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Abstract
Nasal natural killer/T-cell lymphoma (NNKTL) is closely associated with Epstein-Barr virus (EBV) and is characterized by
poor prognosis, resulting from rapid progression of lesions in the affected organs. Recent data have shown that NNKTL is
associated with the aberrant expression of cyclin-dependent kinase 1 (CDK1) and its downstream target survivin, but little is
known about the functional roles of CDK1 and survivin in NNKTL. In the current study, we show that knockdown of the
EBV-encoded oncoprotein latent membrane protein 1 (LMP1) induces downregulation of CDK1 and survivin in NNKTL
cells. Immunohistochemistry detected CDK1 and survivin expression in LMP1-positive cells of NNKTL biopsy specimens.
Inhibition of CDK1 and survivin in NNKTL cells with several inhibitors led to a dose-dependent decrease in cell
proliferation. In addition, the Sp1 inhibitor mithramycin, which can downregulate both CDK1 and survivin, significantly
suppressed the growth of established NNKTL in a murine xenograft model. Our results suggest that LMP1 upregulation of
CDK1 and survivin may be essential for NNKTL progression. Furthermore, targeting CDK1 and survivin with Sp1
inhibitors such as mithramycin may be an effective approach to treat NNKTL, which is considered to be a treatment-
refractory lymphoma.

Introduction

Nasal natural killer/T-cell lymphoma (NNKTL) shows
distinct epidemiological, clinical, histological, and etiolo-
gical features compared to other malignant lymphomas, and
is more common in Asian countries than in the United
States and Europe [1]. NNKTL is characterized by pro-
gressive necrotic lesions with infiltration of many inflam-
matory cells, such as lymphocytes, monocytes, and
macrophages, mainly in the nasal or oral cavity, and man-
ifests poor prognosis resulting from rapid lesion progression
in the affected organs [1–4]. Our group was the first to
establish that Epstein-Barr virus (EBV) DNA, EBV-
oncogenic proteins, and clonotypic EBV genomes are pre-
sent in this lymphoma, indicating that EBV might play an
important role in lymphomagenesis [2, 5, 6]. With regard to
the expression of EBV-oncogenic proteins and mRNAs,
EBV nuclear antigen 1 (EBNA1) is expressed in NNKTL,
but other EBNAs are not [2, 7]. Although latent membrane
protein 1 (LMP1) mRNA is expressed in all tumors, the
protein is found to be expressed in only about 50% of
patients because of highly-methylated LMP coding
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sequences [2, 6–8]. Therefore, NNKTL is categorized as
representing an EBV infection with type II latency.

LMP1 is known to be pivotal in the EBV-mediated
transformation of B cells [9], and is regarded as an onco-
protein because it can induce the transformation of rodent
fibroblast cell lines in vitro [10]. Furthermore, these trans-
formed cell lines are tumorigenic in nude mice [10]. It is
therefore of great interest to clarify the involvement of
LMP1 in the tumorigenesis of NNKTL. We previously
showed that NNKTL cells produce several cytokines and
signaling molecules that may be regulated by LMP1, such
as interleukin-9 (IL-9), IL-10, interferon-γ-inducible protein
10, chemokine (C-C motif) ligand 17 (CCL17), CCL22, and
soluble intercellular adhesion molecule 1, and that these
play significant roles in the proliferation and invasion of
tumor cells in an autocrine manner [11–15]. We further
showed that LMP1 can induce upregulation of CD70 and
downregulation of micro-RNA-15a, resulting in prolifera-
tion [16, 17]. Thus, the roles of LMP1 in NNKTL are
gradually being elucidated.

Cyclin-dependent kinase 1 (CDK1), along with other
members of this family, controls cell cycle progression and
transcription and is regulated by the presence of cyclin
partners [18]. CDK1 is reported to partner with cyclins A
and B to promote G2/M phase progression [19]. Survivin is
an anti-apoptotic factor involved in regulating apoptosis and
mitotic spindle functions [20] and is phosphorylated at
Thr34 by the complex of CDK1-cyclin B. In the absence of
Thr34 phosphorylation, survivin is rapidly degraded,
resulting in the disruption of survivin-caspase 9 complexes
and leading to an increase in caspase 9-dependent apoptosis
in M phase [21, 22]. We previously found that survivin is
highly expressed in EBV-positive post-transplant diffuse
large B-cell lymphoma, and that treatment with CDK or
survivin inhibitors leads to the death of EBV-transformed B
cells [23]. Recent gene expression profiling using formalin-
fixed, paraffin-embedded (FFPE) tissues from NNKTL
patients has shown that NNKTL is associated with the
aberrant expression of CDK1 and survivin [24]. However,
little is known about the functional roles of CDK1 and
survivin and their association with LMP1 in NNKTL.

Here, we investigated the involvement of LMP1 in the
regulation of CDK1 expression and its downstream target
survivin, and the influence of inhibitors of these proteins on
proliferation in NNKTL. We demonstrate that LMP1
mediates the expression of CDK1 and survivin in NNKTL
cell lines. In addition, inhibitors of CDK1 and survivin,
such as mithramycin and terameprocol, reduced the pro-
liferation of NNKTL cells via the induction of apoptosis
and cell cycle arrest. Furthermore, mithramycin induced
anti-tumor effects in an NNKTL xenograft mouse model.
These results suggest that CDK1 and survivin over-

expressed by LMP1 are potential therapeutic targets for
the treatment of NNKTL.

Materials and methods

Ethics statement

This study was conducted in accordance with the principles
expressed in the Declaration of Helsinki, and was approved
by the Institutional Review Board of Asahikawa Medical
University. All subjects provided written informed consent
for the collection of samples and subsequent analysis.

Patients

Twelve NNKTL patients, 11 male and 1 female, 21–79
years of age with a median age of 64.5 years, were analyzed
in this study and were diagnosed according to the World
Health Organization classification of hematologic malig-
nancies [25] at the Department of Otolaryngology-Head and
Neck Surgery, Asahikawa Medical University (Asahikawa,
Japan) between 2003 and 2018.

Cell lines, reagents, and cell treatments

Two EBV and LMP1-positive NNKTL cell lines, SNK-6
and SNT-8 [26], were kindly provided by Dr. Norio Shimizu
(Tokyo Medical and Dental University, Tokyo, Japan).
KHYG-1 established from patients with NK-cell leukemia is
an EBV-negative NK-cell line and was purchased from the
Health Science Research Resources Bank (Osaka, Japan).
The EBV-negative T-cell leukemia cell line Jurkat was
purchased from the American Type Culture Collection
(Manassas, VA). SNK-6 and SNT-8 were cultured in
RPMI1640 supplemented with 10% human serum, penicillin
(100U/mL), streptomycin (100 g/mL), and recombinant
human IL-2 (700 U/mL). KHYG-1 was cultured in RPMI
1640 supplemented with 10% fetal bovine serum (FBS),
penicillin (100 U/mL), streptomycin (100 g/mL), and
recombinant human IL-2 (100 U/mL). Jurkat was cultured
in RPMI 1640 supplemented with 10% FBS, penicillin
(100U/mL), and streptomycin (100 g/mL). For treatment, the
cells were split to a concentration of 3 × 105 cells/mL 16 h
before treatment. Increasing concentrations of PD0332991
(Selleck Chemicals, Houston, TX), flavopiridol (Selleck
Chemicals), YM155 (Selleck Chemicals), terameprocol
(Sigma-Aldrich, St. Louis, MO), and mithramycin (Sigma-
Aldrich) at 10mM dissolved in dimethyl sulfoxide (DMSO;
Sigma-Aldrich) as a stock solution, or the corresponding
maximum volume of DMSO as a control, were added to the
cells. Cells were collected after 24, 48, and/or 72 h and
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subjected to analyses of mRNA and protein expression,
proliferation, and cell cycle.

RNA extraction and quantitative real-time
polymerase chain reaction (qPCR)

Total RNA was extracted using an RNeasy Mini Kit (Qia-
gen, Hilden, Germany). After DNase treatment (DNase free;
Applied Biosystems, Foster City, CA), 1 μg of total RNA
was used as a template for reverse transcription using a
High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems). qPCR for human and EBV mRNA was per-
formed using specific primers and probes for LMP1 as
described previously [27], CDK1, and survivin (Applied
Biosystems). All reactions were performed on a real-time
PCR machine (7900HT; Applied Biosystems) with TaqMan
Gene Expression Master Mix (Applied Biosystems). The
relative gene expression was calculated for each gene of
interest using the ΔΔCT method, where CT values were
normalized to the housekeeping gene hydroxymethylbilane
synthase (HMBS) [28].

Western blot analysis

Cell extracts were prepared in Laemmli buffer (4% SDS,
20% glycerol, and 120 mM Tris, pH 6.8). Electrophoresis
and transfer to a membrane were performed using the
NuPAGE system (Invitrogen, Carlsbad, CA). Antibodies
against LMP1 (CS1-4; Santa Cruz Biotechnology, Santa
Cruz, CA), CDK1 (Cell Signaling Technology, Danvers,
MA), survivin (71G4B7; Cell Signaling Technology), poly
ADP-ribose polymerase (PARP; Cell Signaling Technol-
ogy), β-actin (Sigma-Aldrich), and α-tubulin (Sigma-
Aldrich) were used for immunoblots.

MTS assay and cell cycle analysis

MTS assays were performed using the CellTiter 96 AQu-
eous One Solution Cell Proliferation Assay (Promega,
Madison, WI) as described previously [11, 13, 16]. For cell
cycle analysis, cells were harvested, washed in cold
phosphate-buffered saline (PBS), and fixed in 70% ethanol.
DNA was stained by incubating the cells in PBS containing
propidium iodide (50 mg/mL, Sigma-Aldrich) and RNase A
(100 mg/mL, Sigma-Aldrich) for 30 min at 37 °C. Cell cycle
data were collected using the FACSCanto II (BD Bios-
ciences, San Jose, CA) and analyzed using FlowJo software.

RNA interference for LMP1

Transfection of siRNA was carried out using the Neon
Transfection System (Invitrogen) as described previously

[17]. Briefly, 2.5 × 105 cells suspended in 10 µL of buffer
containing 50 nM siRNAs were electroporated using three
pulses of 1500 V for 10 ms. After electroporation, cells were
resuspended in fresh media and analyzed after 48 h. Silencer
Select siRNA against LMP1 was synthesized by Applied
Biosystems, with the siRNA target sequence to LMP1
mRNA being aacugguggacucuauugguu [29]. Silencer Select
Negative Control #1 siRNA was also purchased from
Applied Biosystems.

Immunohistochemistry and in situ hybridization

FFPE samples were prepared from pretreated biopsy tissues
of NNKTL patients or from subcutaneous tumors of mice
transplanted with SNK-6 cells and were cut into 4-µm thick
sections. We used anti-CD56 (1:50, Novocastra, Newcastle
Upon Tyne, UK), anti-LMP1 (CS1-4, 1:100, Dako,
Glostrup, Denmark), anti-CDK1 (E161, 1:500, Abcam plc,
Cambridge, UK), and anti-survivin (71G4B7, 1:400, Cell
Signaling Technology) as the primary antibodies. The
Envision HRP System (Dako) was used for visualization of
the signals. For antigen retrieval, slides were treated with
Target Retrieval Solution pH 9 (Dako, for use with CD56
and LMP1 antibodies) or 10 mmol/L citric acid buffer at pH
6.0 (for use with CDK1 and survivin antibodies) using a
Decloaking Chamber (Biocare Medical, Pacheco, CA) for
10 min at 110 °C. Serial sections were used for CD56,
LMP1, CDK1, and survivin staining. A case was considered
as CDK1 or survivin positive if ≥10% of the CD56-positive
tumor cells were also CDK1 or survivin positive as pre-
viously described by other groups [30–32]. EBV-encoded
small RNA (EBER) in FFPE tissue sections was detected by
in situ hybridization (ISH) as previously described [2].
Two-color immunohistological studies were performed
on 4-μm-thick FFPE tissue sections using the EnVision™
G|2 Doublestain System (Dako). Anti-LMP1 (1:100), anti-
CDK1 (1:50), and anti-survivin (1:100) antibodies
were used. Prior to two-color staining, slides were placed
in a 10 mmol/L citric acid buffer at pH 6.0 and
underwent antigen retrieval for 15 min at 750W in a
microwave oven.

Mice

Six-week-old female NOD/Shi-scid/IL-2Rγnull (NOG) mice
were obtained from the Central Institute for Experimental
Animals (Kawasaki, Japan) and were maintained under
specific pathogen-free conditions in the Animal Laboratory
of the Center for Advanced Research and Education, Asa-
hikawa Medical University (Asahikawa, Japan). All animal
experiments were approved by the Institutional Animal
Care and Use Committee of Asahikawa Medical University.
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Therapeutic protocols and evaluation of anti-tumor
effects

NOG mice were injected subcutaneously with 5 × 106 SNK-
6 cells in a shaved flank as described previously [33].
Mithramycin was dissolved in PBS and administrated
intraperitoneally at 0.2 mg/kg, three times per week, starting
when tumor sizes reached approximately 25 mm2 (day 0).
Control mice received an equal volume of PBS. Tumor
growth was monitored every 3–4 days in individually tag-
ged mice by measuring two opposing diameters with a set
of calipers. Mice were euthanatized and tumors were
weighed when the tumor area of the control group on
average reached approximately 400 mm2 (day 25).

Statistical analyses

An unpaired Student’s t-test was used to compare tumor
weights between mithramycin-treated and control mice.
Differences in tumor sizes between populations over time
were analyzed for significance using a two-way ANOVA.
P < 0.05 was considered statistically significant. All ana-
lyses and graphics were performed using GraphPad Prism 5
(GraphPad Software).

Results

Knockdown of LMP1 in NNKTL cells induces
downregulation of CDK1 plus survivin and apoptosis

To investigate whether LMP1 is involved in the expression
of CDK1 and survivin in NNKTL, we first performed

LMP1 siRNA transfection in the SNK-6 and SNT-8 cell
lines, which were established from human primary NNKTL
lesions and are positive for LMP1 [26]. As shown in
Fig. 1a, qPCR showed that the expression of LMP1 was
reduced in transfected SNK-6 and SNT-8 cells. The
expression of CDK1 and survivin was also downregulated
in both cell lines, concomitant with the knockdown of
LMP1. Western blot confirmed that CDK1 and survivin
expression were decreased in the LMP1 siRNA-transfected
cells (Fig. 1b). Concomitantly, the cleavage of PARP,
which repairs damaged DNA in malignant cells and is
inactivated by caspase cleavage, was observed in both lines
(Fig. 1b). We also examined whether the direct knockdown
of CDK1 or survivin using siRNA induces the cleavage of
PARP to confirm that CDK1 and survivin play significant
roles in the control of apoptosis in NNKTL cells. In SNK-6
and SNT-8 cells transfected with CDK1 or survivin siRNA,
the increased cleavage of PARP was detected concurrently
with the reduction of CDK1 or survivin protein (Supple-
mentary Figure S1). To strengthen our results regarding the
regulation of CDK1 and survivin expression by LMP1, we
further examined the expression of both molecules in
NNKTL cells cultured with or without IL-2, because IL-2
is important to maintain the expression of LMP1 in
NNKTL cells [12]. As shown in Supplementary Fig-
ure S2a, the expression of LMP1 mRNA was reduced in
IL-2-starved SNK-6 cells after 24 and 48 h cultures com-
pared to IL-2-treated SNK-6 cells, whereas the expression
of EBNA-1 mRNA did not change. Western blot analysis
showed that the expression of LMP1 protein was also
decreased in SNK-6 cells cultured without IL-2, con-
comitant with the cleavage of PARP (Supplementary Fig-
ure S2b). Under starvation of IL-2, which indirectly

Fig. 1 Knockdown of LMP1
induces downregulation of
CDK1 and survivin expression
and apoptosis in NNKTL cells. a
qPCR analysis of LMP1, CDK1,
and survivin expression in SNK-
6 and SNT-8 cells 48 h after
transfection with either negative
control or LMP1 siRNA.
Expression of mRNA is shown
relative to that of control cells.
Data represent the mean ± SEM
of three independent
experiments. b Western blot
analysis of PARP, LMP1,
CDK1, and survivin expression
in the same cells used in (a),
with β-actin used as a loading
control
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resulted in decreased expression of LMP1, the mRNA and
protein expression of CDK1 and survivin were expectedly
downregulated in NNKTL cells (Supplementary Fig-
ures S2c and d). Moreover, we performed gene expression
profiling using this model to examine the expression of
other CDK and baculoviral IAP repeat-containing (BIRC)
genes. As shown in Supplementary Figure S2e, using a

1.5-fold change and P < 0.05 as cut-offs, only 5 genes
including CDK1 and survivin (CDK1, CDK2, BIRC3,
XIAP, and survivin) were upregulated in IL-2-treated cells
compared to IL-2-starved cells. These results indicate that
LMP1 plays an important role in the regulation of CDK1
and survivin expression and anti-apoptosis in NNKTL
tumor cells.

Fig. 2 Expression of CDK1 and
survivin in LMP1-positive
lymphoma cells of NNKTL
biopsy tissues. Representative
immunohistological features of
FFPE samples are shown. a The
nasal mucosa is infiltrated by
atypical lymphoid cells (H&E
staining). b ISH for EBER.
Nuclei of EBER-positive cells
are stained brown. c Staining for
CD56. d Staining for LMP1. e
Staining for CDK1. f Staining
for survivin. Serial sections were
used for c–f. Scale bar in a–f is
100 μm. g Two-color
immunohistochemistry of CDK1
(brown) and LMP1 (red). h
Two-color
immunohistochemistry of
survivin (brown) and LMP1
(red). In g and h, nuclei are
mainly stained brown in CDK1-
or survivin-positive cells, while
the cytoplasm is mainly stained
red in LMP1-positive cells.
Scale bar in g and h is 25 μm
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LMP1-positive lymphoma cells express CDK1 and
survivin in NNKTL tissues

We next performed immunohistochemical staining to
examine whether CDK1 and survivin are expressed in
lymphoma cells using biopsy tissues from 12 NNKTL
patients. Atypical lymphoid cells infiltrated the nasal
mucosa (Fig. 2a) and were positive for EBER (Fig. 2b) in

all samples. In addition, CD56 was also expressed in all 12
patients (Fig. 2c). Eight of 12 samples (67%) were positive
for LMP1 (Fig. 2d). Staining using serial sections showed
that CDK1 and survivin were expressed in 6 (75%) and 7
(88%) of 8 LMP1-positive samples respectively and that
CD56 and LMP1-positive lymphoma cells were pre-
ferentially localized at CDK1 and survivin-expressing areas
(Fig. 2c–f). To confirm that LMP1-positive tumor cells

Fig. 3 Sp1-inhibitors mithramycin and terameprocol suppress pro-
liferation of NNKTL cells. SNK-6 cells were cultured with various
concentrations of mithramycin (inhibitor of Sp1, a), terameprocol
(inhibitor of Sp1, b), flavopiridol (inhibitor of pan-CDK, e), YM155
(inhibitor of survivin, f), or PD0332991 (inhibitor of CDK4 and
CDK6, g) for 72 h. SNT-8 cells were cultured in the presence of

various doses of mithramycin (c) or terameprocol (d) for 72 h. EBV-
negative cell lines, KHYG-1 and Jurkat, were cultured with various
concentrations of mithramycin (h, j) or terameprocol (i, k) for 72 h.
The number of viable cells was measured by MTS assay. Presented
data (mean ± SEM) are relative to untreated (DMSO only) controls,
and all assessments were carried out in triplicate
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expressed CDK1 and survivin, two-color immunohisto-
chemical staining for LMP1 and CDK1 or survivin was
performed, and as a result, LMP1-positive cells co-

expressed CDK1 (Fig. 2g) and survivin (Fig. 2h). We fur-
ther examined the expression of CDK1 and survivin in 4
LMP1-negative samples using serial sections

Fig. 4 Treatment with Sp1
inhibitors decreases CDK1 and
survivin expression and induces
apoptosis and G2/M cell cycle
arrest in NNKTL cells. a SNK-6
cells were treated with 100 nM
mithramycin or 100 µM
terameprocol for 24, 48, and
72 h. CDK1 and survivin mRNA
expression were analyzed by
qPCR, with data (mean ± SEM)
shown relative to untreated
(DMSO only) controls. b SNK-6
cells were cultured with various
concentrations of mithramycin
(100, 330, and 1000 nM) or
terameprocol (1, 10, and
100 µM) for 48 h. Protein levels
of PARP, CDK1, and survivin
were analyzed by western blot,
with β-actin used as a loading
control. c Cell cycle analysis of
SNK-6 cells treated with vehicle
(untreated control) or 100 nM
mithramycin for 48 h was
performed by flow cytometry.
Black arrows indicate G1 phase
and white arrows indicate G2/M
phase
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(Supplementary Figure S3). CDK1 and survivin were also
expressed in 3 (75%) and 3 (75%) of 4 LMP1-negative
samples, respectively. However, the percentage of CDK1 or
survivin-positive cells in tumor cells was less than 50% in
LMP1-negative samples (Supplementary Figure S3), while

>50% of the tumor cells were positive for CDK1 or survivin
in LMP1-positive samples (Fig. 2c–h). These results sug-
gest that LMP1 might upregulate the expression of CDK1
and survivin not only in cultured cell lines, but also in the
lymphoma cells of NNKTL patients.

Sp1-inhibitors mithramycin and terameprocol
suppress NNKTL cell proliferation

We postulated that inhibiting CDK1 and survivin in
NNKTL cells might be effective in suppressing prolifera-
tion. Mithramycin and terameprocol are competitive inhi-
bitors of the Sp1 transcription factor, which mediates CDK1
and survivin expression [34]. We thus analyzed the pro-
liferation of SNK-6 and SNT-8 cells treated with mithra-
mycin or terameprocol by MTS assay. Both agents dose-
dependently suppressed the proliferation of SNK-6 (Fig. 3a,
b) and SNT-8 (Fig. 3c, d) to a significant extent. In contrast,
the pan-CDK inhibitor flavopiridol (Fig. 3e) and the sur-
vivin inhibitor YM155 (Fig. 3f) suppressed the proliferation
of SNK-6 moderately. The CDK4/6 inhibitor PD0332991
did not suppress proliferation (Fig. 3g). These results indi-
cate that the Sp1-inhibitors mithramycin and terameprocol
efficiently suppress the growth of NNKTL cells. We further
examined the effect of mithramycin and terameprocol
against the EBV-negative T-cell line Jurkat and the NK-cell
line KHYG-1 to compare with EBV-positive NNKTL cell
lines. Both agents also suppressed the proliferation of EBV-
negative cell lines (Fig. 3h–k). We found no significant
differences between NNKTL cell lines and EBV-negative T
and NK-cell lines treated with mithramycin (Fig. 3h, j),
while terameprocol showed a weak suppressive effect
against EBV-negative cell lines compared with NNKTL cell
lines (Fig. 3i, k).

Treatment with Sp1-inhibitors decreases CDK1 and
survivin expression and induces apoptosis and G2/M
cell cycle arrest in NNKTL cells

To confirm that Sp1-inhibitors indeed inhibit CDK1 and
survivin in NNKTL cells, we analyzed CDK1 and survivin
expression in mithramycin- or terameprocol-treated SNK-6
cells. As shown in Fig. 4a, qPCR indicated a time-
dependent decrease in the expression of CDK1 and survi-
vin after treatment with mithramycin or terameprocol.
Western blot analysis further confirmed these data and
showed that the expression of CDK1 and survivin was
dose-dependently decreased by a 48-h incubation with
mithramycin or terameprocol (Fig. 4b). A dose-dependent
increase in the cleavage of PARP was also observed, con-
comitant with the inhibition of CDK1 and survivin
(Fig. 4b), suggesting that mithramycin and terameprocol
induce apoptosis in SNK-6 cells. Additionally, we

Fig. 5 Expression of LMP1, CDK1, and survivin is detected in tumor
tissues from a murine xenograft model inoculated with SNK-6 cells.
NOG mice were injected subcutaneously with 2 × 106 SNK-6 cells in a
shaved flank. Thirty days later, mice were sacrificed and the tumors
collected, fixed with formalin, embedded in paraffin, and cut into 4-µm
thick sections. Representative immunohistological features of tumor
samples are shown. a Staining for CDK1. b Staining for survivin.
c Staining for LMP1. Scale bar, 100 µm
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performed flow cytometry cell cycle analysis of SNK-6
cells treated with or without mithramycin. As shown in
Fig. 4c, mithramycin decreased the G1 phase cell popula-
tion and increased the G2/M phase cell population. This
result indicates that G2/M cell cycle arrest is induced
through the inhibition of CDK1 and survivin by mithra-
mycin, consistent with the fact that CDK1 and survivin
have been reported to be expressed and function mainly in
the G2/M phase of the cell cycle.

Mithramycin shows anti-tumor effects in a murine
xenograft model of NNKTL

We then extended our investigation to an in vivo murine
xenograft model, using NOG mice inoculated subcutaneously
with SNK-6, to ascertain the importance of our in vitro
findings. To examine the expression of CDK1 and survivin,
we then performed immunohistochemical staining using
FFPE sections from these tumors. Tumor cells showed posi-
tive nuclear and cytoplasmic staining for CDK1 (Fig. 5a),
while the expression of survivin was detected in the nucleus
(Fig. 5b). Almost all tumor cells abundantly expressed LMP1
(Fig. 5c), suggesting that LMP1 might be associated with the
upregulation of CDK1 and survivin, not only in cultured
SNK-6 cells, but also in SNK-6 tumors grown in vivo.

Finally, we evaluated the therapeutic efficacy of
mithramycin in this subcutaneous xenograft model. After
tumor sizes reached approximately 25 mm2, mice were
treated either with vehicle (PBS) or mithramycin three times
per week. Treatment with mithramycin significantly
reduced mean tumor volume (Fig. 6a, P= 0.0254; Fig. 6b,
c) and weight (Fig. 6d; P= 0.0186) compared to PBS
controls. We further assessed whether apoptosis was
induced in tumors treated with mithramycin using immu-
nohistochemistry for the apoptotic markers, cleaved caspase
3 and PARP (Supplementary Figure S4). More tumor cells
were stained positively for cleaved caspase 3 and PARP in
tumors treated with mithramycin compared to tumors with
no treatment, suggesting that the increased apoptosis could
contribute to decreased tumor growth in the group treated
with mithramycin. These results indicate that mithramycin
might be a good candidate for the treatment of NNKTL.

Discussion

In the present study, we aimed to establish the functional
roles of CDK1 and survivin in NNKTL. We found that (1)
knockdown of LMP1 results in downregulation of CDK1
and survivin and apoptosis in NNKTL cells; (2) LMP1-
positive lymphoma cells from primary NNKTL tissues
abundantly express CDK1 and survivin; (3) the Sp1-
inhibitors mithramycin and terameprocol strongly suppress

the proliferation of NNKTL cells; and (4) mithramycin
exhibits anti-tumor effects in a NNKTL murine xenograft
model. Thus, the upregulation of CDK1 and survivin by
LMP1 may be essential for NNKTL progression, and tar-
geting CDK1 and survivin with Sp1-inhibitors such as
mithramycin could therefore represent a potential novel
therapy for the notoriously treatment-refractory NNKTL.

To the best of our knowledge, this is the first report to
describe that the direct knockdown of LMP1 induces down-
regulation of CDK1 expression in NNKTL cells. Suzuki
et al. [35] recently reported that the heat shock protein 90
inhibitor BIIB021 decreases the expression of LMP1 in
EBV-positive T and NK lymphoma cell lines. Interestingly,
BIIB021 also downregulated the protein levels of CDK1,
indicating that the decreased expression of LMP1 by
BIIB021 might induce downregulation of CDK1 expres-
sion. In regard to the regulation of survivin by LMP1 in
EBV-related tumorigenesis, Sun et al. [36] reported that
survivin expression was induced by LMP1 in NNKTL cells.
Several groups have also indicated that LMP1 can induce
the expression of survivin in nasopharyngeal carcinoma
[37–39]. In immunohistochemical analysis using tissue
samples from NNKTL patients, we found that the percen-
tage of CDK1 or survivin-positive cells among tumor cells
was more than 50% in LMP1-positive samples, whereas
10~50% of the tumor cells were positive for CDK1 or
survivin in LMP1-negative ones, suggesting that LMP1-
positive cases might express higher levels of CDK1 and
survivin than LMP1-negative cases in NNKTL, although
further study with a greater sample size is required to
evaluate this. Our results and the data of other researchers
therefore indicate that LMP1 is closely involved in the high
expression of CDK1 and survivin in NNKTL and naso-
pharyngeal carcinoma. On the other hand, Diamantopoulos
et al. [40] found that in patients with leukemic low-grade B-
cell lymphoma, survivin mRNA expression was sig-
nificantly higher in LMP1-negative patients than in LMP1-
positive patients, although the expression of protein levels
in patient samples and in vitro analysis using cell lines to
confirm this result were not examined, suggesting the pos-
sibility that the regulation of survivin by LMP1 might differ
among EBV-associated malignancies. In the present study,
we also confirmed that knockdown of LMP1 indeed induces
downregulation of survivin in NNKTL and results in the
promotion of apoptosis. However, it is possible that LMP1
indirectly upregulates the expression of survivin through the
induction of CDK1, because survivin has been reported to
be a target of CDK1 and cyclin B phosphorylation [21, 22].
Indeed, using qPCR, we showed that the expression of
CDK1 was more decreased than the expression of survivin
in LMP1 siRNA-transfected NNKTL cells (Fig. 1a). Thus,
while the expression of CDK1 may be directly regulated by
LMP1, survivin expression may be indirectly-regulated.
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Consistent with this, the pan-CDK inhibitor flavopiridol
was more effective than the survivin inhibitor YM155 in
reducing the viability of NNKTL cells, although the CDK4/
6 inhibitor PD0332991 was not effective (Fig. 3e–g). Thus,
targeting CDKs other than CDK4 and 6, particularly CDK1,
might be a more effective approach to control NNKTL cell
growth than just targeting survivin.

In regard to the mechanism of the upregulation of CDK1
by LMP1, previous studies have indicated that CDK1 is
activated by extracellular signal-regulated kinase (ERK)
signaling [41], and that LMP1 mediates ERK activation
[42]. This suggests that CDK1 upregulation by LMP1 in
NNKTL may be mediated via a mitogen-activated protein
kinase signaling pathway that includes ERK. Notably, a
recent study reported that survivin is upregulated by nuclear
factor-kappa B and phosphoinositide 3-kinase/Akt signaling
pathways activated by LMP1 [36], although as mentioned
above, CDK1 induced by LMP1 might also partially upre-
gulate survivin. Nevertheless, the precise signaling path-
ways mediating the regulation of CDK1 and survivin
expression by LMP1 in NNKTL remain to be explored.

Mithramycin and terameprocol are known to inhibit the
Sp1 transcription factor, blocking cell cycle progression by
inhibiting the expression of CDK1 and simultaneously
promoting apoptosis by inhibiting the expression of

survivin [34, 43]. In NNKTL cell lines treated with Sp1
inhibitors, we found that mithramycin suppressed pro-
liferation at a lower dose compared to terameprocol
(Fig. 3a–d). Moreover, CDK1 and survivin suppression and
cleavage of PARP were detected in SNK-6 cells treated
with 100 nM mithramycin, while terameprocol induced
these changes at a concentration of 100 μM (Fig. 4b). These
results suggest that mithramycin might be better for the
treatment of NNKTL than terameprocol, because mithra-
mycin could induce anti-tumor effects at lower doses. To
evaluate the anti-tumor effect of mithramycin for NNKTL
in vivo, we used NOG mice inoculated subcutaneously with
SNK-6 cells, and found that mithramycin treatment sig-
nificantly suppressed tumor growth via the induction of
apoptosis. On the other hand, mithramycin and ter-
ameprocol also suppressed the in vitro proliferation of
EBV-negative T and NK-cell lines (Fig. 3h–k). Interest-
ingly, the cell growth inhibitory activity of terameprocol
was stronger against NNKTL cells than against EBV-
negative T and NK cells. Thus, it is possible that mithra-
mycin and terameprocol inhibit the proliferation of EBV-
negative T and NK cells via a mechanism different from the
suppression of CDK1 and survivin upregulated by LMP1 in
EBV-positive NNKTL cells, and that terameprocol has a
selective anti-tumor effect against EBV-positive T and NK-

Fig. 6 Mithramycin shows anti-tumor effects in a murine xenograft
model inoculated with SNK-6 cells. The therapeutic effect of mithra-
mycin in NOG mice xenografted with 5 × 106 SNK-6 cells in a shaved
flank is shown. Mice (4 per group) were intraperitoneally treated with
either vehicle (PBS) or 0.2 mg/kg/day mithramycin, three times per
week, when tumor size reached approximately 25 mm2 (day 0). a
Treatment with mithramycin significantly reduced average tumor size

compared to no treatment (PBS controls). Data represent the mean ±
SD for each group of mice; significance was assessed by two-way
ANOVA (*P < 0.05). b, c Representative images of tumors treated
with or without mithramycin at day 25. d The weights of the tumors
were calculated on day 25. Data represent mean weight ± SD; sig-
nificance was assessed by unpaired Student’s t-test (*P < 0.05)
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cell malignancies compared to EBV-negative ones. Future
studies will be required to clarify whether there is a dif-
ference in drug specificity against T and NK cells with or
without EBV infection between mithramycin and ter-
ameprocol. Although we did not evaluate the anti-tumor
effect of terameprocol in the present study, Sun et al. [36]
have recently shown that terameprocol inhibits the growth
of tumors in nude mice subcutaneously inoculated with
SNT-8 cells transfected with a plasmid overexpressing
LMP1 (enhancing the expression of survivin). In view of
the suppressive effect of CDK and survivin inhibitors
in vitro and in vivo on the proliferation and survival of
NNKTL cells documented by us and other investigators
[36], it is tempting to propose clinical studies of these
agents in NNKTL patients. Mithramycin, which is an aur-
eolic acid-type polyketide isolated from Streptomyces, was
originally evaluated as a chemotherapeutic agent in patients
with a variety of malignancies during the 1960s [44–46] and
is an FDA-approved chemotherapeutic agent (NSC 24559)
that is effective against testicular carcinoma and chronic
myeloid leukemia. YM155, flavopiridol, and terameprocol
have also shown a good pharmacological profile in several
clinical trials [47–51], and flavopiridol is currently in a
phase II clinical trial for relapsed or refractory acute
myeloid leukemia (NCT02520011). Thus, CDK and survi-
vin inhibitors such as mithramycin and flavopiridol could be
readily developed for clinical use as therapeutic agents in
NNKTL. Although the prognosis of patients with early-
stage NNKTL has been gradually improving, as shown in
previous reports by several groups including our own [52,
53], overall prognosis remains quite poor, especially in
the late stages and during disease recurrence. We believe
that our findings provide preclinical evidence of the
potential of CDK and survivin inhibitors, especially
mithramycin, as novel therapeutic strategies for the treat-
ment of NNKTL.
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