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Abstract: Oral cancer is one of the highest-incidence malignancies worldwide, with the occurrence of
oral squamous cell carcinoma (OSCC) being the most frequently diagnosed form. A barrier for oral
cancer management may arise from tumor cells that possess properties of cancer stemness, which
has been recognized as a crucial factor in tumor recurrence and metastasis. As such, understanding
the molecular mechanisms underlying these tumor cells may provide insights for improving cancer
treatment. MRE11 is the core protein of the RAD50/MRE11/NBS1 complex with a primary role
in DNA damage repair, and it has been diversely associated with tumor development including
OSCC. In this study, we aimed to investigate the engagement of CD44, a cancer stemness marker
functioning in the control of cell growth and motility, in OSCC malignancy under the influence
of MRE11. We found that overexpression of MRE11 enhanced CD44 expression and tumorsphere
formation in OSCC cells, whereas knockdown of MRE11 reduced these phenomena. In addition, the
MRE11-promoted tumorsphere formation or cell migration ability was compromised in OSCC cells
carrying siRNA that targets CD44, as was the MRE11-promoted AKT phosphorylation. These were
further supported by analyzing clinical samples, where higher CD44 expression was associated with
lymph node metastasis. Additionally, a positive correlation between the expression of MRE11 and
CD44, or that of CD44 and phosphorylated AKT, was observed in OSCC tumor tissues. Finally, the
expression of CD44 was found to be higher in the metastatic lung nodules from mice receiving tail
vein-injection with MRE11-overexpressing OSCC cells compared with control mice, and a positive
correlation between CD44 and phosphorylated AKT was also observed in these metastatic lung
nodules. Altogether, our current study revealed a previously unidentified mechanism linking CD44
and AKT in MRE11-promoted OSCC malignancy, which may shed light to the development of novel
therapeutic strategies in consideration of this new pathway in OSCC.
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1. Introduction

Oral cancer is a significant health issue worldwide with the notion that oral squa-
mous cell carcinoma (OSCC) constitutes the majority of oral cancer incidence [1,2]. The
management of OSCC remains challenging owing to the frequent occurrence of treatment
resistance and metastasis [3–5]. These hurdles may arise from the complexity of the oral
tumor microenvironment, where the heterogeneity of tumor composition plays a key role
in control of tumorigenesis, malignant progression, and treatment response, but the under-
lying mechanisms are yet to be fully elucidated [6,7]. One mechanism for the recurrence or
metastasis in OSCC has been proposed through alteration of cancer stemness, by which the
cancer stem-cell-like properties, such as self-proliferation and migration ability in OSCC
cells, can be augmented in adaptation to environmental stresses, including those resulting
from chemotherapy and radiation therapy [8–10].

CD44 is a cell surface transmembrane glycoprotein belonging to the family of cell
adhesion molecules with a broad function regarding cell growth and motility [11,12]. Of
particular note, CD44 is also identified as a cancer stemness marker in a number of cancer
types including OSCC, and the expression level of CD44 has been found to be positively
associated with tumor development and progression [13–15]. Through binding interac-
tions of CD44 with its natural ligands, such as hyaluronic acid or other binding partners
secreted in the extracellular matrix, a series of signaling cascades in OSCC cells may be
activated, leading to the enhanced tumor growth, metastatic ability, and resistance to cancer
treatment [16]. Therefore, targeting CD44 and its signaling pathways that involve in the
cancer-promoting activities has emerged as a novel therapeutic potential for OSCC [17,18].

Most conventional cancer treatments are known to induce DNA damages that cause
cell death through the delivery of chemotherapeutic agents or ionizing radiation to the
tumor sites [19]. However, some tumor cells possessing properties of cancer stemness may
develop into a treatment-resistant cell population via potentiation of their DNA damage
repair abilities [20]. As such, the differential expression of MRE11, a critical DNA damage
response protein forming the core of the MRE11/RAD50/NBS1 complex for the repair of
DNA double-strand breaks [21], has been associated with various malignancies [22,23]. Our
group recently reported that elevated MRE11 expression is associated with increased OSCC
tumor growth and metastasis; in addition, a higher expression level of MRE11 in patients
is predictive of poorer survival under radiation therapy compared to those with a lower
expression level of MRE11 [24]. This raised a hypothesis that the oncogenic effect of MRE11
on OSCC may involve the enhancement of cancer stemness. Therefore, the present study
aimed to investigate this possibility by analyzing the effect of MRE11 on CD44 expression in
OSCC cells, as well as the role of CD44 in MRE11-promoted OSCC malignancy. The clinical
relevance of CD44 expression in OSCC patients was also investigated. Furthermore, the
involvement of AKT, a potential signaling molecule associated with the CD44 pathway [14],
was explored under this paradigm.

2. Materials and Methods
2.1. Patient Specimens

Oral tumor tissues were obtained from patients who were diagnosed with OSCC
and underwent surgical treatment at the department of Oral and Maxillofacial Surgery,
Kaohsiung Medical University Hospital, Taiwan, during the period between January
1999 and December 2014. Patients without a history of oral malignancies were included
in the current study, while patients who were beyond the age of 18–80 years old were
excluded from the current study (n = 88). The tumor grading was classified according to
the American Joint Committee on Cancer (AJCC) Cancer Staging Manual (7th edition), and
lymph node metastasis was determined by examining the presence of invading tumors in
the regional lymph nodes. The current study involving human subjects was approved by
the Institutional Review Board of Kaohsiung Medical University Hospital (KMUH-IRB-
20130300), and written informed consents were obtained from all participants.
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2.2. Cell Culture

Human oral squamous cancer cell lines CAL-27, HSC-3, and Ca9-22 were obtained
from the Bioresource Collection and Research Center of Taiwan (https://www.bcrc.firdi.
org.tw/ (accessed on 10 April 2022)), and cultured in Dulbecco’s Modified Eagle Medium
(DMEM; Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal
bovine serum (FBS; Biological Industries, Beit Haemek, Israel) and antibiotics (100 units/mL
penicillin, 100 µg/mL streptomycin, and 2.5 µg/mL amphotericin B; Biological Industries,
Beit Haemek, Israel). All cells were maintained at 37 ◦C in a humidified 5% CO2 incubator.

2.3. Gene Overexpression and Knockdown

Overexpression of MRE11 was carried out by infection of OSCC cells with pre-
packaged lentiviral particles carrying pReceiver-Lv105 vector which expresses full-length
human MRE11 gene (Accession no. BC005241.1) or empty pReceiver-Lv105 vector as
control (GeneCopoeia). Knockdown of MRE11 was carried out by infection of OSCC cells
with pre-packaged lentiviral particles carrying pLKO.1-puro vector which expresses short
hairpin RNA (shRNA) targeting human MRE11 (5′-GCTGCGTATTAAAGGGAGGAA-3′)
or firefly luciferase as control (National RNAi Core Facility, Academia Sinica, Taiwan).
The designated viral solutions were added to cells in the cell culture medium containing
8 µg/mL polybrene (Merck, Darmstadt, Germany). After infection for 48 h, 2 µg/mL
puromycin was added to the cell culture medium for selection. Surviving cells were
subsequently maintained in the presence of 2 µg/mL puromycin until further experiments.

Knockdown of CD44 was carried out by transfection of OSCC cells with the small
interfering RNA (siRNA; 5′-UAUUCCACGUGGAGAAAAATT-3′) targeting human CD44
or with the siRNA containing a scramble sequence as control (Thermo Fisher Scientific,
Waltham, MA, USA). The cells were added to a mixture of designated siRNA and Lipo-
fectamine 2000 (Thermo Fisher Scientific, Waltham, MA, USA) dissolved in Opti-MEM
medium (Thermo Fisher Scientific, Waltham, MA, USA) for 6 h, followed by replacement
with complete cell culture medium for 24 h before further experiments.

2.4. Western Blot

Total protein lysates of OSCC cells were extracted with RIPA buffer (Merck, Germany),
and equal amounts of the extracted proteins from each sample were loaded for sodium do-
decyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) with the Mini-PROTEAN
electrophoresis system (BIO-RAD, Hercules, CA, USA), followed by transferring the pro-
teins onto PVDF membranes (Merck, Darmstadt, Germany) with the Mini Trans-Blot system
(BIO-RAD, Hercules, CA, USA). The membranes were blocked with 5% non-fat milk for
1 h at room temperature and then incubated with designated primary antibodies at 4 ◦C
overnight. After washing with TBST (Tris-buffered saline containing 0.1% Tween-20; Merck,
Darmstadt, Germany), the membranes were incubated with species-matched horseradish
peroxidase-conjugated secondary antibodies (Thermo Fisher Scientific, Waltham, MA,
USA) for 1 h at room temperature. Immunoreactive proteins were detected by immersing
the membranes with Immobilon Western chemiluminescent reagents (Merck, Darmstadt,
Germany), and the images were acquired by ChemiDoc XRS+ imaging system (BIO-RAD,
Hercules, CA, USA). Quantitation for protein expression was performed by Image Lab
software (BIO-RAD, Hercules, CA, USA). The primary antibodies used for Western blot
in this study are listed as follows: goat anti-MRE11 polyclonal antibody (Santa Cruz
Biotechnology, Dallas, TX, USA); rabbit anti-CD44 polyclonal antibody (GeneTex, Hsinchu,
Taiwan); rabbit anti-phospho-AKT (Ser473) polyclonal antibody (Cell Signaling Technology,
Danvers, MA, USA); rabbit anti-AKT monoclonal antibody (clone C67E7; Cell Signaling
Technology, Danvers, MA, USA); mouse anti-β-actin monoclonal antibody (clone AC-15;
Merck, Darmstadt, Germany); rabbit anti-α-tubulin polyclonal antibody (GeneTex, Hsinchu,
Taiwan).

https://www.bcrc.firdi.org.tw/
https://www.bcrc.firdi.org.tw/
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2.5. Tumorsphere Formation Assay

The tumorsphere formation assay was carried out based on an established method [25]
and our previous reports [26,27]. OSCC cells were re-suspended in phenol red-free DMEM
(Thermo Fisher Scientific, Waltham, MA, USA) containing 20 ng/mL recombinant hu-
man epidermal growth factor (Peprotech, Rehovot, Israel), 20 ng/mL recombinant human
fibroblast growth factor-basic (Peprotech, Rehovot, Israel), 1 × B27 (Thermo Fisher Sci-
entific, Waltham, MA, USA), and 10 µg/mL insulin (Thermo Fisher Scientific, Waltham,
MA, USA), followed by plating these cells in ultra-low attachment 96-well plates (5 × 102

cells/well; Corning, New York, NY, USA) and culturing for 14 days. Images of tumor-
spheres were captured by the Eclipse Ti-S microscope (Nikon, Tokyo, Japan), and the
formation of tumorspheres with diameter > 50 µm in each well was analyzed by ImageJ
software (https://imagej.nih.gov/ij/ (accessed on 10 April 2022)).

2.6. Transwell Cell Migration Assay

OSCC cells were re-suspended in serum-free DMEM and plated in the inserts (2 × 104

cells/insert; 8 µm pore size) of the 24-well transwell system (Corning, New York, NY,
USA). The bottom wells were supplied with complete cell culture medium. After 24 h
under normal cell culture conditions, cells remaining on the upper side of the insert
membrane were removed by cotton swabs, while cells migrating to the underside of the
insert membrane were fixed with 4% formaldehyde (Merck, Darmstadt, Germany) and
stained with 0.05% crystal violet (Merck, Darmstadt, Germany). Images of the crystal violet
staining were captured by the Eclipse Ti-S microscope and analyzed by ImageJ software.

2.7. Immunohistochemistry (IHC)

Formalin-fixed, paraffin-embedded tumor tissue sections were immunostained using
the Bond-Max automated IHC stainer (Leica Microsystems, Wetzlar, Germany) according
to the manufacturer’s instructions and our previous report [24]. The primary antibodies
used for IHC staining in this study are listed as follows: goat anti-MRE11 polyclonal
antibody (Santa Cruz Biotechnology, Dallas, TX, USA); rabbit anti-CD44 polyclonal anti-
body (GeneTex, Hsinchu, Taiwan); rabbit anti-phospho-AKT (Ser473) monoclonal antibody
(clone 736E11; Cell Signaling Technology, Danvers, MA, USA). The percentage of positively
stained tumor cells in the tissue sections was scored as 0 (0–4%), 1 (5–24%), 2 (25–49%), 3
(50–74%), or 4 (75–100%), and the intensity of staining was scored as 0 (negative), 1 (weak),
2 (moderate), or 3 (strong). The total score for each tissue section was calculated through
multiplying the score of the percentage of positively stained cells by the score of the
intensity of staining. For analysis of the association between CD44 expression and clinico-
pathologic characteristics, total scores ≤ 9 were categorized as low CD44 expression, and
those > 9 were categorized as high CD44 expression. Images of IHC were captured by the
Eclipse E600 microscope (Nikon, Tokyo, Japan), and scoring of the immunostaining was
determined blindly and independently for each specimen by two pathologists under the
same imaging conditions.

2.8. Metastatic Mouse Model

The animal study was approved by the Institutional Animal Care and Use Committee,
Kaohsiung Medical University (IACUC approval no. 106094), and conformed to the AR-
RIVE guidelines 2.0 for preclinical animal studies. The procedures were adopted from our
previous reports [24,28]. MRE11-overexpressing CAL-27 cells, or empty vector-expressing
CAL-27 cells as control, were re-suspended in phosphate-buffered saline (2.5 × 105 cells
per mouse) followed by intravenous injection through the tail vein in six-week-old male
non-obese diabetic/severe combined immunodeficient (NOD/SCID) mice (n = 7 per group)
obtained from the National Laboratory Animal Center of Taiwan (https://www.nlac.narl.
org.tw/ (accessed on 10 April 2022)). The mice were housed in specific pathogen-free grade
cages at the Center for Laboratory Animals, Kaohsiung Medical University. Eight weeks

https://imagej.nih.gov/ij/
https://www.nlac.narl.org.tw/
https://www.nlac.narl.org.tw/
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post-injection, the mice were euthanized and sacrificed, and the lungs were collected for
further analysis by immunohistochemistry.

2.9. Oncomine Database Analysis

CD44 mRNA expression levels in OSCC tissues and non-cancerous oral tissues were
analyzed using the Oncomine database (previously operated on https://www.oncomine.
org/ (accessed on 24 July 2021)), which was established for comparisons of differential
gene expression [29]. All data analyzed on the Oncomine platform were log-transformed
and illustrated by median-centered boxplots as default.

2.10. The Cancer Genome Atlas (TCGA) Database Analysis

CD44 RNA-Seq datasets of the head and neck squamous cell carcinoma (HNSC)
in TCGA database were retrieved from TCGA website (Project ID: TCGA-HNSC; https:
//portal.gdc.cancer.gov/ (accessed on 5 August 2021)). Kaplan–Meier curves were applied
to compare the overall survival probability between low expression and high expression of
CD44 cohorts from the TCGA-HNSC patients.

2.11. Statistical Analysis

Statistical analysis was performed using SPSS software (IBM, Armonk, NY, USA).
Chi-square test was used to assess the association between CD44 expression and clinico-
pathologic characteristics. Log-rank test was used for overall survival analysis via TCGA
database. Student’s t-test was used for comparisons between experimental and control
groups. Pearson correlation was used to evaluate the correlation of protein expression by
IHC. For in vitro studies, data were presented as mean ± SEM from three independent
experiments. The results were considered statistically significant if p < 0.05.

3. Results
3.1. Expression of MRE11 and CD44 in OSCC Patients

To evaluate the expression level of MRE11 and CD44 in OSCC patients, we analyzed
the two proteins by immunohistochemical staining, which showed that a positive correla-
tion between MRE11 and CD44 protein expression was observed in OSCC tumor tissues
(p < 0.001; Figure 1A,B). We also analyzed CD44 expression in OSCC patients via the
Oncomine database, revealing that the CD44 expression level was higher in OSCC tumor
tissues compared to non-cancerous controls (p = 0.002; Supplementary Figure S1). Notably,
the elevated CD44 expression was found to be associated with lymph node metastasis
in our OSCC cohorts (p = 0.040; Table 1). In addition, a worse overall survival rate was
observed in patients with higher CD44 expression compared to those with lower CD44
expression in the TCGA-HNSC cohorts (p = 0.015; Figure 1C). These findings suggest that
the elevated CD44 expression in OSCC tumor tissues may serve a purpose for diagnosis
and prognosis as proposed [30]. Moreover, these clinical observations suggest a potential
for MRE11 that may influence CD44 expression in the regulation of cell behaviors of OSCC.

3.2. MRE11 Regulates CD44 Expression and Tumorsphere Formation in OSCC Cells

To explore the potential that MRE11 that may affect CD44 expression, we established
MRE11 overexpression or knockdown models in OSCC cells for the following investiga-
tions. First, we found that overexpression of MRE11 resulted in an increased CD44 protein
expression in CAL-27 (Figure 2A) and Ca9-22 OSCC cells (Supplementary Figure S2A),
whereas knockdown of MRE11 reduced the protein expression of CD44 in HSC-3 OSCC
cells (Figure 2A), suggesting that CD44 expression is regulated downstream of MRE11. As
CD44 is a hallmark for cancer stemness in a number of cancers, including OSCC [9,31],
we further examined the ability of cancer stem cell-like growth in OSCC cells under the
influence of differential MRE11 expression levels. As shown in Figure 2B and Supplemen-
tary Figure S2B, the ability of tumorsphere formation, which represents cancer cell growth
from self-proliferation [32], was enhanced in MRE11-overexpressing CAL-27 and Ca9-22

https://www.oncomine.org/
https://www.oncomine.org/
https://portal.gdc.cancer.gov/
https://portal.gdc.cancer.gov/
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cells, respectively. On the contrary, knockdown of MRE11 in HSC-3 cells showed a reduced
capacity of tumorsphere formation (Figure 2C). These results suggest that MRE11 may
promote malignant behaviors of OSCC by enhancing cancer stemness properties, such as
increased CD44 expression and tumorsphere growth ability in OSCC cells.

Figure 1. Correlation analysis for the expression of MRE11 and CD44 in OSCC tumor specimens
and survival analysis for differential CD44 expression levels in OSCC patients. (A,B) Representative
images of immunohistochemistry (IHC) staining for MRE11 and CD44 expression in the tumor tissue
sections from OSCC patients were presented in (A). The quantitative IHC scores were analyzed
with Pearson correlation (r) between MRE11 and CD44 in (B) (n = 88). (C) The overall survival
of OSCC patients was analyzed via TCGA RNA-Seq datasets (TCGA-HNSC) for the low CD44
expression group (CD44low; n = 192) versus the high CD44 expression group (CD44high; n = 307) with
log-rank test.
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Table 1. Association of CD44 expression with clinicopathologic characteristics in OSCC patients.

CD44

Variable Low High p-Value *
n (%) n (%)

Age 41 (46.6) 47 (53.4) –
years (mean ± SD) 52.0 ± 13.5 52.6 ± 13.2 0.830

Gender
Female 4 (80.0) 1 (20.0) 0.280
Male 37 (44.6) 46 (55.4)

Histologic grade
I 37 (46.3) 43 (53.7) 0.866
II 4 (50.0) 4 (50.0)

Tumor size
T1 + T2 27 (43.5) 35 (56.5) 0.516
T3 + T4 14 (53.8) 12 (46.2)

Lymph node metastasis
No 35 (53.8) 30 (46.2) 0.040
Yes 6 (26.1) 17 (73.9)

Pathologic stage
I + II 23 (45.1) 28 (54.9) 0.910

III + IV 18 (48.6) 19 (51.4)
* The p values were determined by Chi-square test for all variables except Age, which was determined by Student’s
t-test. –, not applicable.

3.3. CD44 Mediates MRE11-Promoted AKT Phosphorylation, Tumorsphere Formation, and
Migration Ability in OSCC Cells

The role of CD44 in MRE11-promoted malignant behaviors of OSCC cells was further
investigated in the MRE11 overexpression model combined with gene silencing for CD44.
We found that the phosphorylation of AKT, a downstream effector of the CD44 pathway
identified in several types of cancer cells [33–35], were elevated in MRE11-overexpressing
CAL-27 and Ca9-22 cells transfected with scramble siRNA, whereas these phenomena were
reversed in the counterpart MRE11-overexpressing OSCC cells transfected with siRNA
that targets CD44 (Figure 3A and Supplementary Figure S3A, respectively). Additionally,
the increased tumorsphere formation in MRE11-overexpressing CAL-27 and Ca9-22 cells
was suppressed when these cells were transfected with siRNA targeting CD44 compared
to those transfected with scramble siRNA (Figure 3B and Supplementary Figure S3B,
respectively). Our previous report showed that overexpression of MRE11 promoted the
migration ability of OSCC cells [24]. As the ability of cell migration has been recognized
as an important trait of cancer stemness for the potential of dissemination of cancer cells
from one tumor niche to another [36,37], we further examined whether CD44 involves
in this MRE11-promoted activity. Our results showed that the enhanced ability of cell
migration in MRE11-overexpressing CAL-27 and Ca9-22 cells was reversed in these cells
that were transfected with siRNA targeting CD44 compared to those transfected with
scramble siRNA (Figure 3C and Supplementary Figure S3C). These data together suggest
that CD44 may crucially mediate MRE11-promoted malignant behaviors of OSCC cells,
such as enhanced tumorsphere growth and cell migration ability, through activation of
AKT signaling.
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Figure 2. MRE11 regulates CD44 expression and tumorsphere formation in OSCC cells. (A) Total
protein lysates from CAL-27 cells carrying overexpression vector of MRE11 (MRE11-OE) or empty
vector (EV) and from HSC-3 cells carrying shRNA knockdown vector targeting MRE11 (shMRE11)
or shRNA vector targeting firefly luciferase (shLuc) were collected and analyzed by Western blot.
(B,C) CAL-27 cells carrying overexpression vector of MRE11 (MRE11-OE) or empty vector (EV)
in (B) and HSC-3 cells carrying shRNA knockdown vector targeting MRE11 (shMRE11) or shRNA
vector targeting firefly luciferase (shLuc) in (C) were collected and re-plated in ultra-low attachment
microplates for tumorsphere formation assay. Quantitation of tumorspheres was carried out for those
with diameter > 50 µm. Data were obtained from three independent experiments and presented
as mean ± SEM. Statistical difference was determined by Student’s t-test. * p < 0.05, ** p < 0.01,
*** p < 0.001.
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Figure 3. CD44 mediates MRE11-promoted AKT phosphorylation, tumorsphere formation, and
cell migration in OSCC cells. (A) Total protein lysates from CAL-27 cells carrying (i) empty vector
(EV) and siRNA containing a scramble sequence (si-scramble), (ii) overexpression vector of MRE11
(MRE11-OE) and siRNA containing a scramble sequence (si-scramble), or (iii) overexpression vector
of MRE11 (MRE11-OE) and siRNA targeting CD44 (si-CD44), were collected and analyzed by Western
blot. (B,C) CAL-27 cells carrying (i) empty vector (EV) and siRNA containing a scramble sequence
(si-scramble), (ii) overexpression vector of MRE11 (MRE11-OE) and siRNA containing a scramble
sequence (si-scramble), or (iii) overexpression vector of MRE11 (MRE11-OE) and siRNA targeting
CD44 (si-CD44), were collected and re-plated in ultra-low attachment microplates for tumorsphere
formation assay in (B), or re-plated in the inserts of transwell plates for transwell cell migration assay
in (C). Quantitation of tumorspheres was carried out for those with diameter > 50 µm. Data were
obtained from three independent experiments and presented as mean ± SEM. Statistical difference
was determined by Student’s t-test. * p < 0.05, ** p < 0.01.
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3.4. Correlation between CD44 Expression and AKT Phosphorylation in Tumor Tissues from
OSCC Patients and In Vivo Metastatic Xenograft Mice

The expression of CD44 and AKT phosphorylation were further investigated for their
clinical and in vivo relevance in relation to our in vitro findings. Notably, the expression
of CD44 was found to positively correlate with the expression of phosphorylated AKT
in the tumor tissues of OSCC patients (p = 0.020; Figure 4A). The in vivo metastasis with
regard to different MRE11 expression levels of OSCC cells was evaluated in a tail vein-
injected xenograft mouse model. As shown in Figure 4B, the mice injected with MRE11-
overexpressing CAL-27 cells developed metastatic lung nodules that expressed a higher
level of CD44 compared to that expression in control mice. Correlation analysis for these
metastatic lung nodules revealed a positive correlation between the expression of CD44
and phosphorylated AKT (p = 0.023; Figure 4C). These results further support the findings
from our in vitro investigation, and collectively suggest that the CD44-associated AKT
pathway may crucially mediate the MRE11-promoted OSCC malignancy.

Figure 4. Correlation analysis for the expression of CD44 and AKT phosphorylation in OSCC patients
and metastatic mouse model. (A) Representative images were presented for immunohistochemistry
(IHC) staining of CD44 and phosphorylated AKT (p-AKT) expression in the tumor tissue sections
from OSCC patients. The quantitative IHC scores were analyzed by Pearson correlation (r) between
CD44 and p-AKT (n = 20). (B,C) CAL-27 cells carrying overexpression vector of MRE11 (MRE11-OE)
or empty vector (EV) were collected and injected intravenously through the tail vein in mice. The
lungs were collected after 8 weeks post-injection for IHC analysis. In (B), representative images were
presented for IHC staining of CD44 in the metastatic lung nodules, and the quantitative IHC scores
were presented as mean ± SEM (n = 7 per group). Statistical difference was determined by Student’s
t-test. * p < 0.05. In (C), representative images were presented for IHC staining of CD44 and p-AKT
expression in the metastatic lung nodules from xenograft mice. The quantitative IHC scores were
analyzed by Pearson correlation (r) between CD44 and p-AKT (n = 14).
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4. Discussion

The impact of cancer stemness on oral cancer management has been increasingly
noted as the enhanced cancer stem cell-like properties, such as self-proliferation and
migration ability, signify the potential of recurrence and metastasis [8–10], yet the molecular
mechanisms with regard to these in OSCC cells remain to be elucidated. In this study, the
role of CD44 under the influence of MRE11 in OSCC cells was investigated, implicating
CD44 to be a crucial factor that mediates MRE11-promoted malignant behaviors of OSCC
cells through AKT signaling. As summarized in Figure 5, the cancer-promoting effect via
the route of MRE11-CD44-AKT may enhance tumorsphere growth and migration ability
of OSCC cells. In addition, our clinical analysis and the results from xenograft metastatic
mouse model further support these findings by unveiling a positive correlation between
the expression of CD44 and AKT phosphorylation in the OSCC tumor tissues.

Figure 5. Schematic diagram for the MRE11-CD44-AKT pathway in OSCC cells. The results of the
current study suggest that the CD44-associated AKT pathway may crucially mediate the MRE11-
promoted malignant behaviors of OSCC cells, such as tumorsphere growth and cell migration ability.

Our previous study showed that elevated MRE11 expression in OSCC patients was
associated with adverse cancer progression, such as increased tumor stage and lymph node
metastasis [24]. In addition, overexpression of MRE11 in OSCC cells exhibited enhanced
cell proliferation and migration ability, whereas knockdown of MRE11 reduced these
phenomena [24]. The current study further investigated the potential involvement of
cancer stemness in these MRE11-promoting effects, leading to the findings of CD44 as a
downstream effector of MRE11. While our current study provided evidence to reveal a
novel pathway linking MRE11 and OSCC malignancy through enhancement of cancer
stemness, there are also limitations in the interpretation of our data, and study areas to be
further investigated. For example, the results of our in vivo investigation by the tail vein-
injected metastatic model may be reinforced by an orthotopic xenograft model, where the
spontaneous metastasis occurring from orthotopic tumor sites provides potential mimicry
of the multi-step metastatic processes [38]. Furthermore, recent research from our group
and others have noted the nuclease-independent functions of MRE11 in transcriptional
activities [24,39], which are distinctive from the nuclease-dependent functions of MRE11
conventionally known for DNA damage repair. Future studies may also investigate into
this to distinguish the involvement of nuclease activity in MRE11 that leads to upregulated
CD44 expression in OSCC cells.

In conclusion, the newly identified pathway of MRE11-CD44-AKT unveiled in this
study adds to the growing body of research on the significance of cancer stemness to OSCC
malignancy, and these data may shed light on the development of novel therapeutic strate-
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gies, such as the potential via hyaluronic acid-based dual-targeting systems [40,41], to guide
the drug delivery that simultaneously targets MRE11 or AKT in CD44-overexprssing OSCC.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/jpm12050841/s1, Figure S1. Oncomine database analysis for CD44 expres-
sion in normal and OSCC subjects; Figure S2. MRE11 regulates CD44 expression and tumorsphere
formation in Ca9-22 OSCC cells; Figure S3. CD44 mediates MRE11-promoted AKT phosphorylation,
tumorsphere formation, and cell migration in Ca9-22 OSCC cells.
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