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Background and aims: The spectral properties of enhanced green fluorescent protein (EGFP)
used in current visualizable animal models for nasopharyngeal carcinoma (NPC) result in a
limited imaging depth. Far-red fluorescent proteins have optimal spectral wavelengths that allow
deep tissue penetration, thus are well-suited for the imaging of tumor growth and metastases in
live animals. This study aims to establish an imageable animal model of NPC using far-red
fluorescent proteins. Methods: Eukaryotic expression vectors of far-red fluorescent proteins,
mLumin and Katushka S158A, were separately transfected into 5-8F NPC cells, and cell lines
stably expressing the far-red fluorescent proteins were obtained. These cells were intraper-
itoneally or intravenously injected into mice, and their tumorigenic and metastatic potential were
examined through fluorescence imaging. Finally, factors affecting their tumorigenic ability were
further assessed through testing side population (SP) cells proportion by flow cytometry.
Results: NPC cell line with high tumorigenicity and metastasis (5-8F-mL2) was screened out,
which stably expressed far-red fluorescent protein. Intraperitoneal and intravenous injection of 5-
8F-mL2 cells resulted in an abdomen metastasis model and a lung metastasis model. In addition,
NPC cell line without tumorigenicity (5-8F-Katushka S158A) was screened out. The percentage
of SP cells between 5-8F-mL2 and 5-8F-Katushka S158A was found different, suggesting that the
SP cell proportion may play a key role in the determination of cell tumorigenic ability. Con-
clusion: We successfully established animal models for NPC with high tumorigenicity and
metastasis using a super-bright far-red fluorescent protein. Owing to the super-brightness
and excellent wavelength parameters, these models may be applied as useful tools for intuitive
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and efficient monitoring of tumor growth and metastasis, as well as assessing the efficacy of

nasopharyngeal cancer drugs.

Keywords: Nasopharyngeal carcinoma; metastasis model; far-red fluorescent protein; fluorescence

imaging; side-population cell.

1. Introduction

Nasopharyngeal carcinoma (NPC), also known as
“Canton tumor” due to the high incidence in
Guangdong, China, is a malignant tumor of the
nasopharynx with a strong preference of region and
the crowd.'™® The occurrence site, which is adja-
cent with the eyes, ears, nose, throat, base of the
skull bone, brain, and other vital organs, is small
and hidden, and the symptom often changes,
making it difficult for clinical diagnosis.'>% Thus,
it is in an urgent need to establish NPC animal
models for the research on detection and treatment
of NPC tumors. Traditional animal models for
NPC, such as subcutaneous models without any
reporter gene, are measureable according to the
tumor size, but they cannot be dynamically traced
once tumor metastasis occurs in internal tissues
and organs.”® Recently, an animal model of NPC
based on the enhanced green fluorescent protein
(EGFP) was developed,” ! which enabled real-
time monitoring of growth and development of
NPC in vivo in subcutaneous models. However, the
excitation and emission wavelength of EGFP are
484 and 507 nm, respectively,'?>~'% which are far
from the near-infrared window, leading to a limited
penetration depth in tissue imaging.'® Therefore,
the selection of proper fluorescent protein is
essential for the development of NPC animal
models.

For a fluorescent protein to be effective for the
tissue imaging, it must have optimum wavelength
and brightness. Our group has previously obtained
a mono-far-red fluorescent protein mLumin'” (ex-
citation 587 nm, emission 621 nm) via the mutation
of S158A based on mKate. The brightness of
Katushka S158A was increased by 73% via the
mutation of S158A on Katushka (mKate dimer),
denoted as Katushka S158A.'® Based on these
studies, we aim to develop animal models for NPC
using far-red fluorescent proteins, and expect that
those models can be widely used for the dynamic
monitoring of tumor growth, metastasis, as well as
therapeutic evaluation.

2. Materials and Methods

2.1. Biomaterials

Highly metastatic NPC cell line (5-8F) was kindly
donated by Dr. Musheng Zeng. BALB/c nu/nu
mice (SPF) were purchased from the Department of
Experimental Animals, Hunan Slack Jingda Lab-
oratory Animal Co., Ltd. Genes of far-red fluor-
escent proteins (mLumin and Katushka S158A)
were constructed by our laboratory.

2.1.1.

The apparatus used was listed as follows: fluorescent
inverted microscope IX-70 (Olympus), FV1000 laser
confocal microscope (Olympus), GENios Plus
microplate reader (Tecan), homemade small animal
whole-body imaging system, FACSVantage flow
cytometer (BD), Guava easyCyte 6-2L (Millipore),
and COj incubator (Thermo Scientific).

Apparatus

2.1.2. Reagents

Reagents included RPMI 1640 cell culture medium
(Gibco), fetal bovine serum (FBS, Hyclone), MTS
kit (Promega), Verapamil (Sigma), and Hoechst
33342 dye (Amresco).

2.2. Methods

2.2.1. Screening NPC cell lines stably

expressing far-red fluorescent proteins

The far-red fluorescent protein genes were integrated
into the eukaryotic expression vector, which were
then transfected into 5-8F cells, respectively. By
combining limiting dilution and physical removal
with toothpicks, the NPC cell lines that stably
expressing far-red fluorescent protein (5-8F-mL2 and
5-8F-Katushka S158A) were screened out. The per-
centage of fluorescent cells in resuspended 5-8F, 5-8F-
mL2, and 5-8F-Katushka S158A cells were analyzed
by the Guava easyCyte 6-2L system. Then, the
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adherent cells were further imaged using a FV1000
laser confocal microscope with a 543 nm laser.

2.2.2.  FEvaluation of growth abilities of NPC

cell lines stably expressing far-red
fluorescent proteins

5-8F, 5-8F-mL2, and 5-8F-Katushka S158A cells
were seeded into 96-well plates (2 x 103 /well), with
RPMI 1640 containing 10% FBS, and the cell cul-
ture medium was replaced with fresh medium every
day. The average growth activity of cells in 5 wells
was detected each day using a MTS kit (Promega)
and this assessment continued for six days. A
microplate reader was employed to measure the
absorption with a wavelength filter 492/10 nm and
a reference wavelength of 620/10 nm.

2.2.3.

All animal studies were complied with the Hubei
Provincial Animal Care and Use Committee and
the animal experiment guidelines of the Animal
Experimentation Ethics Committee of Huazhong
University of Science and Technology. Female
4—6 weeks BALB/c nu/nu mice were purchased
from the Hunan SLAC Jingda Experimental Ani-
mals Co., Ltd. 5-8F-mL2 and 5-8F-Katushka S158A
cells were treated with trypsin, washed by precooled
PBS twice and resuspended at 1 x 107 cells/ml.
BALB/c nu/nu mice were subjected to intraper-
itoneal anesthesia with a mixture containing 10%
urethane and 2% chloral hydrate. Subsequently, the
cell suspension (200 wul, 2 x 106 cells) was hypo-
dermically implanted in the hind leg roots. There-
after, the tumorigenicity was monitored.

FEvaluation of in vivo tumorigenicity

2.2.4. Establishment of NPC intraperitoneal
metastasis model based on the far-red
fluorescent protein

5-8F-mL2 cells (2 x 105) were resuspended in 200 ul
PBS after washing twice by precooled PBS.
Subsequently, the mixture was intraperitoneally
injected into the abdominal cavity of the BALB/c

nu/nu mice. About 30 days later, the whole-body
optical imaging was conducted with excitation
wavelength at 562/40 nm, emission wavelength at
655/40 nm and exposure time of 5s. To subtract the
background, imaging was also performed with exci-
tation wavelength at 469/35nm, emission wave-
length at 655/40nm, and the exposure time of 5s.
Then, the mice were sacrificed by cervical vertebra
dislocation. The abdominal cavity was opened and
intestine was pulled out for the observation of
NPC metastasis. The filter setting were the same as
above, 1924

2.2.5. Establishment of NPC tail vein

metastasis model based on the far-red
fluorescent protein

5-8F-mL2 cells (2 x 10%) were resuspended in 300 pl
PBS. The mixture was injected into the nude mice via
tail vein injection. About 35 dayslater, the whole-body
optical imaging was performed using the same filter
settings described previously with exposure time of
10s. After the imaging, organs of the mice were dis-
sected for the observation of NPC metastasis through
fluorescence imaging with exposure time of 0.4s.

2.2.6. Measurement of SP proportion

in the cells

Cells were treated with trypsin, centrifuged, washed
with 5ml PBS twice, and resuspended in precooled
medium supplemented with 2% FBS at a final
concentration of 1 x 106 cells/ml. The cell suspen-
sion was added into sterile EP tubes (1 ml for each
tube and two tubes for each cell line). The dyes and
drugs were added according to Table 1. The fluor-
escent dye (Hoechst33342) was added to the tube at
a final concentration of 5 ug/ml. Cells were cultured
at 37°C for 90 min with interval shaking to prevent
the cells from sinking to the bottom and further
promote the binding of dyes to the cells. All the EP
tubes were placed into the icebox followed by a
centrifuge at 1000rpm, 4°C for 5min. After the
supernatant was discarded, cells were resuspended

Table 1. Pretreatment of 5-8F and 5-8F-mL2 cell lines before FCS measurement.
Dyes and drugs 5-8F  5-8F + verapamil 5-8F-mL2 5-8F-mL2 + verapamil
Verapamil (M) 0 50 0 50
Hoechst33342 (pg/ml) 5 5 5 5
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in 1ml PBS, and centrifuged again at 1000 rpm,
4°C for 5min. Finally, cells were resuspended in
200 pl PBS before the flow cytometric analysis. The
Hochest33342 blue and Hochest33342 red signals
were measured by the FACSVantage flow cyt-
ometer (BD), using a 450/55 nm bandpass filter and
a 675 nm longpass filter, respectively.?® 27

3. Results

3.1. Preparation and characterization
of stably far-red fluorescent protein
expressing cell lines

The NPC cell lines that stably expressing mLumin
and Katushka S158A were first screened out, which

denoted as 5-8F-mL2 and 5-8F-Katushka S158A,
respectively. To evaluate their fluorescent proper-
ties, flow cytometric analysis and confocal imaging
study were performed. As shown in Fig. 1(a), the
percentage of fluorescent cells in 5-8F-mL2 and
5-8F-Katushka S158A were 99.8 and 99.5%,
respectively. Compared to 5-8F-Katushka S158A
cells, 5-8F-mL2 cells showed significant higher flu-
orescence intensity, which equals to 5—6 times of
that of 5-8F-Katushka S158A (Fig. 1(b)). Consist-
ent with the flow cytometric analysis result, con-
focal imaging showed that almost all 5-8F-mL2 and
5-8F-Katushka S158A cells emitted fluorescence
(Fig. 1(c)). When the power of 543nm laser was
1.5%, the fluorescence intensity of 5-8F-mL2 was
saturated. With a lower laser power of 0.5%, the
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Fig. 1.

()

Flow cytometry analysis and fluorescent imaging of stable fRFP-expressing human NPC cell lines 5-8F-mL2 and 5-8F-

Katushka S158A. (a) and (b) Flow cytometry to quantitative measure the percentage of fluorescence protein-expressing cells, (b) is
the quantitative result from (a), **P < 0.01, ***P < 0.001. (c) Fluorescent imaging for the monoclonal cell lines that stably express

far-red proteins. Scale bar 20 pm.
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Fig. 2. Comparison of the growth ability of 5-8F, 5-8F-

Katushka S158A, and 5-8F-mL2 cell lines in vitro. No signifi-
cant difference is observed between these cell lines (statistics
analysis with two-tailed paired t-test).

fluorescence intensity of 5-8F-mL2 was similar
to that of 5-8F-Katushka S158A under a high
laser power of 1.5%. Thus, 5-8F-mL2 cells are
more suitable for the following in vivo studies than
5-8F-Katushka S158A cells.

3.2. Growth potential and
tumorigenicity of 5-8F-mL2
and 5-8F-Katushka S158A cells

To investigate whether the integration of fluor-
escent proteins will affect the growth abilities of
NPC, a cell proliferation assay was performed, and
these cells were further tested for tumorigenicity
in BALB/c nu/nu mice through subcutaneous
inoculation. As shown in Fig. 2, 5-8F-Katushka
S158A and 5-8F-mL2 showed no significant differ-
ence with 5-8F, which the corresponding two-tailed
p-value of 0.0874 and 0.9165, respectively. Ad-
ditionally, no significant difference was observed
between 5-8F-Katushka S158A and 5-8F-mL2 over
the studied period, suggesting that the growth
potential of 5-8F, 5-8F-Katushka S158A, and 5-8F-
mL2 was nearly the same at the cell level. After the
inoculation of 5-8F-mL2 cells in BALB/c nu/nu
mice, a small bulge appeared soon after the inocu-
lation of 5-8F-mL2, which shrank to a minimum size
in 3—4 days, and then it started to grow larger
steadily and a visible solid tumor formed in
seven days post the inoculation, and thereafter the
tumor size increased over time. For the mice
inoculated with 5-8F-Katushka S158A, a bulge also

formed and shrank to a minimum size in 3—4 days.
However, no solid tumor was observed during the
following 40 days (data not shown). Thus, 5-8F-
mL2 cell line was selected for further studies due to
its tumorigenic ability.

3.3. Intraperitoneal metastasis
of 5-8F-mL2 model for NPC

Next, we examined the tumorigenic and metastatic
ability of 5-8F-mL2 cells through intraperitoneal
injection. About 30 days after injection of 5-8F-mIL2
cells, results showed that symptoms of abdominal
swelling with a hard touch (Fig. 3(a)), abnormal
intestinal swelling and liver swelling (Fig. 3(c)) in
tumor-bearing mice. In addition, ascites were
observed and the small intestine was found abnor-
mally enlarged (Figs. 3(d) and 3(e)). Moreover, the
whole body fluorescence imaging was carried out to
investigate the location of the metastasis. As shown
in Figs. 3(c) and 3(e), there was strong fluorescent
signal throughout the abdominal cavity, indicating
that 5-8F-mL2 had spread throughout the ab-
dominal cavity. Moreover, the fluorescent signal
was mainly distributed in small intestine, large in-
testine, and mesentery with concomitant multiple
metastases, which was further confirmed by the
open window imaging, suggesting that an intra-
peritoneal metastasis model of NPC was success-
fully established.

3.4. Lung metastasis of 5-8F-mL2
model for NPC

To establish a NPC model that was different from
the intraperitoneal metastasis model, 5-8F-mL2
cells were injected into the BALB/c nu/nu mice via
tail vein injection. About 35 days later, the whole
body fluorescence imaging of nude mice were per-
formed, and subsequently their organs were col-
lected and imaged. As shown in Fig. 4(a), we were
able to observe strong fluorescent signal of 5-8F-
mL2 cells, which was likely located at the pulmon-
ary region. This was further confirmed by ex vivo
fluorescent imaging of the excised organs, which
showed that the metastasis only occurred in the
lung with no detectable signal in other organs, such
as the heart, brain, spleen, kidney, liver, and muscle
(Fig. 4(c)), suggesting that an imageable lung
metastasis model for NPC using 5-8F-mL2 cells was
established.
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Fig. 3. Representative images of 5-8F-mL2 NPC abdominal cavity metastases model in vivo. (a) Bright field, (b) fluorescent,
(c) merged images of external whole-body imaging of abdominal cavity metastasis, (d) bright field, (e) fluorescent, and (f) merge

images of internal imaging.

3.5. SP proportion in 5-8F-mL2
and 5-8F -Katushka S158A

Since 5-8F-mL2 and 5-8F-Katushka S158A cells are
both NPC cell lines expressing far-red fluorescent
proteins, and only 5-8F-mL2 cell line shows excel-
lent tumorigenic and metastatic ability, we aimed

to investigate the mechanism underlying this
difference. We preliminarily analyzed the difference
of tumorigenicity by measuring the SP cell content
using the initial 5-8F cell line without fluorescence
as a control. As shown in Fig. 5(a), the SP cell
proportion in 5-8F cells was 4.0% and dropped to
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Fig. 4. Representative images of 5-8F-mL2 lung metastases in vivo after intravenous injection. (a) Whole-body imaging of lung
metastasis, (b) bright field, and (c) representative fluorescent images of organs taken from a sacrificed mouse.

0.2% upon pretreatment with 50 uM ABCG2
(ATP-binding cassette half-transporter member 2 of
G family protein) inhibitor Verapamil, which could
block the ABCG2 activity to pump extrinsic dyes
out of cells,?® suggesting most of the gated cells were
SP cells. Compared with 5-8F cells, the percentage
of SP cells in 5-8F-mL2 cells (4.9%) was 1.23 times
of that in 5-8F cells (Fig. 5(b)), whereas the pro-
portion of SP cells in 5-8F-KS158A only accounted
for 13% of that in 5-8F cells, indicating that the cell
tumorigenic ability may be highly correlated with its
SP cell proportion.

4. Discussion

In this study, we obtained a NPC cell line (5-8F-mL2)
of high tumorigenicity and metastasis that stably
express far-red fluorescent proteins, and established
the corresponding animal models for subcutaneous
tumor and NPC metastasis. In addition, we screened
out a NPC cell line (5-8F-Katushka S158A) without
tumorigenicity, and found that the SP content may
play a role in the determination of tumorigenicity,
in which a higher SP proportion corresponds with
stronger tumorigenicity.

Previously, the animal model for NPC based on
EGFP was developed. However, the spectral prop-
erties of EGFP resulted in a high background and
limited imaging depth, especially for the obser-
vation of the lung and brain metastases, in which
only open window imaging can be operated.'' In
compassion, 5-8F-mL2 is a NPC cell line expressing
super-bright far-red fluorescent protein. Since
mLumin has relatively low absorption by the tis-
sues, long penetration depth in organs and ultra-
high expression in 5-8F-mL2 cells,'" % we could
observe the lung metastasis in the nude mice
directly without the open window imaging. The new
model provides a useful tool for the real-time
monitoring of growth and metastasis of NPC tumor
in the BALB/c¢ nu/nu mice, and may also be used as
a platform for drug screen.

It has been demonstrated that tumor cells often
have tumorigenic heterogeneity, showing signifi-
cant differences in proliferation and tumorigenicity
between different cell subtypes. Among these cells,
the majority cannot form the tumor or has a limited
ability of tumorigenicity, while there is a small
portion of cells present which have the capacity of
self-renewal, proliferation, and differentiation. This
group of cells plays a vital role in the formation and
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Fig. 5.

SP proportion of 5-8F and 5-8F-mL2 cells measured by using Hoechst 33342. (a) 5-8F cells: The left gate represents the SP

cells (4.0% of total cells) and the right gate represents the SP proportion reduced to 0.2% when the cells were pre-incubated with
Verapamil to block the ATP transporter. (b) 5-8F-mL2: The left gate represents the SP cells (4.9% of total cells) and the right gate
represents the SP proportion reduced to 1.8% when the cells were pre-incubated with Verapamil to block the ABCG2.

growth of tumor, and is denoted as “cancer stem
cells” 2730 SP cell is also called cancer stem-like
side population cells, which was discovered when
Goodell et al. used DNA dye Hoechst 33342 and
flow cytometry for the separation of hematopoietic
stem cells in 1996.%! SP cells rely on the dimeriza-
tion of ABCG2 transmembrane protein that occurs
after the binding of ATP. Upon ATP hydrolysis,
the conformation changes lead to the transportation
of the bonded substrate to the other side of cell
membrane with concomitant release of Hoechst
33342 to the extracellular space.*>~** SP cells have
unique phenotypic markers, biological character-
istics, and differentiation potential similar to cancer

stem cells. In 2007, Zeng et al. found that compared
to the non-SP cells separated from NPC cells, SP
cells has much higher tumorigenic potential and
stronger drug resistance.?” In this work, our results
indicated that 5-8F-mL2 cells with high SP pro-
portion exhibit strong tumorigenicity. In contrast,
5-8F-Katushka S158A cells with almost negative SP
content do not have any tumorigenic potential. The
difference between them is that mLumin is mono-
mer fluorescent protein while Katushka S158A is
dimer. However, Katushka S158A itself is not likely
to affect the tumorigenesis because there are other
tumor cell lines expressing Katushka S158A that
maintain the tumorigenicity in our laboratory
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(data not shown). Thus, the SP content of tumor
cells may be an important factor that requires fur-
ther consideration prior to the evaluation of in vivo
tumorigenicity.

In summary, we developed new animal models for
NPC based on two NPC cell lines expressing far-red
fluorescent proteins. One has the capacity of high
tumorigenicity and metastasis, and the other one
does not have the tumorigenic ability. These models
allow the monitoring of the formation and develop-
ment of nasopharyngeal carcinoma, and are useful
tools for future assessment of efficacy of NPC therapy.
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