbp; minimal number of probes per seg-
ment, 3; amplification, 0.1; and deletion, −0.15. Chromosomal
amplifications or deletions smaller than 1.5 Mb were filtered.
There was a total of 875 genes in the OncoScan gene chip
targeting tumor suppressor genes or oncogenes; each gene had
20–40 probes depending on the length of the gene. The per-
centage of the genome that changed showed the number of
aberrations for each patient divided by the total of 875 genes.
The frequent CNV regions were determined using following
criteria: the CNV frequency was more than 20% in 37 samples,
and the chromosome regions contained more than two CNV
genes. Accordingly, supplemental online Tables 2 and 3 show
frequent copy number amplified or deleted regions, respec-
tively, encompassing genes.

CNV and Relationship Analysis Between MLLT3 and
Other Genes in OSCC Data from The Cancer Genome
Atlas
CNV analysis of OSCC data from The Cancer Genome Atlas
(TCGA) was performed as we have previously described [33].
Briefly, level 3 RNASeqV2 data for head and neck squamous
cell carcinoma (HNSCC) were downloaded from TCGA [34]
together with their clinical information. A total of 315 unique
OSCC samples, whose anatomic sites and histopathological
characteristics were identified as being within the oral cavity
and as squamous cell carcinoma, respectively, were used in
this analysis. Among the 315 patients, only 314 had available
information for Kaplan-Meier plotting and survival analyses.

Spearman’s correlation between the expression levels of
MLLT3 and all the other genes were calculated with Partek
Genomics Suite software, followed by adjustment of the
p value with the Benjamini-Hochberg method. Using a p value
less than .05 as cutoff value, we identified 434 genes that
were inversely correlated with MLLT3 in the OSCC data set
from TCGA (OSCC-TCGA).

Cell Culture
OEC-M1 cells were maintained in Roswell Park Memorial Insti-
tute medium 1640 (Thermo Fisher Scientific) containing 10%
fetal bovine serum (FBS) plus antibiotics; OC3 cells were cul-
tured at a 1:2 ratio in Dulbecco’s modified Eagle’s medium con-
taining 10% FBS and keratinocyte serum-free medium (Thermo
Fisher Scientific) plus antibiotics. The cells were cultured at
37�C in a humidified atmosphere of 95% air and 5% CO2.

Gene Knockdown of MLLT3 and CITED4 Using Small
Interfering RNA
Briefly, 19-nucleotide RNA duplexes targeting human MLLT3
or CBP/p300-interacting transactivator with ED rich carboxy-
terminal domain 4 (CITED4) were synthesized and annealed by
Dharmacon (Thermo Fisher Scientific). OEC-M1 and OC3 cells
were transfected with the Dharmacon ON-TARGETplus Non-
targeting Control Pool (Thermo Fisher Scientific), which con-
tained pool of four small interfering RNAs (siRNAs) designed
and tested for minimal targeting of human, mouse, or rat
genes or MLLT3-pooled siRNA (GAACCUAAACCCAUGUCAA,
UCUAAGUCGUUGAGGGAAU, GCAAAUAAAGAAUGGUGAA, and
AGGCAUACCUAGAUGAACU) or CITED4-pooled siRNA (ACGCCG
AACUCAUCGACGA, GGCCAGAGCGAGUUCGACU, CCUCGGCCG
UAAAGUGAAA, and CCAAAAUAAAACUGGGUCA) using Lipo-
fectamine RNAiMAX reagents (Thermo Fisher Scientific)
according to the manufacturer’s protocol. After 48 hours’
transfection, cell lysates were prepared for Western blot-
ting to determine gene knockdown efficacy.

RNA Extraction and Quantitative Reverse
Transcription Polymerase Chain Reaction
OSCC tumor and normal counterpart tissues were homoge-
nized in liquid nitrogen with a mortar and pestle and incubated
with RNAzol B reagent (Tel-Test, Friendswood, TX). The RNA
was further purified using an RNeasy cleanup kit (Qiagen)
according to the manufacturer’s protocol. First-strand cDNA
was synthesized from 5 μg of total RNA and then mixed with a
reaction mixture consisting of commercially available primers
(TP63 Hs00978340_m1, EXT1 Hs00609162_m1, MEN1 Hs003
65720_m1, MITF Hs01117294_m1, MLH1 Hs00979919_m1,
LPL Hs00173425_m1, MLLT3 Hs00971092_m1 and normaliza-
tion control B2M, Hs00984230_m1; Assay-on-Demand, Thermo
Fisher Scientific), RNase-free water, and TaqMan Universal PCR
Master Mix. Real-time quantitative PCR (qPCR) was performed
and analyzed using a 7900 HT Sequence Detection System and
SDS version 2 (Applied Biosystems). All experiments were re-
peated in duplicate.

Flow Cytometry Analysis
Cells transfected with control siRNA or MLLT3 siRNA for
48 hours were harvested by trypsinization. For cell cycle
analysis, cells were fixed in 70% ice-cold ethanol comprising
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2 mg/mL RNase for 30 minutes and ultimately stained with
propidium iodide (PI; 50 mg/mL) for 10 minutes. The fluores-
cence of PI in control siRNA or MLLT3 siRNA-transfected cells
was determined using flow cytometry analysis (FACScan Sys-
tem, Becton Dickinson, San Diego, CA). We counted the per-
centage of cells in the G0/G1, S, and G2/M phases using
CellQuest programs.

Cell Migration and Invasion Assay
OC3 and OEC-M1 cells were transfected with control siRNA
or indicated siRNA for 48 hours. After transfection, the cells
were harvested by trypsinization and suspended in serum-
free culture medium. For the migration assay, the cells
(300 μl; 5 × 104 cells) were added to the upper chambers
of 24-well Transwell plates (0.8-μm pore size filter; Corning,
Canton, NY), and each lower chamber was filled with 600 μl
of serum-free culture medium containing 10 μl/mL fibro-
nectin. After a 6-hour incubation at 37�C, the chambers
were gently washed twice with phosphate-buffered saline
and fixed with 100% methanol for 15 minutes, followed by
Giemsa staining. The observer was blinded to the experimen-
tal condition, and these cells were counted for nine different
fields of middle region per filter (around 70% coverage per
filter) using an inverted microscope (Carl Zeiss, Oberkochen,
Germany) equipped with a × 20 objective, followed by quan-
tification using ImageJ software. For the invasion assay, the
upper chambers of 24-well Transwell plates were coated
with Matrigel Basement Membrane Matrix (BD Biosciences,
San Jose, CA) at 37�C for 2 hours. The cells (1 × 105 cells)
were suspended in 200 μl of serum-free culture medium and
added to the upper chamber; each lower chamber was filled
with 600 μl of serum-free culture medium. After a 16-hour
incubation at 37�C, the chambers were washed, fixed, sta-
ined, and counted as described above.

Chromatin Immunoprecipitation Assay
Chromatin immunoprecipitations (ChIPs) were performed
using ChIP-IT Express Enzymatic Magnetic Chromatin Immu-
noprecipitation kit according to the manufacturer’s instruc-
tions (Active Motif, Carlsbad, CA). Briefly, cells transfected
with control siRNA or MLLT3 siRNA for 24 hours were cross-
linked with 1% formaldehyde for 10 minutes, followed by
stop using glycine stop fix solution. Cells were scraped with
lysis buffer provided with the kit and transferred cells to an
ice-cold Dounce homogenizer, and broke the cells on ice
with ten strokes to obtain the isolated nuclei. Isolated
nuclei were then subjected to enzymatic digestion using
enzymatic shearing cocktail for 15 minutes. The DNA frag-
ments obtained ranged between 200 and 1,000 bp. Chromatin
fractions were immunoprecipitated with Dot1L antibodies
(Abcam, Cambridge, MA), and IgG (Santa Cruz Biotechnology,
Dallas, TX) as a control. Cross-linking was reversed, and the pro-
teins were removed by proteinase K treatment. DNA samples
were analyzed by qPCR with the primer surrounding the tran-
scriptional start site (TSS; +1) of the human CITED4 gene (for-
ward primer, CCACCGCGCGCTGTCCC; reverse primer, CGGCGGA
CGGCGGCCTC) and TCF4 gene (forward primer, TTCCAAAATTG
CTGCTGGT; reverse primer, CGTCTTTGAAGGAAATCAGT). The
experimental background was determined by performing a
control ChIP with a nonspecific IgG. The averages of the

background signals for primer pairs were similar and are
graphically represented by the dotted line.

Statistical Analysis
The Wilcoxon test was used to analyze the qPCR result from
OSCC and normal counterpart tissues. The results of flow
cytometry, migration, and invasion assays and mRNA expres-
sion in the OSCC cell lines were analyzed using the nonpara-
metric Mann-Whitney U test. Chi-square tests were used to
determine the differences between the MLLT3 expression
and various clinicopathologic factors. Two-tailed p values of
.05 or less were considered significant. A comparison of sur-
vival rates was carried out using the Kaplan-Meier method
examined by the log-rank test. Statistical analyses were per-
formed using SAS software (version 9.3; SAS Institute, Cary,
NC). All patients underwent follow-up evaluations at our out-
patient clinic until December 2016 or death.

RESULTS

CNV Landscape for OSCC-Taiwan
To uncover genomic alterations that could prove useful as
molecular markers for OSCC tumors, a total of 37 patients with
OSCC were included in the study. All of the above samples
were analyzed using OncoScan array with subsequent data
analysis using Nexus version 3.1. The 37 samples that applied
for OncoScan analysis were further categorized on the basis of
CNVs and percent genome (Fig. 1A). Our findings (OSCC-Tai-
wan) largely recapitulated the profile found in OSCC-TCGA
(Fig. 1B), which included significantly amplified/deleted regions
encompassing genes such as TP63, EGFR, EXT1, FANCG, MEN1,
PCNA, MITF, MLH1, FGFR1, LPL, and CSMD1. In summary, our
analysis demonstrated frequent copy number amplifications on
chromosomes 3q, 5p, 7p, 8q, 9p, 9q, 11q, 14q, 17q, 20p, and
20q, encompassing 106 genes (Fig. 1A and supplemental online
Table 2), and deletions on 3p and 8p, encompassing 46 genes
(Fig. 1A and supplemental online Table 3). Information about
each patient’s risk factors is presented in Figure 1C. In addition,
we verified six genes in the most frequent CNV regions that
had been reported in previous study [13], including three copy
number amplified genes (TP63 in chromosome 3q, EXT1 in
chromosome 8q, and MEN1 in chromosome 11q) and three
copy number deleted genes (MITF in chromosome 3p, MLH1
in chromosome 3p, and LPL in chromosome 8p) by real-time
qPCR analysis, with a view to determining the mRNA levels in
first testing cohort, including eight OSCC tissue specimens con-
taining tumors and their corresponding normal tissues. As
shown in Figure 1D, the mRNA levels of the two copy num-
ber amplified genes, TP63 and EXT1, were higher in OSCC
tumor tissues (p = .0274 and .0244, respectively) compared
with those of normal counterpart tissues. The mRNA levels
of the two copy number deleted genes, MITF and LPL, were
lower in OSCC tumor tissues (p = .0016 and .0003, respec-
tively) compared with those of the corresponding normal
tissues. On the other hand, although the mRNA levels of
MEN1 and MLH1 were not significantly different between
OSCC tumor and normal counterpart tissues (p = .1723 and
.1645, respectively), the results and the trends shown are
still quite consistent with the consensus that CNV is one of
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the genetic events involved in cancer development [35–38]
that might result in up- or downregulation of mRNA expres-
sion in OSCC tumors.

Elevated MLLT3 Levels in Patients with OSCC Are
Correlated with Poorer Prognosis
To identify novel genomic alterations for OSCC, we compared
our data set with six genome-wide CNV data sets published pre-
viously for OSCC tumors in Asian populations (supplemental
online Table 4). By this comparison, we found a novel copy num-
ber amplified region, chromosome 9p, encompassing genes
including PAX5, FANCG, MLLT3, RRAGA, PSIP1, JAK2, and NFIB.
The distribution of CNVs from OSCC-Taiwan cases in

chromosome 9 is presented in Figure 2A. Among these potential
candidates, three have been previously reported as dysregulated
proteins or genes in OSCC or HNSCC, including PAX5, FANCG,
and JAK2 [39–41]. Therefore, the other four candidates are
potential novel dysregulated proteins or genes in OSCC. After
reviewing the existent literature for the clinical relevance and
molecular functions of these four candidates, we further chose
to examine the association of MLLT3 with the clinicopathological
manifestation in OSCC tumors. As shown in Figure 2B, we exam-
ined the mRNA expression of MLLT3 in second testing cohort,
including 127 OSCC tissue specimens containing tumors and
their corresponding normal tissues. We found that the mRNA
levels of MLLT3 increased in OSCC tumors compared with those

Figure 1. Summary data for the 37 cases of oral cavity squamous cell carcinoma (OSCC) in the Taiwan cohort. (A): Copy number
profiling of 37 OSCC tissues in OncoScan assay. Blue color indicates copy number amplified regions, and red color indicates copy
number deleted regions. The y-axis indicates the percentage of CNVs in 37 samples. (B): Heatmap representation of the copy num-
ber variations compared with those from TCGA. The table on the right shows the percentages of patients with the respective dele-
tion or amplification, as found in the Taiwanese and TCGA OSCC cohorts. (C): Patients with OSCC with the habits of alcohol, betel
nut, or cigarette use are individually marked. (D): Box-and-whisker plot showing the relative mRNA levels of 6 CNV genes deter-
mined in first testing cohort, including eight paired OSCC samples (left). Data are presented as the upper and lower quartiles and
ranges (box), median values (horizontal line), and middle 90% distributions (dashed line). The table on the right shows the CNVs in
OncoScan and T/N fold in qPCR. The p values were calculated by using paired t tests.
Abbreviations: Amp., amplification; CNV, copy number variation; Del., deletion; qPCR, quantitative polymerase chain reaction; T/N,
tumor tissue sample and paired normal tissue sample; TCGA, The Cancer Genome Atlas; TW, Taiwan.
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of their corresponding normal tissues. Furthermore, we also
assessed and externally validated the relationship between
MLLT3 transcript expression and genomic copy numbers by
using the OSCC-TCGA data set. Notably, the MLLT3 transcript
expression was positively correlated with its genomic copy num-
ber in 314 patients with OSCC in TCGA database (Fig. 2C). Clin-
icopathological analysis showed that the MLLT3 expression
levels in OSCC tumors were positively associated with node
classification and overall TNM stage (p < .05; Table 1), whereas
there was no significant association between the MLLT3

expression level and other parameters such as sex, age, tumor
classification, extranodal extension, and differentiation. Next,
we utilized a survival analysis to evaluate the prognostic signif-
icance of MLLT3 in OSCC. The survival analysis revealed that
patients with high MLLT3 expression exhibited poorer overall
survival (OS) rates than those with low MLLT3 expression, and
the 5-year OS rates for patients with high and low MLLT3
expression were 58.8% and 76.2%, respectively (p = .048;
Fig. 2D). For external validation for this gene in the public
domain, the data from 314 TCGA oral cancer samples

Figure 2. Association of high MLLT3 expression with poor prognosis of patient survival in oral cavity squamous cell carcinoma
(OSCC). (A): The CNVs of OSCC-Taiwan cases in chromosome 9. Blue color indicates copy number amplifications, and red color indi-
cates copy number deletions. The dots indicate the identified genes in the OncoScan array. (B): MLLT3 transcripts in 127 paired
OSCC tissues were determined by quantitative polymerase chain reaction. (C): Positive correlation between the copy numbers of
MLLT3 and its transcript expression levels in the OSCC-TCGA data set. The y-axis shows the MLLT3 TPM. The x-axis shows the copy
number status of MLLT3. The red line indicates the mean � SE of the MLLT3 transcripts. (D): Kaplan-Meier plot showing that the
5-year OS rates for patient subgroups stratified by high versus low MLLT3 expression were 58.8% and 76.2%, respectively (p = .048)
in the OSCC-Taiwan data set (left). Kaplan-Meier plot for OS in subgroups stratified by MLLT3 expression among the 314 patients in
the OSCC-TCGA data set (p = .021) (right). The p values were calculated by using log-rank tests. **p < .01, ***p < .001.
Abbreviations: ACTB, β-actin; Amp., amplification; AN, adjacent normal; CNV, copy number variation; Del., deletion; OS, overall sur-
vival; OSCC-Taiwain, data from Taiwanese patients with OSCC; OSCC-TCGA, OSCC data from TCGA; TCGA, The Cancer Genome Atlas;
TPM, transcripts per million.
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predominantly obtained from the U.S. were also analyzed,
and the OS rates, as shown in Figure 2D, were also signifi-
cantly different between high and low MLLT3 expression in
the OSCC-TCGA data set (p = .021).

MLLT3 Is Involved in Cell Migration and Invasion
Ability in OSCC Cells
The current study found that MLLT3 levels in OSCC were
positively associated with node classification, overall TNM
stage, and poorer prognosis, indicating that MLLT3 plays a
vital role in regulation of cell motility and cancer invasive-
ness. Therefore, we adopted the siRNA approach to sup-
press the expression of endogenous MLLT3 in OC3 and
OEC-M1 cells and assessed the effects on cell cycle, migra-
tion, and invasion. Figure 3A indicates that MLLT3 protein
levels were significantly reduced in the cells transfected
with MLLT3 siRNA compared with the cells transfected with
control siRNA (p < .05). The flow cytometry assay revealed
different effects on cell cycle for OSCC cells transfected with
MLLT3 siRNA compared with the cells transfected with con-
trol siRNA. The MLLT3-knockdown OC3 cells revealed cell cycle
arrest in G1 phase, but MLLT3-knockdown OEC-M1 cells dis-
played no changes (Fig. 3B). In addition, the Transwell migration
assay showed that the migration ability of MLLT3-knockdown
OC3 and OEC-M1 cells was decreased compared with that of
the control cells (Fig. 3C).We further examined the invasion abil-
ity in MLLT3-knockdown cells. Figure 3D demonstrates that

the invasion ability was also significantly impaired in MLLT3-
knockdown OC3 and OEC-M1 cells (p < .001). Collectively, these
results indicate that MLLT3 is involved in OSCC cell migration
and invasiveness.

CITED4 Plays an Opposite Role for MLLT3-Mediated
Invasion Ability in OSCC
Previously, Li et al. performed ChIP experiments followed
by high-throughput sequencing (ChIP-seq) to assess the
chromatin occupancy of MLLT3. Compared with the non-
repetitive genome background, they established 338
MLLT3-occupied genes (MLLT3 ChIP-seq data set) [42]. In
addition, MLLT3-Dot1L complexes mediated transcriptional
repression through hypermethylation of H3K79 at associ-
ated gene promoters, such as ENaCα and Tbr1 [19, 29].
Accordingly, we compared the MLLT3 ChIP-seq data set with
the inversely correlated genes of MLLT3 in OSCC-TCGA. By
this analysis, we identified three candidate genes (CITED4,
ID1, and S100P) that might be transcriptionally repressed
through MLLT3-Dot1L-associated hypermethylation at their
promoter region (Fig. 4A). Among the three candidates, the
expression of CITED4 showed a significantly inverse correla-
tion with MLLT3 expression (Spearman’s correlation co-
efficient, ρ = −0.316, p = 9.67E-8; Fig. 4B). To test this
hypothesis, the mRNA expression of CITED4 was measured in
MLLT3-knockdown OSCC cells. As shown in Figure 4C, the
mRNA expression levels of CITED4 significantly increased in

Table 1. Clinicopathological characteristics related to the expression of MLLT3 in 127 samples of oral cavity squamous cell
carcinoma

Patient categories Case number

MLLT3 expression level, n (%)

p valueLow High

Sex

Male 115 37 (32.2) 78 (67.8) .506

Female 12 5 (41.7) 7 (58.3)

Age, years

Mean � SD 51.0 � 14.2 51.4 � 11.5 .866

Range 80.7–22.5 79.8–220.3

Tumor classification

T1–T2 64 25 (39.1) 39 (60.9) .148

T3–T4 63 17 (27.0) 46 (73.0)

Node classification

0 65 29 (44.6) 36 (55.4) .005a

>0 62 13 (21.0) 49 (79.0)

Overall TNM stage

I–II 39 20 (51.3) 19 (48.7) .004a

III–IV 88 22 (25.0) 66 (75.0)

ENE

No 95 31 (32.6) 64 (67.4) .856

Yes 32 11 (34.4) 21 (65.6)

Differentiation

Well + moderately 111 35 (31.5) 76 (68.5) .331

Poorly 16 7 (43.7) 9 (56.3)
aThese are considered statistically significant.
Abbreviation: ENE, extranodal extension.
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MLLT3-knockdown OC3 and OEC-M1 cells compared with
those in control cells (p < .001). Consequently, to evaluate
whether CITED4 plays a dominant role in MLLT3-regulated
invasion ability in OSCC, we simultaneously suppressed the

expression of MLLT3 and CITED4 and measured the differ-
ence in OSCC cell invasion. Western blotting revealed that
both MLLT3 and CITED4 protein levels were significantly
reduced in OEC-M1 cells transfected with MLLT3 or/and

Figure 3. MLLT3 is involved in the migration and invasion ability of oral cavity squamous cell carcinoma cells. (A): OC3 and OEC-M1 cells
were transfected with control siRNA and MLLT3-specific siRNA. MLLT3 protein expression was analyzed by Western blotting. β-actin was
used as the loading control. Cells were simultaneously subjected to the following assays. The signal intensities were normalized to β-actin
of these proteins and presented in a histogram. Data are presented as the mean values obtained from three independent experiments.
Error bars indicate the SE. The p values were calculated by using the paired t test. (B): After transfection for 48 hours, DNA content was
determined by propidium iodide staining followed by flow cytometry analysis. Quantification analysis of cell cycle distributions acquired
from three independent experiments. The transfected cells were subjected to migration (C) and invasion (D) assays. Representative
microphotographs of the filters obtained from the migration and invasion assays. Original magnification: ×100 (left). Quantitative analy-
sis of the migration and invasion assays (right). Data are presented as the mean values obtained from three independent experiments.
Error bars indicate the SE. The p values were calculated by using the Mann-Whitney U test. *p < .05, **p < .01, ***p < .001.
Abbreviation: siRNA, small interfering RNA.
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CITED4 siRNA compared with the levels in cells transfected
with control siRNA (Fig. 4D). The Transwell invasion assay
demonstrated that the invasion ability showed an increase in
CITED4-knockdown OEC-M1 cells. Notably, the invasion abil-
ity was significantly rescued in double knockdown of MLLT3
and CITED4 cells compared with that in MLLT3 knockdown
cells (p < .001; Fig. 4E), suggesting that CITED4 plays a vital
role in MLLT3-mediated invasion ability in OSCC.

Knockdown of MLLT3 Impairs Dot1L Associated with
the CITED4 Promoter as a Consequence of HIF-1α-
Mediated Gene Dysregulation in OSCC
MLLT3 interacts with the methyltransferase Dot1L, which
mediates H3K79 methylation as a consequence of transcrip-
tional repression for target genes. We next investigated

whether the observed increase in CITED4 expression in
MLLT3-knockdown OSCC cells occurred through modulating
a change in Dot1L-associated hypermethylation at the
CITED4 promoter. We performed ChIP with chromatin iso-
lated from control and MLLT3 siRNA-transfected OEC-M1 cells
and examined Dot1L with primers surrounding the TSS (+1) of
the human CITED4 gene via qPCR. As shown in Figure 5A,
knockdown of MLLT3 led to a dramatic reduction in Dot1L at
TSS on the CITED4 gene. In addition, we also verified the
Dot1L-chromatin complex with primers surrounding the TSS
of the human TCF4, which had previously been found to be a
Dot1L-associated gene [43]. We found that the levels of
Dot1L at TSS on the TCF4 gene were similar between control
and MLLT3 siRNA-transfected OEC-M1 cells (Fig. 5A) Further-
more, when we measured the endogenous levels of Dot1L in

Figure 4. CITED4 plays an opposite role for MLLT3-mediated invasion ability in OSCC. (A): Comparison of the MLLT3 ChIP-seq data
set with genes inversely correlated with MLLT3 in OSCC-TCGA. (B): A total of 315 unique OSCC samples, which have anatomic sites
within the oral cavity and are classified as squamous cell carcinoma, were used in this analysis. Spearman’s correlation between
the expression levels of MLLT3 and all the other genes were calculated with Partek Genomics Suite software, followed by adjust-
ment of the p value with the Benjamini-Hochberg method. Spearman’s correlation coefficient (ρ) = −0.316; p = 9.67E−8. (C): Total
RNA from OC3 or OEC-M1 cells transfected with control siRNA or MLLT3 siRNA was purified and reverse-transcribed, and the
resulting cDNA was subjected to quantitative polymerase chain reaction analysis using CITED4 primers. (D): OEC-M1 cells were
transfected with control siRNA, MLLT3, and CITED4-specific siRNA. MLLT3 and CITED4 protein expression was analyzed by Western
blotting. β-actin was used as the loading control. Cells were simultaneously subjected to invasion assay (E). Representative micro-
photographs of the filters obtained from the invasion assay. Original magnification: ×100 (left). Quantitative analysis of the invasion
assay (right). Data are presented as the mean values obtained from three independent experiments. Error bars indicate the SE. The
p values were calculated by using the Mann-Whitney U test. *p < .05, ***p < .001.
Abbreviations: ChIP-seq, chromatin immunoprecipitation followed by high-throughput sequencing; OSCC, oral cavity squamous cell carci-
noma; OSCC-TCGA, OSCC data from TCGA; siRNA, small interfering RNA; TCGA, The Cancer Genome Atlas; TPM, transcripts per million.
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MLLT3-knockdown OEC-M1 cells, the level of Dot1L was
not reduced in MLLT3-knockdown OEC-M1 cells (Fig. 5B),
suggesting that the reduction associated with the CITED4 pro-
moter was not caused by downregulating Dot1L expression.

To test whether the HIF-1α-dependent expression of genes
known to play a role in modulating tumor invasion and
metastasis might be dysregulated in MLLT3-knockdown OSCC
cells, the HIF-1α-mediated genes that modulate tumor

Figure 5. Knockdown of MLLT3 impairs Dot1L associated with the CITED4 promoter as a consequence of HIF-1α-mediated gene dys-
regulation in OSCC. (A): Chromatin immunoprecipitation of control and MLLT3 siRNA-transfected OEC-M1 cells. Antibodies used
were IgG and anti-Dot1L. Precipitated DNA was assessed by quantitative polymerase chain reaction (qPCR) at the transcriptional
start site on the CITED4 and TCF4 genes. Given is the amount of precipitated DNA relative to the respective input DNA � SE of trip-
licates. The dotted line indicates the mean amplification of IgG control samples. (B): OEC-M1 cells were transfected with control
siRNA and MLLT3-specific siRNA for 24 hours. Dot1L and MLLT3 protein expression were analyzed by Western blotting. β-actin was
used as the loading control. (C): Total RNA from OEC-M1 cells transfected with control siRNA or MLLT3 siRNA was purified and
reverse-transcribed, and the resulting cDNA was subjected to qPCR analysis using gene-specific primers. Data are presented as the
mean values obtained from three independent experiments. Error bars indicate the SE. The p values were calculated by using the
Mann-Whitney U test. (D): Hypothetical schematic of the role of MLLT3 in Dot1L-mediated transcriptional repression of CITED4
and OSCC invasiveness. In the OSCC cells, the elevated MLLT3 level triggered the Dot1L-mediated H3K79 hypermethylation at
CITED4 promoter, which in turn suppressed the expression of CITED4, contributing to OSCC invasiveness. Under the repression of
MLLT3 condition, the decreased MLLT3 level impaired the Dot1L-mediated H3K79 hypomethylation at the CITED4 promoter,
followed by an elevation of CITED4, leading to dysregulation of HIF-1α-associated genes, as a consequence of inhibition for OSCC
invasiveness. *p < .05, **p < .01, ***p < .001.
Abbreviations: H3K79, histone H3 lysine 79; OSCC, oral cavity squamous cell carcinoma; siRNA, small interfering RNA; TSS, transcrip-
tional start site.
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invasion or metastasis were analyzed by using the TRRUST
version 2 database [44], a manually curated database that col-
lects transcription factor-target regulatory relationships based
on experimental observations rather than bioinformatics pre-
diction. From this data set, we chose seven genes that had
been well characterized as involved in cell invasion, migration,
or epithelial-mesenchymal transition and measured the mRNA
expression in MLLT3-knockdown cells. As shown in Figure 5C,
the mRNA expression levels of TWIST, MMP1, MMP2,
VIM, and CDH1 were significantly dysregulated in MLLT3-
knockdown OEC-M1 compared with those in control cells.
However, the mRNA expression levels of SNAI1 and VEGFA
were similar in MLLT3-knockdown and control cells. Col-
lectively, these data showed that MLLT3 was required for
Dot1L-associated hypermethylation at TSS on the promoter
of the CITED4 gene, which in turn suppressed the expres-
sion of CITED4, as a consequence of OSCC invasiveness via
regulation of HIF-1α-mediated genes.

DISCUSSION

This is the first study demonstrating the frequent CNVs of
OSCC in a Taiwanese population using the OncoScan array
on FFPE tumor samples. We further found that chromo-
some 9p is a novel copy number amplified region in OSCC,
via comparison with previous studies [13]. The chromosome
9p encompassing genes, including PAX5, FANCG, MLLT3,
RRAGA, PSIP1, JAK2, and NFIB, are a novel genomic ampli-
fied region for OSCC. Among these potential candidates,
three were previously reported as dysregulated proteins or
genes in OSCC or HNSCC. A significant increase in PAX5
expression was observed in OSCC-derived cell lines com-
pared with that in human normal oral keratinocytes [39].
FANCG was identified as an amplified gene in OSCC using
array-based comparative genomic hybridization [40]. The inhi-
bition of the JAK2 signaling pathway could reduce tumor-
induced angiogenesis by utilizing an HNSCC mouse model
[41]. Accordingly, these results suggest that the findings in the
current study are quite reproducible and feasible for discovery
of the CNVs and dysregulated genes for OSCC tumors.

MLLT3 was shown to play important roles in cell prolifera-
tion, migration, and invasion via a microRNA silencing approach
[45, 46]. Previously, downregulation of MLL-MLLT3 with anti-
sense oligodeoxyribonucleotides decreased the expression of
the HOXA7 and HOXA10 genes and induced apoptosis in a
human leukemia cell line, THP-1 [47]. Furthermore, when the
endogenous MLL-MLLT3 was suppressed via siRNA silencing
in THP-1 cells, the comprehensive gene expression profile
suggested several cellular processes (ribosomal biogenesis,
chaperone binding, calcium homeostasis, and estrogen
response) and 41 genes as likely mediators of MLL-MLLT3
leukemogenic effects. Among those, seven gene products
(AHR, ATP2B2, DRD5, HIPK2, PARP8, ROR2, and TAS1R3)
were selected as candidate drug targets. The functional rele-
vance of one of these, the dopamine receptor DRD5, was
confirmed as an antagonist that resulted in reduced leukemic
cell characteristics of THP-1 cells [48]. However, the detailed
molecular mechanisms of MLLT3-mediated cancer invasive-
ness remain to be clarified. To the best of our knowledge, no
previous study has demonstrated any involvement of MLLT3

on OSCC tumors, along with the potential implications of its
antagonists on the treatment; therefore, the current studies dis-
covered a novel regulatory mechanism for OSCC invasiveness
viaMLLT3-mediated Dot1L-suppressed CITED4 transcription.

Disruptor of telomeric sequencing-1 (Dot1) was initially dis-
covered in budding yeast for its essential role in the regulation
of telomeric silencing [23]. Dot1 and its mammalian homolog,
Dot1L, possess histone methyltranferase activity toward his-
tone H3K79 [49], which regulates diverse cellular processes
such as transcriptional regulation, cell cycle regulation, DNA
damage response, differentiation, and development of leuke-
mia [49–52]. Recently, several publications have reported that
Dot1L plays a crucial role in leukemia as well as in solid tumors,
such as breast cancer, esophageal squamous cell carcinoma,
colorectal cancer, prostate cancer, gastric cancer, and ovarian
cancer [53–58]. Furthermore, Dot1L is a drug target for mixed-
lineage leukemia (MLL) gene-rearranged leukemia [27, 59, 60].
Several Dot1L inhibitors have shown effective suppression of
proliferation, migration, and invasion in ovarian cancer and
breast cancer [58, 61]. However, in the current literature, the
role of Dot1L on OSCC tumorigenesis and progression has not
yet been investigated. The current study provides the first
evidence for the potential involvement of its association with
OSCC tumors and might further indicate these prospective
targets for OSCC therapy in the future.

CITED4 belongs to the CITED family, members of which
have critical roles during cell development [62, 63]. CITED4
interacts with CBP/p300, as well as the transcription factor AP-
2 (TFAP2), mediating TFAP2-dependent transcription [62]. Nota-
bly, CITED4 is downregulated in several cancer types, including
colorectal cancer, brain cancer, and breast cancer, and contrib-
utes to the acquisition of malignant characteristics such as pro-
liferation, survival, angiogenesis, and adherens junctions/tight
junctions [64–66]. Furthermore, Fox et al. showed that the
expression of CITED4 can be downregulated or translocated to
the cytoplasm in breast cancer and inhibits HIF-1α-mediated
transcription and angiogenesis through direct competition of
p300 binding. Analysis of CITED4 in a large series of human
breast tumors by immunohistochemistry showed both cytoplas-
mic and nuclear staining; the nuclear staining of CITED4 nega-
tively correlated with HIF-1α expression, tumor size, and tumor
grade [66]. In addition, several studies have recently shown that
HIF-1α expression plays a role in OSCC tumorigenesis, facilitat-
ing the adaptation of cells to hypoxia as well as contributing to
the invasive properties, cell survival, and angiogenesis in these
tumors [67–69]. In the current study, MLLT3 was further con-
firmed to be required for HIF-1α-mediated gene transcription,
such as TWIST, MMP1, MMP2, VIM, and CDH1. Notably, the
mRNA expression level of TWIST indicated that it promotes
OSCC cell invasion and is associated with poor survival in OSCC
[70, 71]. An increased MMP1 expression level was detected in
patients with OSCC compared with that in healthy controls and
was related to metastasis [72–74]. The expression levels of
MMP2 were notably elevated in the metastatic regions of
OSCC compared with those in the primary region [75]. The
epithelial-mesenchymal transition related molecules, VIM
and CDH1, were significantly associated with lymph node
metastasis and patient survival in OSCC [76–78]. Taken
together, these results indicate that MLLT3 might play a
pivotal role in OSCC invasiveness.
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CONCLUSION

The current study demonstrates, for the first time in
the literature, that knockdown of MLLT3 significantly
increased the expression of CITED4 via suppressing the
Dot1L associated with TSS on CITED4, followed by dys-
regulation of HIF-1α-dependent expression of genes such
as TWIST, MMP1, MMP2, VIM, and CDH1, suggesting
that MLLT3 could be one of the fundamental factors in
OSCC invasiveness (Fig. 5D). Accordingly, the current
study elucidated the clinicopathological associations and
molecular mechanisms of a novel marker, MLLT3, in
OSCC carcinogenesis.
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