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Abstract
MRE11, the nuclease component of RAD50/MRE11/NBS1 DNA repair complex which is essential for repair of DNA
double-strand-breaks in normal cells, has recently garnered attention as a critical factor in solid tumor development. Herein
we report the crucial role of MRE11 in oral cancer progression in a nuclease-independent manner and delineate its key
downstream effectors including CXCR4. MRE11 expression in oral cancer samples was positively associated with tumor
size, cancer stage and lymph node metastasis, and was predictive of poorer patient survival and radiotherapy resistance.
MRE11 promoted cell proliferation/migration/invasion in a nuclease-independent manner but enhanced radioresistance via a
nuclease-dependent pathway. The nuclease independent promotion of EMT and metastasis was mediated by RUNX2,
CXCR4, AKT, and FOXA2, while CXCR4 neutralizing antibody mitigated these effects in vitro and in vivo. Collectively,
MRE11 may serve as a crucial prognostic factor and therapeutic target in oral cancer, displaying dual nuclease dependent
and independent roles that permit separate targeting of tumor vulnerabilities in oral cancer treatment.
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Introduction
Oral squamous cell carcinoma (OSCC) is the 6th most
common cancer worldwide [1], and it is particularly prevalent in Southeast Asian countries, with Taiwan reporting
the highest global incidence [2, 3]. Despite diagnostic and
therapeutic advances, 5-year survival globally remains
at ~50% [1].
Recently MRE11, the nuclease component of the
RAD50/MRE11/NBS1 (MRN) nuclease complex, has
attracted attention as a potential key factor in the growth,
invasion, and metastasis of a number of solid tumors
including breast, lung, ovarian, and colorectal cancer.
MRE11 is intimately involved in the DNA damage
response, preserving genomic integrity via both Homologous Recombination (HR) and nonhomologous end
joining pathways [4–9]. Although MRE11 is essential for
protection of genomic stability, with nuclease activity of
MRE11 shown to facilitate protection against oncogene
induced replication stress in B lymphocytes [10], it may
likewise exhibit maladaptive effects in the protection of
established tumors from exogenous and endogenous sources of DNA damage. The clastogenic effect of ionizing
radiation (IR) and chemotherapy is impaired in high
MRE11 expressing phenotypes of breast and lung cancers,
with recent data suggesting that high MRE11 expression
lung cancer phenotypes may be protected from endogenous
tumor related replication stress [11]. Furthermore, our previous study has shown that high MRE11 expression in
breast cancer tissues was associated with more malignant
behavior in breast cancer [11], whilst conversely MRE11
deﬁciency was associated with better disease-free and
overall survival and improved treatment response to chemotherapy in colorectal cancer [12]. However, there are
conﬂicting data regarding the role of MRE11 in carcinogenesis, with other studies ﬁnding that MRE11 may inhibit
rather than promote oncogene driven tumorigenesis and
metastasis [13]. This may reﬂect its complex and incompletely understood role in both protection of normal cell
phenotypes from genomic instability, and the facilitation of
cancer cell survival in the face of exogenous and endogenous DNA damage.
Nonetheless, the role of MRE11 in oral cancer remains to
be elucidated. In this study, we explored the role of MRE11
in oral cancer behavior in vitro and in vivo, and examined
whether MRE11 nuclease activity remains critical to oral
cancer progression. This was prompted by the observation
on cDNA microarray screening that MRE11 RNA expression was signiﬁcantly elevated in oral cancer tissues compared to adjacent noncancerous oral tissues in the same
patients (data not shown). Furthermore, we addressed the
possibility that elevated MRE11 expression in oral cancer
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tissues may be mediated by replication stress in the tumor
microenvironment.

Results
Elevated MRE11 expression promoted malignant
oral cancer cell behavior
To evaluate whether the expression of MRE11 is dysregulated in OSCC, we analyzed its expression in our OSCC
gene expression dataset and found that MRE11 mRNA is
upregulated in oral cancer tissues (T), in comparison to oral
noncancerous tissues (N) (Fig. 1A). Further analyses using
publicly available online databases showed similar results
(Fig. 1B). To assess whether MRE11 mRNA expression is
epigenetically regulated, we analyzed the correlation
between the DNA methylation level of MRE11 and its
mRNA expression level in the TCGA-HNSC dataset. A
signiﬁcantly negative correlation was observed between the
MRE11 mRNA level and DNA methylation level of a CpG
site (cg26262057) at the putative promoter region of
MRE11, regardless of whether all samples (n = 520, r =
−0.16, p < 0.001) or only HPV-negative samples (n = 73,
r = −0.25, p = 0.03) were included (Fig. 1C), suggesting
that MRE11 transcription may be regulated by DNA
methylation.
To conﬁrm whether expression of MRE11 protein was
also elevated in oral cancer tissues, immunohistochemical
analysis was performed and the results showed that MRE11
expression is relatively low in normal oral epithelium
compared to its expression level in oral cancer tissues (Fig.
1 D and E) (p = 0.0017). Further survival analyses
according to MRE11 protein expression in oral cancer tissues showed that the high MRE11 expression group had
decreased overall and progression-free survivals with p
values of 0.0002 and 0.04, respectively (Fig. 1F). In
agreement with these results, an online database also conﬁrmed that high MRE11 mRNA expression was associated
with decreased overall and progression-free survivals with p
values of 0.03 and 0.02, respectively (Table S1 and Fig.
1G).
The above clinical observations prompted us to study
whether MRE11 expression levels inﬂuenced oral cancer
cell behaviors. We ﬁrst determined the transwell migration
activity in oral cancer cell lines. As shown in Fig. S1A,
HSC-3 and OEC-M1 cells exhibited higher migration
activity than CAL27 and CA9–22 cells. To downregulate
the expression of MRE11 in oral cancer cells, we screened 4
different lentiviral clones and clone 1 showed the highest
knockdown efﬁciency and was used in later knockdown
studies (Fig. S1B). We also conﬁrmed the knockdown
efﬁciency of clone 1 by qRT-PCR (Fig. S1C). Using
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Fig. 1 (Continued)

lentiviral knockdown and overexpression approaches, we
decreased the expression of MRE11 in HSC-3 and OEC-M1
cells which have higher endogenous MRE11 expression,

while we increased MRE11 expression in CAL 27 and
CA9–22 cells which have lower endogenous MRE11
expression (Fig. S1D). After MRE11 knockdown, cell
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viability was decreased in oral cancer cells (Fig. S1E),
accompanied by decreased expression of phospho-AKT
(S473) and phospho-ERK1/2 (Fig. S1F). Knockdown of
MRE11 also led to decreased colony formation in oral
cancer cells (Fig. S1G). However, MRE11 overexpression
did not lead to increased cell viability in oral cancer cells
(Fig. S1E).
The effect of MRE11 expression on oral cancer cell
metastasis was analyzed in vitro. MRE11 knockdown
decreased, while its overexpression increased, oral cancer

cell migration as determined by wound healing assay (Fig.
2A). Further transwell migration and invasion assays also
showed similar results to the wound healing assay (Fig. 2B,
C). We further analyzed the involvement of epithelial-tomesenchymal transition (EMT) in MRE11-induced oral
cancer cell metastasis. Indeed, MRE11 knockdown
increased the expression of epithelial markers E-cadherin
and ZO-1, whilst decreasing expression of mesenchymal
markers vimentin, twist, and β-catenin (Fig. 2D). Conversely, MRE11 overexpression decreased expression of
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Fig. 1 Elevated MRE11 expression in oral cancer tissues is associated with decreased overall and progression-free survivals. A
Increased MRE11 mRNA expression in oral cancer tissues, in comparison to normal tissues, from our database. B Increased MRE11
mRNA expression in oral cancer tissues, in comparison to normal
tissues, reported in online databases. C A negative correlation between
MRE11A mRNA level and DNA methylation level in the putative
promoter region of MRE11, reported in an online database. D

Immunohistochemical staining for MRE11 protein expression in oral
noncancerous and cancer tissues. E Quantitative result for MRE11
expression in oral noncancerous and cancer tissues. F Overall survival
and progression-free survival for high and low MRE11 protein
expression groups from our dataset. G Overall survival and
progression-free survival for high and low MRE11 mRNA expression
groups reported in an online database.

epithelial markers and increased expression of mesenchymal markers (Fig. 2D).

mutant of MRE11, which is defective in DSB repair, did not
inhibit the oral cancer-promoting activities of MRE11 (Fig.
2H, I).
Radiotherapy is commonly used for oral cancer treatment
due to its ability to cause signiﬁcant DSBs in cancer cells.
Since MRE11 is a DNA double-strand break repair protein,
we addressed its effect on oral cancer cell viability upon IR
treatment. Knockdown of MRE11 decreased the viability of
oral cancer cells upon IR while its overexpression resulted
in the opposite effect (Figs. 3A and S2). Furthermore,
MRE11 knockdown increased DSBs while its overexpression decreased DSBs upon IR treatment, as determined by neutral comet assay (Fig. 3B). MRE11
knockdown increased the expression of the DSB marker
γH2AX, while its overexpression decreased γH2AX
expression (Fig. 3C). Further TUNEL study for determination of apoptotic cells also demonstrated that IR led to an
increase in TUNEL-positive cells upon MRE11

MRE11 nuclease activity is essential for
radioresistance and chemoresistance, but not cancer
cell migration, in oral cancer cells
Since MRE11 is a nuclease involved in DSB repair, it is
logical to subsequently determine whether the DSB nuclease activity of MRE11 is indispensable to its metastasispromoting activity. Mirin is a MRE11 nuclease inhibitor
and it induced oral cancer cell death at 25 and 50 μM, but
not at 12.5 μM, when compared with untreated controls
(Fig. S1H) [14]. As depicted in Fig. 2E, mirin decreased
nuclease activity of MRE11 and led to increased γH2AX
expression upon IR exposure. However, mirin did not
inhibit proliferation or migration in oral cancer cells with
MRE11 overexpression (Fig. 2F, G). Also, the H129N
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Fig. 2 (Continued)

knockdown, while MRE11 overexpression led to a decrease
(Fig. 3D). For analysis of the effect of MRE11 on IRinduced early apoptosis, Annexin V immunoﬂuorescent
staining was performed and showed that MRE11 knockdown increased Annexin V-positive cells while its overexpression had the opposite effect (Fig. 3E).

In addition to IR, we also used CDDP, a chemotherapeutic agent frequently used in oral cancer treatment for its
ability to cause DNA damage, to study the effect of MRE11
expression on CDDP-induced cancer cell death. MRE11
knockdown led to a decrease in cell viability but an
increase in comet tail formation, γH2AX expression,

3516

Y.-Y. Wang et al.

Fig. 2 (Continued)

TUNEL-positive cells, and Annexin V-positive cells, upon
CDDP treatment (Fig. S3A–E).

High MRE11 expression in oral cancer tissues was
associated with advanced cancer stage,
radioresistance, and chemoresistance
The effect of MRE11 expression, as determined by immunohistochemistry, was clinically correlated with the outcomes of radiotherapy and chemotherapy in oral cancer
patients. High MRE11 expression in oral cancer tissues was
associated with decreased overall survival following radioor chemotherapy, indicating a positive correlation with
radio- (Fig. 3F) and chemoresistance (Fig. S3F).
Since MRE11 expression was associated with resistance
to radio- and chemotherapy, we further analyzed the relationship between MRE11 expression and various clinical

behaviors. As shown in Table 1, high MRE11 expression in
oral cancer tissues was associated with larger tumor size,
increased lymph node metastasis, and advanced cancer
stage (Table 1). Patients with high MRE11 expression also
had a higher likelihood of receiving radiotherapy, but no
association was found with alcohol, betel nut chewing, or
cigarette smoking (Table 1). We also analyzed the connection between clinicopathological characteristics of
OSCC patients and overall survival. Larger tumor size,
lymph node metastasis, radiotherapy, and high MRE11
expression in cancer tissues were risk factors for decreased
overall survival in oral cancer patients, as determined by
univariate cox regression analysis (Table 2). However in
multivariable analysis, only larger tumor size, lymph node
metastasis, and high MRE11 expression in cancer tissues
were signiﬁcant risk factors (Table 2).
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MRE11 activates RUNX2, CXCR4, and AKT, while it
inhibits FOXA2, to promote EMT and tumor growth
and metastasis in oral cancer
The clinical association of high MRE11 expression with
malignant oral cancer behaviors and reduced patient survival
prompted us to further explore its role and underlying
mechanisms in oral cancer using cell models. Using
RT [15] Proﬁler PCR Array—Human Tumor Metastasis
(SABioscience), which evaluates 84 genes involved in different tumor metastasis pathways, we compared differential

RNA expression of tumor metastasis-associated genes when
MRE11 was overexpressed (Fig. S4A). In MRE11overexpressing cells, RNA expression of CXCR4, a cell
membrane protein involved in cancer cell migration and
invasion [12], was increased (Fig. S4A), but this was reversed
when cells were cotreated with siCXCR4 (Fig. S4B).
RUNX2 is a transcription factor that promotes CXCR4
expression [16, 17]. Further immunoblotting analysis
showed that RUNX2 expression was upregulated when
MRE11 was overexpressed, while its expression was
downregulated when MRE11 was knockdowned (Fig. 4A).
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Fig. 2 Metastasis-promoting activity of MRE11 in oral cancer cells
is independent of its nuclease activity. A MRE11 knockdown
decreased, while its overexpression increased, wound closure in oral
cancer cells. B MRE11 knockdown decreased, while its overexpression increased, transwell migration in oral cancer cells. C
MRE11 knockdown decreased, while its overexpression increased,
transwell invasion in oral cancer cells. D MRE11 knockdown
decreased, while its overexpression increased, epithelial-tomesenchymal transition in oral cancer cells. E Mirin, a MRE11

nuclease inhibitor, increased the expression of γH2AX, an indicator of
DSB, in oral cancer cells upon ionizing radiation exposure. F Mirin
treatment did not inhibit the proliferation-promoting activity of
MRE11 in oral cancer cells. G Mirin treatment did not inhibit the
migration-promoting activity of MRE11 in oral cancer cells. H
Nuclease-deﬁcient MRE11 with H129N mutation showed
proliferation-promoting activity. I Nuclease-deﬁcient MRE11 with
H129N mutation showed migration-promoting activity.

Immunohistochemistry analysis also showed a positive
correlation between the expression of MRE11 and RUNX2
in oral cancer tissues (Fig. 4B).
A positive correlation between the expression of RUNX2
and CXCR4, as determined by immunohistochemistry analysis, was observed in oral cancer tissues (Fig. 4C). Further
western blotting analysis conﬁrmed that CXCR4 expression
in oral cancer cells was decreased when MRE11 was
knockdowned (Fig. 4D). We then checked the association
between MRE11 and CXCR4 by immunohistochemistry
using oral cancer tissue specimens. As shown in Fig. 4E,
MRE11 and CXCR4 were positively correlated in primary

oral cancer tissues and CXCR4 was more highly expressed in
oral cancer tissues with lymph node metastasis.
Previous studies have reported that CXCR4 signaling is
involved in the establishment of lymph node metastasis in
oral cancer through AKT activation [18]. In this study, S473
phosphorylation of AKT was decreased upon MRE11
knockdown but was increased upon MRE11 overexpression
in oral cancer cells (Fig. 4F). Further study using clinical
oral cancer specimens conﬁrmed a positive correlation
between the expression of MRE11 and S473 phospho-AKT
(Fig. 4G). To determine whether AKT activation is indeed
the downstream effector of MRE11, MRE11-overexpressed
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cells were treated with wortmannin, a PI3K/AKT inhibitor,
and the result showed that MRE11-induced cancer cell
migration was indeed blocked by cotreatment with
wortmannin (Fig. 4H). CXCR4 knockdown also reversed
AKT phosphorylation in oral cancer cells induced by
MRE11 overexpression (Fig. 4I). In addition, AKT
phosphorylation induced by SDF, a CXCR4 ligand, in

MRE11-overexpressing cells was reversed by cotreatment
with CXCR4 mAb (Fig. 4J).
Transcription factor FOXA2, a member of the forkhead
box protein 2A/winged-helix family, binds to the promoter
of CDH1 and upregulates the expression of E-cadherin, the
gene product of CDH1 [19]. A previous study has
demonstrated that FOXA2 is hypermethylated in various
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Fig. 3 High MRE11 expression in oral cancer cells leads to chemoresistance, radioresistance, and decreased patient survival. A
The effect of MRE11 knockdown and overexpression on colony formation in oral cancer cells after ionizing radiation exposure. B The
effect of MRE11 knockdown and overexpression on comet tail formation, an indicator for DSBs, in oral cancer cells after ionizing
radiation treatment. C The effect of MRE11 knockdown and overexpression on γH2AX expression, an indicator for DSBs, in oral

cancer cells after ionizing radiation exposure. D The effect of MRE11
knockdown and overexpression on oral cancer cell apoptosis, determined by TUNEL positivity, after ionizing radiation treatment. E The
effect of MRE11 knockdown and overexpression on oral cancer cell
apoptosis, determined by Annexin V positivity, after ionizing radiation
treatment. F The effect of MRE11 expression, determined by IHC, on
overall survival of oral cancer patients after radiotherapy.

cancer cell lines [20]. To explore the underlying mechanisms of MRE11-induced oral cancer cell metastasis, the
expression of FOXA2 was analyzed. MRE11 knockdown in
oral cancer cells led to increased expression of FOXA2,
which was blocked by cotreatment with SC79, an AKT
activator (Fig. 4K). FOXA2 is a transcriptional factor
which, when activated, moves to the nucleus to activate the
transcription of downstream effectors including E-cadherin
[21]. While FOXA2 stayed in the cytosol when MRE11 was
overexpressed, it moved to the nucleus when MRE11overexpressing cells were cotreated with wortmannin (Fig.
4L). However in MRE11-knockdowned cells, FOXA2
moved to the nucleus (Fig. S5A). We also observed a
negative correlation between the expression of MRE11 and
FOXA2 in both oral cancer tissues and metastatic lymph
nodes (Fig. 4M), and a negative correlation between the
expression of S473 phospho-AKT and FOXA2 (Fig. 4N). A
negative correlation between MRE11 and E-cadherin
expression and a positive correlation between FOXA2 and
E-cadherin (a downstream effector of FOXA2) expression
were also observed in oral cancer tissues (Fig. S5B, C).
Furthermore, a positive correlation between MRE11 and

CXCR4 expression and a negative correlation between both
MRE11/FOXA2 expression and CXCR4/FOXA2 expression were observed from heat map view and scatter/correlation plot using oral cancer microarray datasets from
ONCOMINE Cancer Proﬁling Database (https://www.
oncomine.org) (Fig. S5D).

MRE11-promotion of tumor growth and metastasis
was suppressed by inhibition of CXCR4 activity
Finally, the effect of MRE11 on oral cancer behaviors was
addressed with animal models. An orthotopic HSC3 oral
cancer model was developed in SCID mice by injecting
cancer cells into the buccal area of mice. Smaller tumor
volume was observed in MRE11 knockdown group
(shMRE11) compared to control group (shLuc) (Fig. 5A).
Tumor lesions were evaluated weekly with IVIS analysis,
and a signiﬁcantly lower luciferase activity determined by
total ﬂux was observed at 7th and 8th weeks in MRE11
knockdown group (shMRE11) compared to control group
(shLuc) (Fig. 5B). The luciferase activity was signiﬁcantly
lower in MRE11 knockdown group at sacriﬁce (Fig. 5C).
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Table 1 The association of
MRE-11 expression and
clinicopathological
characteristics of OSCC patients
using logistic regression.

Variables

Categories

Low
N (%)

Tumor size

45 (54.9) 37 (45.1)

T2–T4

35 (35.0) 65 (65.0)

Sex

Betel quid chewing

Cigarette smoking

Adj OR
(95% CI)

1

1

1.09
(0.42–2.94)

1.27
(0.47–3.59)

0.0071 1

1

2.26
(1.25–4.14)

9 (19.6) 37 (80.4)

2.28
(1.23–4.25)
1

4.49
(2.09–10.57)

4.43
(2.03–10.53)

I + II

59 (56.2) 46 (43.8) <0.0001 1

1

III + IV

21 (27.3) 56 (72.7)

3.39
(1.78–6.63)

No

62 (53.0) 55 (47.0)

Yes

18 (27.7) 47 (72.3)

Female

7 (63.6)

Male
Alcohol drinking

Crud OR
(95% CI)

71 (52.2) 65 (47.8) <0.0001 1

Yes

Radiotherapy

0.86

8 (42.1) 11 (57.9)

T1

Lymph node metastasis No

Pathologic stage

High
N (%)

72 (44.2) 91 (55.8)

II + III + IV

Table 2 Association between
clinicopathological
characteristics of OSCC patients
and overall survival.

p value

MRE11

Histopathological grade I
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4 (36.4)

3.42
(1.84–6.54)
0.0008 1

0.18

73 (42.7) 98 (57.3)

No

21 (45.7) 25 (54.3)

Yes

59 (43.4) 77 (56.6)

No

17 (43.6) 22 (56.4)

Yes

63 (44.1) 80 (55.9)

No

18 (52.9) 16 (47.1)

Yes

62 (41.9) 86 (58.1)

N

Variable

0.63

0.86

0.14

Univariate
HR (95% CI)

1

2.94
(1.55–5.76)

3.39
(1.74–6.87)

1

1

2.33
(0.68–9.15)

1.77
(0.46–7.55)

1

1

1.19
(0.59–2.38)

0.95
(0.43–2.07)

1

1

1.07
(0.50–2.25)

0.81
(0.34–1.86)

1

1

1.81
(0.82–4.07)

1.77
(0.21–1.51)

p value

Multivariable
HR (95% CI)

p value

–

–

II + III + IV

19

1.11 (0.38–2.61)

0.83

–

–

Tumor size

T1(<2 cm)

82

1

0.0006

1

0.02

T2–T4

100

3.21 (1.62–6.82)

Lymph node metastasis

No

136

1

Yes

46

3.78 (1.99–7.20)

MRE11

Low

80

1

High

102

4.23 (1.90–11.234)

Radiotherapy

No

117

1

Yes

65

Histopathological grade

I

The oral tumors were collected for immunohistochemistry
analysis for the expression of MRE11, Ki67, RUNX2,
CXCR4, phospho-AKT, and FOXA2. In agreement with
the in vitro and clinical data, knockdown of MRE11 led to
decreased expression of Ki67, CXCR4, and phospho-AKT,
but increased expression of FOXA2 (Fig. 5D–I). We also

163

1

2.61 (1.07–3.81)

2.26 (1.12–4.86)
<0.0001

1

0.004

2.71 (1.39–5.29)
0.0002

1

0.01

2.94 (1.26–8.03)
0.03

1

0.65

1.17 (0.60–2.31)

analyzed cervical lymph node (CLN) metastasis in the
orthotopic mouse model by using LN1-1 oral cancer cells, a
subline of OEC-M1 isolated from metastatic CLNs. Figure
5J shows an example of CLN metastasis demonstrated by
IVIS imaging and Fig. 5K shows H&E stains. The quantitative data of CLN metastasis showed decreased NLN
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metastasis in mice injected with oral cancer cells with
MRE11 knockdown. Of note, MRE11 knockdown in LN11 cells decreased cell viability at 72 h (Fig. S6A) and
decreased transwell migration at 24 h after incubation (Fig.
S6B). In orthotopic mouse model, MRE11 knockdown in
LN1-1 cells led to decreased total ﬂux (Fig. S6C) and
reduced tumor volume (Fig. S6D) of orthotopic oral tumors.

We also noticed decreased expression of mesenchymal
marker vimentin and increased expression of epithelial
marker E-cadherin in the above mentioned orthotopic tumor
model (Fig. S7A, B).
To study the effect of MRE11 expression on cancer cell
metastasis in vivo, we injected the oral cancer cells into the
perivitelline space of 2 days old zebraﬁsh embryos.
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Fig. 4 CXCR4, RUNX2, AKT, and FOXA2 are involved in MRE11-induced oral cancer metastasis. A MRE11 knockdown led to decreased
RUNX2 expression, while MRE11 overexpression led to increased RUNX2 expression, in oral cancer cells. B The correlation of RUNX2
expression in oral cancer tissues with MRE11 expression and lymph node metastasis in oral cancer patients. C A positive correlation between
RUNX2 and CXCR4 expression in oral cancer tissues. D CXCR4 expression in oral cancer cells was decreased when MRE11 was knockdowned.
E MRE11 and CXCR4 were positively correlated in primary oral cancer tissues and CXCR4 was more highly expressed in oral cancer tissues with
lymph node metastasis. F MRE11 knockdown led to decreased pAKT expression, while MRE11 overexpression led to increased pAKT
expression, in oral cancer cells. G The correlation between MRE11 and pAKT expression in oral cancer tissues. H Wortmannin, a PI3K/AKT
inhibitor, reversed the increased oral cancer migration induced by MRE11 overexpression. I CXCR4 silencing reversed the increased pAKT
expression caused by MRE11 overexpression. J CXCR4 blocking mAb reversed the increased pAKT expression caused by SDF-1, a CXCR4
activator, in MRE11-overexpressing oral cancer cells. K MRE11 knockdown in oral cancer cells led to increased expression of nuclear FOXA2,
which was partially reversed by cotreatment with AKT activator SC79. L MRE11 overexpression in oral cancer cells decreased the nuclear
expression of FOXA2 while treatment with wortmannin reversed the increased nuclear expression of FOXA2 induced by MRE11 overexpression.
M Correlation of MRE11 and FOXA2 expression in oral cancer tissues and metastatic lymph nodes. N Correlation of phospho-AKT and FOXA2
expression in oral cancer tissues and metastatic lymph nodes.
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Fig. 5 (Continued)

MRE11-knockdowned oral cancer cells showed decreased
migration into GFP-stained blood vessels, and MRE11overexpressed oral cancer cells showed increased migration
(Fig. 6A, B and Table S2). Using SCID mice tail vein
injection model, we observed increased lung metastasis,
evidenced by increased luminescence and tumor nodule
formation, in mice injected with MRE11-overexpressing
oral cancer cells (Fig. 6C, D). Furthermore, decreased
FOXA2 expression and elevated expression of MRE11,

Ki67, CXCR4, and S473-phospho-AKT were observed in
MRE11-overexpressing lung tumor nodules (Fig. 6E–H).
To explore potential treatment strategies for MRE11overexpressing oral cancers in vivo, we tested the efﬁcacy
of targeting CXCR4 with neutralizing antibody in mice
(Fig. 6I). Neutralizing CXCR4 antibody mitigated lung
metastasis promotion by MRE11 overexpression, as
evidenced by decreased luminescence and tumor nodule
formation.
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Fig. 5 MRE11 knockdown decreased orthotopic oral tumor
growth and cervical lymph node (CLN) metastasis with decreased
expression of CXCR4 and pAKT but increased expression of
FOXA2 in oral cancer tissues. A The effect of MRE11 knockdown in
oral cancer cells on orthotopic oral tumor volume. B The effect of
MRE11 knockdown in oral cancer cells on weekly total ﬂux of
orthotopic oral tumors. C The effect of MRE11 knockdown in oral
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cancer cells on total ﬂux of orthotopic oral tumors at sacriﬁce. D–I The
effect of MRE11 knockdown in oral cancer cells on the expression of
MRE11, Ki67, RUNX2, CXCR4, pAKT, and FOXA2 in oral tumor
tissues. J An example of CLN metastasis shown by IVIS imaging and
H&E stain. K Quantitative data of CLN metastasis in mice when
MRE11 expression in oral cancer cells was knockdowned.
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Discussion
This is the ﬁrst study to highlight the signiﬁcance of MRE11 in
oral cancer progression, and adds to the growing body of
literature indicating the importance of the chemokine receptor
CXCR4 in a multitude of cancers. We have shown that in
addition to its well recognized nuclease activity, MRE11 promotes EMT and cancer stemness through nuclease independent
activation of RUNX2, CXCR4, and AKT to inhibit FOXA2/Ecadherin, leading to cancer growth and metastasis, radio- and
chemoresistance, and poor survival in oral cancer patients (Fig.
6J). This pathway provides a range of potential downstream
therapeutic targets—in particular chemokine receptor CXCR4
—for which real-time clinical assessment with CXCR4 directed PET imaging has recently been developed [22].

Differential MRE11 nuclease and non-nuclease
dependent effects in oral cancer
Although elevated MRE11 expression was associated with
a more malignant cancer phenotype, disparate MRE11

A

Migraon

(-)

B

Incidence of metastasis (%)

(+)

nuclease and non-nuclease activities were found to mediate
distinct aspects of the cancer phenotype. MRE11 nuclease
dependent activity appears to be pivotal in clastogenic
resistance to chemo and radiotherapy, with speciﬁc MRE11
nuclease inhibitor (Mirin) and MRE11 nuclease-deﬁcient
mutant (H129N) resulting in increased sensitivity to clastogenic therapies. Consequently it appears that MRE11
nuclease activity, although protective of genomic integrity
in the normal cell phenotype, may be maladaptive in the
cancer phenotype by permitting tumor cell viability in the
face of exogenous DNA damage from clastogenic therapies
and endogenous DNA replication stress. Strikingly, inhibition of MRE11 nuclease activity had no effect on tumor
proliferation and metastasis, with our data indicating that
MRE11 may separately mediate these effects via a nuclease
independent pathway involving RUNX2—a transcription
factor which promotes CXCR4 expression, AKT activation,
and subsequent inhibition of FOXA2/E-Cadherin activity.
Although these nuclease dependent and independent activities appear to be responsible for disparate cancer behaviors,
mutual regulation may exist between these pathways with
RUNX2 deﬁciency previously shown to result in loss of
MRE11/RAD50/NBS1 DNA repair complex, indicating
that RUNX2 may be an upstream regulator of MRE11
nuclease activity [23]. Furthermore, AKT may inhibit
DSB repair in colon cancer cells via inhibition of MRE11
by p70S6 kinase [24], suggesting the presence of a
feedback loop between MRE11 and AKT [25]. This
feedback loop is not alone and has also been reported in
other couples, e.g., ZEB/miR-200, MDM2/p53, PI3K/
mTOR, and E2F1-C/EBPα [15, 26–29]. Mutual regulation
of MRE11 is therefore multifactorial and incompletely
elucidated, and may involve RUNX2 and AKT in a cell
type-dependent manner.
The nuclease-independent role of MRE11 in promotion
of EMT and metastasis in oral cancer cells was also tested
and conﬁrmed in lung cancer cells (data not shown).
Whether this mechanism is unique to oral and lung cancer
cells that we tested or is universal to various cancer cell
types merits further investigation.

MRE11 and CXCR4 signaling is not conserved across
different cell types
metastasis (-)
metastasis (+)
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shMRE11

Vector MRE11 OE

The MRE11 signaling pathway is not conserved across
different cell types, with our prior report indicating that
MRE11 mediates its effects in breast cancer via STAT3 and
its downstream effectors cyclin D, Myc, and BCL-xL [11].
In the current study, we did not observe similar involvement
of STAT3 in oral cancer (Fig. S8), suggesting that cell type
differences between oral cancer (squamous cell carcinoma)
and breast cancer (adenocarcinoma) may contribute to
differences in the MRE11-preferential signaling pathways.
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Fig. 6 (Continued)

Likewise, the chemokine receptor CXCR4 has multiple
upstream mediators, with upregulation in renal cell carcinoma described in response to hypoxia inducible factor
(HIF1a) [30] and galectin 1 [31], and in breast cancer with
angiotensin II type I receptor (AGTR-1) and NF kappa B
[32, 33].

Future clinical applications targeting CXCR4 for
treatment of MRE11-overexpressing oral cancer
Our ﬁndings suggest that MRE11 inhibition may pose an
attractive therapeutic target in oral squamous cell cancer,
but potential problems exist in balancing the complexity of

altering a potentially beneﬁcial (preservation of genome
integrity in the normal phenotype) and potentially maladaptive response (abrogation of the DDR to clastogenic
therapies and endogenous tumor replication stress), together
with the current paucity of suitable clinical antagonists, realtime functional DDR assays and noninvasive methods of
MRE11 quantiﬁcation. Nonetheless, DDR inhibitors present the next generation of anticancer therapeutic strategies,
with the PARP inhibitors in BRCA-mutant ovarian and
breast cancers the paradigm in this ﬁeld [34]. In this
regard, tumors expressing phosphomimetic (inactive)
MRE11 are more sensitive to the PARP inhibitor olaparib,
compared with those expressing unphosphorylatable
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Fig. 6 MRE11 expression in oral cancer cells is associated with
metastasis in zebraﬁsh and mouse models. A An example of oral
cancer cell migration in zebraﬁsh. B Quantitation of the effects of
MRE11 knockdown and overexpression in oral cancer cells on
migration in zebraﬁsh model. C The effect of MRE11 overexpression
in oral cancer cells on total ﬂux of lung metastasis. D The effect of
MRE11 overexpression in oral cancer cells on metastatic lung tumor
area. E–H The effect of MRE11 overexpression in oral cancer cells on

the expression of MRE11, RUNX2, CXCR4, and pAKT in metastatic
lung tumor tissues. I CXCR4 neutralizing antibody reverse the cancer
metastasis promoted by MRE11 overexpression in mouse model.
Representative microscopic views of the lung sections. Hematoxylinpositive blue-colored nodules indicate metastatic colony number
(Student’s t test) and tumor area (%) (Mann–Whitney U test). J
Schematic diagram for MRE11 signaling pathway and activity.

MRE11, suggesting that patients with elevated Plk1
expression may beneﬁt from olaparib treatment [35].
CXCR4 may currently provide a more mature therapeutic

target than MRE11. CXCR4 has been shown in this study to
be critical to OSCC invasion and metastasis, and has garnered attention in recent years for its role in multiple other

MRE11 promotes oral cancer progression through RUNX2/CXCR4/AKT/FOXA2 signaling in a. . .

tumor types, with overexpression in at least 23 other cancer
types [36]. The development of speciﬁc antagonists such as
balixafortide, which has recently completed Phase I clinical
trials in HER2 negative metastatic breast cancer, shows
promise [37]. Together with 68Ga-pentixafor/PET imaging,
this may allow the noninvasive real-time assessment of
CXCR4 speciﬁc therapies in the future [22].

Upstream regulators for MRE11 and the role of
replication stress
Upstream regulation and overexpression of MRE11 in oral
cancer remains one of the key issues to be resolved. Whilst
this study focused on the downstream events of MRE11 in
oral cancer, we have shown that MRE11 overexpression is
not simply reactive to replication stress, but is likely to be
a complex and multifactorial process comprising epigenetic regulation, mutual regulation, and other upstream
regulators. Cancer cells are constantly exposed to replication stress and replication-associated DDR, which may
in turn activate MRE11 expression [10, 38], but we found
no association between MRE11 expression and the
expression of phosphorylated ATM, phosphorylated ATR,
and γ-H2AX in oral cancer tissues (Fig. S9). Instead, our
results point towards epigenetic regulation playing a more
prominent role in MRE11 overexpression, with data
showing a signiﬁcant negative correlation with DNA
methylation at the putative promoter region (CpG site
cg26262057), regardless of HPV status. The upstream
regulation of MRE11 may also involve mutual regulation
by AKT/MRE11 and RUNX2/MRE11 as discussed previously, with other proposed factors including ribosomal
s6 kinase (Rsk), Polo-like kinase 1 (Plk1), and FGFR2.
Rsk and Plk1 both suppress DNA-damage checkpoint
signaling by phosphorylating and inhibiting MRE11
activity [35, 39], whilst FGFR2 regulates MRE11
expression through the MEK/ERK/POU1F1 pathway in
breast cancer [40].

Conclusions
In this study, we conclude that MRE11 may serve as a
crucial prognostic factor and therapeutic target in oral
cancer, displaying dual nuclease dependent and independent roles that permit separate targeting of tumor vulnerabilities to the DNA damage response and EMT,
migration and metastasis. CXCR4, a downstream effector
of RUNX2 transcription factor, presents an exciting
and viable target in oral cancer, with both antagonists and
CXCR4 directed imaging in the mature stage of
development.
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Materials and methods
Details of all methods are found in Supplementary
Information.
Acknowledgements This work was ﬁnancially supported by grants
from the Ministry of Health and Welfare (MOHW109-TDU-B-212134016, Health and welfare surcharge of tobacco products) of Taiwan
and from “Center For Intelligent Drug Systems and Smart Bio-devices
(IDS2B)” from The Featured Areas Research Center Program within
the framework of the Higher Education Sprout Project by the Ministry
of Education in Taiwan. This work was also supported by grants from
the Kaohsiung Medical University Hospital (KMUH105-5R32,
KMUH106-6R41, KMUH106-6R83, KMUH107-7R36), Kaohsiung
Medical University (Research Center Grant KMU-DK108005),
Kaohsiung Medical University Research Center Grant (Center for
Cancer Research KMU-TC108A04-0, KMU-TC108A04-1), the Ministry of Science and Technology, Taiwan (grant number 107-2314-B037-097), and Taiwan Bioinformatics Institute Core Facility
(National Core Facility Program for Biotechnology, MOST 109-2319B-400-001).

Compliance with ethical standards
Conﬂict of interest The authors declare no competing interests.
Ethics approval and consent to participate The procedures of this
study were approved by the Institutional Review Board of Kaohsiung
Medical University Hospital.
Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional afﬁliations.
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

References
1. Gupta N, Gupta R, Acharya AK, Patthi B, Goud V, Reddy S, et al.
Changing Trends in oral cancer—a global scenario. Nepal J
Epidemiol. 2016;6:613–9.
2. Chen TC, Wang CP, Ko JY, Yang TL, Lou PJ. The impact of
pathologic close margin on the survival of patients with early
stage oral squamous cell carcinoma. Oral Oncol. 2012;48:623–8.
3. Ghani WM, Doss JG, Jamaluddin M, Kamaruzaman D, Zain RB.
Oral cancer awareness and its determinants among a selected
Malaysian population. Asian Pac J Cancer Prev. 2013;14:1957–63.
4. D’Amours D, Jackson SP. The Mre11 complex: at the crossroads
of dna repair and checkpoint signalling. Nat Rev Mol Cell Biol.
2002;3:317–27.

3532
5. Dasika GK, Lin SC, Zhao S, Sung P, Tomkinson A, Lee EY.
DNA damage-induced cell cycle checkpoints and DNA strand
break repair in development and tumorigenesis. Oncogene.
1999;18:7883–99.
6. Petrini JH. The mammalian Mre11-Rad50-nbs1 protein complex:
integration of functions in the cellular DNA-damage response. Am
J Hum Genet. 1999;64:1264–9.
7. Symington LS. Mechanism and regulation of DNA end resection
in eukaryotes. Crit Rev Biochem Mol Biol. 2016;51:195–212.
8. Tauchi H, Kobayashi J, Morishima K, van Gent DC, Shiraishi T,
Verkaik NS, et al. Nbs1 is essential for DNA repair by homologous recombination in higher vertebrate cells. Nature.
2002;420:93–8.
9. Zhao S, Weng YC, Yuan SS, Lin YT, Hsu HC, Lin SC, et al.
Functional link between ataxia-telangiectasia and Nijmegen
breakage syndrome gene products. Nature. 2000;405:473–7.
10. Spehalski E, Capper KM, Smith CJ, Morgan MJ, Dinkelmann M,
Buis J, et al. MRE11 promotes tumorigenesis by facilitating
resistance to oncogene-induced replication stress. Cancer Res.
2017;77:5327–38.
11. Yuan SS, Hou MF, Hsieh YC, Huang CY, Lee YC, Chen YJ,
et al. Role of MRE11 in cell proliferation, tumor invasion,
and DNA repair in breast cancer. J Natl Cancer Inst.
2012;104:1485–502.
12. Chatterjee S, Behnam Azad B, Nimmagadda S. The intricate role
of CXCR4 in cancer. Adv Cancer Res. 2014;124:31–82.
13. Gupta GP, Vanness K, Barlas A, Manova-Todorova KO, Wen
YH, Petrini JH. The Mre11 complex suppresses oncogene-driven
breast tumorigenesis and metastasis. Mol Cell. 2013;52:353–65.
14. Herrero AB, Gutiérrez NC, Targeting, Ongoing DNA. Damage in
multiple myeloma: effects of DNA damage response inhibitors on
plasma cell survival. Front Oncol. 2017;7:98.
15. Brabletz S, Brabletz T. The ZEB/miR-200 feedback loop-a motor
of cellular plasticity in development and cancer? EMBO Rep.
2010;11:670–7.
16. Cohen-Solal KA, Boregowda RK, Lasfar A. RUNX2 and the
PI3K/AKT axis reciprocal activation as a driving force for tumor
progression. Mol Cancer. 2015;14:137.
17. Guo ZJ, Yang L, Qian F, Wang YX, Yu X, Ji CD, et al. Transcription factor RUNX2 up-regulates chemokine receptor CXCR4
to promote invasive and metastatic potentials of human gastric
cancer. Oncotarget. 2016;7:20999–1012.
18. Uchida D, Begum NM, Almofti A, Nakashiro K, Kawamata H,
Tateishi Y, et al. Possible role of stromal-cell-derived factor-1/
CXCR4 signaling on lymph node metastasis of oral squamous cell
carcinoma. Exp Cell Res. 2003;290:289–302.
19. Myatt SS, Lam EW. The emerging roles of forkhead box (Fox)
proteins in cancer. Nat Rev Cancer. 2007;7:847–59.
20. Song Y, Washington MK, Crawford HC. Loss of FOXA1/2 is
essential for the epithelial-to-mesenchymal transition in pancreatic
cancer. Cancer Res. 2010;70:2115–25.
21. Zhang Z, Yang C, Gao W, Chen T, Qian T, Hu J, et al. FOXA2
attenuates the epithelial to mesenchymal transition by regulating
the transcription of E-cadherin and ZEB2 in human breast cancer.
Cancer Lett. 2015;361:240–50.
22. Vag T, Steiger K, Rossmann A, Keller U, Noske A, Herhaus P,
et al. PET imaging of chemokine receptor CXCR4 in patients
with primary and recurrent breast carcinoma. EJNMMI Res.
2018;8:90.

Y.-Y. Wang et al.
23. Zaidi SK, Pande S, Pratap J, Gaur T, Grigoriu S, Ali SA, et al.
Runx2 deﬁciency and defective subnuclear targeting bypass
senescence to promote immortalization and tumorigenic potential.
Proc Natl Acad Sci USA. 2007;104:19861–6.
24. Piscitello D, Varshney D, Lilla S, Vizioli MG, Reid C, Gorbunova
V, et al. AKT overactivation can suppress DNA repair via p70S6
kinase-dependent downregulation of MRE11. Oncogene.
2018;37:427–38.
25. Radisavljevic Z. AKT as locus of cancer positive feedback loops
and extreme robustness. J Cell Physiol. 2013;228:522–4.
26. Hill L, Browne G, Tulchinsky E. ZEB/miR-200 feedback loop: at
the crossroads of signal transduction in cancer. Int J Cancer.
2013;132:745–54.
27. Nag S, Zhang X, Srivenugopal KS, Wang MH, Wang W, Zhang
R. Targeting MDM2-p53 interaction for cancer therapy: are we
there yet? Curr Med Chem. 2014;21:553–74.
28. Rishi L, Hannon M, Salome M, Hasemann M, Frank AK, Campos
J, et al. Regulation of Trib2 by an E2F1-C/EBPalpha feedback
loop in AML cell proliferation. Blood. 2014;123:2389–400.
29. Rozengurt E, Soares HP, Sinnet-Smith J. Suppression of feedback
loops mediated by PI3K/mTOR induces multiple overactivation of
compensatory pathways: an unintended consequence leading to
drug resistance. Mol Cancer therapeutics. 2014;13:2477–88.
30. Vanharanta S, Massague J. Hypoxia signaling-license to metastasize. Cancer Discov. 2013;3:1103–4.
31. Huang CS, Tang SJ, Chung LY, Yu CP, Ho JY, Cha TL, et al.
Galectin-1 upregulates CXCR4 to promote tumor progression
and poor outcome in kidney cancer. J Am Soc Nephrol.
2014;25:1486–95.
32. Helbig G, Christopherson KW 2nd, Bhat-Nakshatri P, Kumar S,
Kishimoto H, Miller KD, et al. NF-kappaB promotes breast cancer
cell migration and metastasis by inducing the expression of the
chemokine receptor CXCR4. J Biol Chem. 2003;278:21631–8.
33. Ma Y, Xia Z, Ye C, Lu C, Zhou S, Pan J, et al. AGTR1 promotes
lymph node metastasis in breast cancer by upregulating CXCR4/
SDF-1alpha and inducing cell migration and invasion. Aging.
2019;11:3969–92.
34. Minchom A, Aversa C, Lopez J. Dancing with the DNA damage
response: next-generation anti-cancer therapeutic strategies.
Therapeutic Adv Med Oncol. 2018;10:1758835918786658.
35. Li Z, Li J, Kong Y, Yan S, Ahmad N, Liu X. Plk1 phosphorylation of Mre11 antagonizes the DNA damage response. Cancer
Res. 2017;77:3169–80.
36. Balkwill F. The signiﬁcance of cancer cell expression of the
chemokine receptor CXCR4. Semin Cancer Biol. 2004;14:171–9.
37. Pernas S, Martin M, Kaufman PA, Gil-Martin M, Gomez Pardo P,
Lopez-Tarruella S, et al. Balixafortide plus eribulin in HER2negative metastatic breast cancer: a phase 1, single-arm, doseescalation trial. Lancet Oncol. 2018;19:812–24.
38. Taylor EM, Lindsay HD. DNA replication stress and cancer:
cause or cure? Future Oncol. 2016;12:221–37.
39. Chen C, Zhang L, Huang NJ, Huang B, Kornbluth S. Suppression
of DNA-damage checkpoint signaling by Rsk-mediated phosphorylation of Mre11. Proc Natl Acad Sci USA. 2013;
110:20605–10.
40. Huang YL, Chou WC, Hsiung CN, Hu LY, Chu HW, Shen CY.
FGFR2 regulates Mre11 expression and double-strand break
repair via the MEK-ERK-POU1F1 pathway in breast tumorigenesis. Hum Mol Genet. 2015;24:3506–17.

