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ABSTRACT
The effect of UVC irradiation was investigated on a model of brain cancer and a model of experimental brain metastasis. For the brain cancer

model, brain cancer cells were injected stereotactically into the brain. For the brain metastasis model, lung cancer cells were injected intra-

carotidally or stereotactically. The U87 human glioma cell line was used for the brain cancer model, and the Lewis lung carcinoma (LLC) was

used for the experimental brain metastasis model. Both cancer cell types were labeled with GFP in the nucleus and RFP in the cytoplasm. A

craniotomy open window was used to image single cancer cells in the brain. This double labeling of the cancer cells with GFP and RFP enabled

apoptosis of single cells to be imaged at the subcellular level through the craniotomy open window. UVC irradiation, beamed through the

craniotomy open window, induced apoptosis in the cancer cells. UVC irradiation was effective on LLC and significantly extended survival of the

mice with experimental brainmetastasis. In contrast, the U87 gliomawas relatively resistant to UVC irradiation. The results of this study suggest

the use of UVC for treatment of superficial brain cancer or metastasis. J. Cell. Biochem. 114: 428–434, 2013. � 2012 Wiley Periodicals, Inc.
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B rainmetastasis is often the lethal event inmanymalignancies

including lung cancer, breast cancer and melanoma [Fidler

et al., 2002, 2010; Fidler, 2011; Langley and Fidler, 2011]. Both

brain cancer and brain metastasis are often treatment-resistant

except for surgical resection, which in many instances is incomplete,

resulting in recurrence. Better approaches are necessary, especially

with regard to lowering the recurrence rate after surgery [Stummer

et al., 2006].

Our laboratory pioneered in vivo imaging with fluorescent

proteins [Chishima et al., 1997; Yang et al., 2000; Hoffman, 2005].

We have also developed dual-color cancer cells, in which red

fluorescent protein (RFP) is expressed in the cytoplasm and green

fluorescent protein (GFP), linked to histone H2B, is expressed in

the nucleus. Nuclear GFP expression enables visualization of

nuclear dynamics including cell cycle events and apoptosis, whereas

simultaneous cytoplasmic RFP expression enables visualization of

nuclear–cytoplasmic ratios as well as simultaneous cell and nuclear

shape changes. Thus, total cellular dynamics can be visualized

in the living dual-color cells in real time both in vitro and

in vivo [Yamamoto et al., 2004; Yamauchi et al., 2005; Jiang et al.,

2006].

With the use of imaging based on GFP expression in cancer cells

[Hoffman, 2005], we have observed spontaneous metastasis to the

brain in three orthotopic nude mouse model systems of human

cancer: the PC-3 human prostate cancer cell line [Yang et al.,

1999a]; the LOX humanmelanoma cell line [Yang et al., 1999b]; and
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spinal cord glioma using the U87 human glioma cell line [Hayashi

et al., 2009; Hoffman, 2009].

Photodynamic therapy (PDT) has been shown to be effective for

certain cancer types [Castano et al., 2006]. UV light has been used for

the phototherapy of cutaneous malignancies. Psoralen plus UVA

(PUVA) and narrowband UVB were found to be effective [Gilchrest

et al., 1976; Hofer et al., 1999; Carter and Zug, 2009]. However,

the effect of UV light on cancer cells is not well understood

[Zacal and Rainbow, 2007; Benencia et al., 2008; Kim et al., 2008].

UV light has been mainly used for skin cancer, since short

wavelength light does not penetrate deeply through the skin

[Kimura et al., 2010].

We previously investigated the cell-killing efficacy of UV light on

cancer cells expressing GFP in the nucleus and RFP in the cytoplasm

(dual-color cells). UV-induced cancer cell death was found to be

wave-length and dose dependent, as well as cell-line dependent. For

UVC, as little as 25 J/m2 UVC irradiation killed approximately 70%

of the double-labeled cancer cells. UVC exposure also suppressed

cancer cell growth in a nude mouse model of minimal residual

cancer (MRC). No apparent side effects of UVC exposure were

observed [Kimura et al., 2010].

In another previous study, the efficacy of fluorescence-guided

UVC irradiation on the growth of murine melanoma expressing GFP

in the ear of RFP mice was determined. The GFP-expressing

melanoma and RFP-expressing blood vessels from the transgenic

mice expressing RFP used as hosts were readily visible using

noninvasive imaging. UVC inhibited melanoma growth and also

damaged blood vessels in the tumor [Tsai et al., 2010].

Cancer cells with and without fluorescent protein expression were

irradiated with various doses of UVC. Lewis lung carcinoma cells

(LLC) and U87 human glioma cells expressing GFP in the nucleus

and RFP in the cytoplasm and non-colored LLC and U87 cells were

irradiated with various doses of UVC. Compared to non-colored LLC

and U87 cells, the number of dual-color LLC and U87 cells decreased

significantly due to UVC irradiation. These results suggest that

expression of fluorescent proteins in cancer cells can enhance PDT

using UVC and possibly with other wave lengths of light as well

[Momiyama et al., 2012].

The present study determined the efficacy of UVC irradiation on

superficial brain cancer and brain metastasis in a nude mouse model

that enabled imaging of the cancer cells at the subcellular level in

the brain of the live animal.

MATERIALS AND METHODS

CELLS

To establish LLC or U87 human glioma (U87) GFP–RFP cells, the

cells were transfected with retroviral RFP and H2B-GFP vectors as

previously described [Yamamoto et al., 2004]. LLC or U87 human

glioma, cells were transfected with retroviral RFP and H2B–GFP

vectors. In brief, the HindIII/NotI fragment from pDsRed2 (Clontech

Laboratories, Inc., Palo Alto, CA), containing the full-length RFP

cDNA, was inserted into the HindIII/NotI site of pLNCX2 (Clontech

Laboratories, Inc.) containing the neomycin resistance gene. PT67,

an NIH3T3-derived packaging cell line (Clontech Laboratories, Inc.)

expressing the 10 Al viral envelope, was cultured in DMEM (Irvine

Scientific, Santa Ana, CA) supplemented with 10% heat-inactivated

fetal bovine serum (FBS; Gemini Bio-products, Calabasas, CA). For

vector production, PT67 cells, at 70% confluence, were incubated

with a precipitated mixture of Lipofectamine reagent (Life

Technologies, Inc., Grand Island, NY), and saturating amounts of

pLNCX2-DsRed2 plasmid for 18 h. Fresh medium was replenished at

this time. The cells were examined by fluorescence microscopy 48 h

post-transfection. For selection of a clone producing high amounts

of the RFP retroviral vector (PT67-DsRed2), the cells were cultured in

the presence of 200–1,000mg/ml G418 (Life Technologies, Inc.),

increased stepwise over 7 days [Hoffman and Yang, 2006a,b,c].

The histone H2B gene has no stop codon, thereby enabling the

ligation of the H2B gene to the 50-coding region of the GFP gene

(Clontech Laboratories, Inc.). The histone H2B-GFP fusion gene was

then inserted at the HindIII/ClaI site of the pLHCX (Clontech

Laboratories, Inc.) that has the hygromycin resistance gene. To

establish a packaging cell clone producing high amounts of the

histone H2B-GFP retroviral vector, the pLHCX histone H2B-GFP

plasmid was transfected in PT67 cells using the same methods

described above for PT67-DsRed2. The transfected cells were

cultured in the presence of 200–400mg/ml hygromycin (Life

Technologies, Inc.) increased stepwise over 7 days [Hoffman and

Yang, 2006b].

In order to obtain cancer cells expressing both RFP and H2B-GFP,

70% confluent LLC or U87 cells were used. To establish dual-color

cells, clones of these cells expressing RFP in the cytoplasm were

initially established. In brief, cells were incubated with a 1:1

precipitated mixture of retroviral supernatants of PT67-RFP cells

and RPMI 1640 (Irvine Scientific, Santa Ana, CA) containing 10%

FBS for 72 h. Fresh medium was replenished at this time. Cells were

harvested with trypsin/EDTA 72 h post-transduction and subcul-

tured at a ratio of 1:15 in selective medium, which contained

200mg/ml of G418. The level of G418 was increased stepwise up to

800mg/ml [Hoffman and Yang, 2006b].

For establishing dual-color cancer cells, RFP-expressing cells

were then incubated with a 1:1 precipitated mixture of retroviral

supernatants of PT67 H2B-GFP cells and culture medium. To select

the double transformants, cells were incubated with hygromycin

72 h after transfection. The level of hygromycin was increased

stepwise from 200 to 800mg/ml [Hoffman and Yang, 2006b].

Dual-color LLC or U87 cells were maintained in DMEM medium

(Hyclone Laboratories, Logan, UT) supplemented with 10% fetal

bovine serum (FCS; Hyclone Laboratories). The cells were incubated

at 378C in a humidified atmosphere of 5% CO2 in air. The cells were

collected after trypsinization and stained with trypan blue (Sigma).

Only viable cells were counted with a hemocytometer (Hausser

Scientific, Horsham, PA).

ANIMALS

Athymic NCR nude mice (nu/nu), 4–6 weeks of age, were used in this

study. Mice were bred and maintained in a barrier facility under

HEPA filtration at AntiCancer Inc. (San Diego, CA). Mice were fed

with an autoclaved laboratory rodent diet. All animal studies were

conducted in accordance with the principals and procedures

outlined in the NIH Guide for the Care and Use of Laboratory

Animals under assurance number A3873-1.
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CRANIOTOMY OPEN WINDOW

Mice were anesthetized with a ketamine mixture (10ml ketamine

HCl, 7.6ml xylazine, 2.4ml acepromazine maleate, and 10ml H2O)

via s.c. injection. After fixing the mice in a prone position, a 1.5 cm

incision was made directly down the midline of the scalp. The

scalp was retracted and the skull was exposed. Using a skin

biopsy punch (Acuderm Inc., Ft. Lauderdale, FL), a 4mm diameter

craniotomy was made over the right parietal bone. The bone

fragment was removed carefully in order not to injure the meninges

and brain tissue. The craniotomy open window was covered only by

the scalp. Thus, only scalp retraction was needed in order to image

single cancer cells in the brain. The incision was then closed with a

6-0 surgical suture (ETHICON, Inc., Somerville, NJ). All mice were

kept in an oxygenated warmed chamber until they recovered from

anesthesia.

INTERNAL CAROTID ARTERY INJECTION OF CANCER CELLS

Mice were anesthetized with a ketamine mixture via s.c. injection.

The mice were then fixed on a board with rubber bands in a supine

position. A thermo plate (Olympus Corp., Tokyo, Japan) was put

on the board in order to maintain constant body temperature

throughout the experiment. After the neck was sterilized using 70%

ethanol, a 2.0 cm longitudinal incision was made in the skin at the

center of the neck. The artery was exposed by blunt dissection from

the common carotid artery at the point of division into the internal

and external carotid arteries. After the external artery was clamped,

dual-color LLC cells (1� 106 in 20ml) were slowly injected with a

31-gauge needle into the right internal carotid artery. Immediately

after injection, the injected site was pressed with a swab to prevent

bleeding or leakage of injected tumor cells. The skin was closed with

a 5-0 surgical suture (ETHICON, Inc., Somerville, NJ).

STEREOTACTIC INJECTION OF CANCER CELLS IN THE BRAIN

The mice were anesthetized with a ketamine mixture via s.c.

injection. For the superficial brain tumor model, 0.2ml, containing

2� 104 dual-color LLC cells, was injected stereotactically at the

middle of the craniotomy open window to a depth of 0.1mm, using a

10ml Hamilton syringe.

FLUORESCENCE IMAGING

The OV100 Small Animal Imaging System (Olympus Corp., Tokyo,

Japan), containing an MT-20 light source (Olympus Biosystems,

Planegg, Germany) and DP70 CCD camera (Olympus), was used for

imaging live mice [Yamauchi et al., 2006]. The FluoView FV1000

confocal laser microscope (Olympus Corp., Tokyo, Japan) was used

for ex vivo imaging. High-resolution images were captured directly

on a personal computer (Fujitsu Siemens Computers, Munich,

Germany). Images were analyzed with the use of Cell1 software

(Olympus Biosystems).

UV IRRADIATION

For in vivo UV irradiation, a customized UVC pen light (UVP) was

used. The pen light consists of a quartz bulb filled with argon and

mercury vapor, which emits primarily at 254 nm (UVC wavelength)

encased in an aluminum cylinder. The average output power was

measured at 370mW/cm2 at the opening of the cylinder [Kimura

et al., 2010].

STATISTICAL ANALYSIS

The experimental data are expressed as the mean� SD. Statistical

analysis was performed using the Student’s t-test or the

Fig. 1. Real-time imaging of apoptotic cell death in the brain in live mice.

a: Seven days after dual-color LLC cell inoculation via the internal carotid

artery, the cells were irradiated for 60 s with UVC. b: Three hours after

irradiation, aggregation of chromatin at the nuclear membrane (arrow)

and fragmented nuclei (arrow heads) were observed. c: Six hours after

irradiation, the nuclei appeared to form numerous additional fragments and

destruction of RFP-expressing cytoplasm was observed (scale bars, a,b:

100mm; c: 20mm).
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Fig. 2. Cytoxic efficacy of UVC light on dual-color U87 and LLC cells in the brain. a–d: Imaging cytoxic efficacy of UVC irradiation on cancer cells in live mice in the brain.

Seven days after inoculation, cells were irradiated for 120 s with UVC light through the craniotomy open window. U87 cells were injected stereotactically and LLC cells were

injected via the internal carotid artery. Dual-color U87 cells and LLC cells were observed before and 24 h after irradiation with UVC light. a,b: More than 80% of U87 cells

survived UVC irradiation. c,d: More than 90% of the LLC cells died and disappeared after UVC irradiation. No hemorrhage was observed and the blood vessels were not destroyed

after irradiation. e,f: Histology of the normal brain surroundings before (e) and 24 h (f) after UVC irradiation. Brain tissue sections obtained from under the craniotomy open

window were processed with Hematoxylin and Eosin (H&E) staining. Brain damage after irradiation could not be detected from the histological findings. g: Although there was

no significant difference between before and after irradiation in the number of U87 cells (P¼ 0.570), the number of LLC cells in the brain decreased significantly due to UVC

irradiation (�P¼ 0.003). Five mice were used in each cell line for this experiment. The experimental data are expressed as the mean� SD. Statistical analysis was performed using

the Student’s t-test (scale bars: a–d, 200mm and e–f, 100mm).
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TABLE I. Cytoxic Efficacy of UVC Light on Dual Color U87 and LLC Cells in the Brain

Pre-UV irradiation cancer (cells/mm2) Post-UV irradiation cancer (cells/mm2)

U87 368.0� 243.7 286.3� 188.1
LLC 562.5� 261.2 79.33� 74.61�

Seven days after inoculation, cells were irradiated for 120 s with UVC light through the craniotomy open window. Dual-color U87 cells and LLC cells were observed before
and 24 h after irradiation with UVC light. Although there was no significant difference between before and after irradiation in the number of U87 cells (P¼ 0.570), the
number of LLC cells in the brain decreased significantly due to UVC irradiation. More than 86% of the LLC cells died after irradiation. Five mice were used in each cell line
in this experiment. The experimental data are expressed as the mean� SD. Statistical analysis was performed using the Student’s t-test.
�Statistically significant versus pre-UV irradiation (P¼ 0.003).

Fig. 3. Efficacy of UVC on dual-color LLC tumor growth in a superficial brain-tumor model. a: Representative images of dual-color LLC tumor growth in untreated mice

(control) and mice treated with UVC irradiation (UVC), on Days 7 and 14 after tumor inoculation, are shown (scale bars: 10mm). Dual-color LLC cells were injected

stereotactically to a depth of 0.1mm in the brain. b: The tumor volumes of UVC irradiated mice and untreated mice (as a control) were compared. Tumor volume in the control

group was 4.7-fold larger than in the UVC group (at Day 14, P< 0.0001). Eight mice were used in each group. The experimental data are expressed as the mean� SD. Statistical

analysis was performed using the Student’s t-test (P-values: Day 7, 0.073 and Day 14,<0.001). c: Treatment with UVC irradiation significantly prolonged survival in mice with

dual-color LLC brain tumors. UVC irradiation was initiated 1 day after cancer cell inoculation and tumors were irradiated for 120 s on Days 1, 4, 7, and 10. Median survival

increased from 14.63 days in the control group to 20.25 days (39.0% longer survival) in mice treated with UVC (P¼ 0.002).
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Kruskal–Wallis test. Kaplan–Meier analysis with a log-rank test

was used to determine survival and difference between treatment

groups. A P-value of <0.05 indicated a significant difference.

RESULTS

After UVC irradiation, progressive fragmentation of the GFP-

expressing nuclei of dual-color LLC cells in the brain was imaged

(Fig. 1). Three hours after irradiation, aggregation of chromatin

at the nuclear membrane and fragmentation of the nuclei were

observed (Fig. 1b). Six hours after irradiation, the nuclei became

more fragmented and destruction of RFP-expressing cytoplasm

was observed (Fig. 1c). UVC-induced apoptosis was observed up to a

depth of 40mm in the brain.

COMPARISON OF CYTOXIC EFFICACY OF UVC IRRADIATION ON LLC

AND U87 CELLS IN THE BRAIN IN LIVE MICE

Twenty-four hours after UVC light irradiation, the number of LLC

cells in the brain decreased significantly. Approximately 86% of LLC

cells irradiated with UVC light died and disappeared (Fig. 2c,d,g and

Table I). In contrast, the number of U87 cells in the brain was not

significantly different before and after UVC irradiation (Fig. 2a,b,g

and Table I). No hemorrhage was observed and the blood vessels

were not destroyed after irradiation. Furthermore, no apparent brain

damage after UVC irradiation was observed from histological

findings (Fig. 2e,f) or from the behavior of the mice. UVC irradiation

did not appear to affect mouse well-being.

EFFICACY OF UVC THERAPY IN A SUPERFICIAL BRAIN TUMOR

MODEL WITH DUAL-COLOR LLC CELLS

Efficacy of UVC therapy in the superficial brain tumor model is

shown in Figure 3. Dual-color LLC cells were injected stereotacti-

cally into the brain to a depth of 0.1mm. Tumors were irradiated via

the craniotomy window with UVC for 120 s on Days 1, 4, 7, and 10

after cancer cell inoculation. In the control group, tumor size on

Day 7 was 68.0mm3 and on Day 14, 1,669mm3. In the UVC group,

on Day 7, the tumor size was 9.33mm3 and on Day 14, 356mm3. At

Day 14 after cancer cell inoculation, tumor volume in the control

group was 4.7-fold larger than in the UVC group (P< 0.0001,

Fig. 3a,b).

In a survival study, death from disease was rapid in untreated

mice, which had a median survival of 14.6 days. Irradiation of UVC

prolonged survival compared with control, increasing the median

survival to 20.3 days and that improving survival by 39%

(P¼ 0.002, Fig. 3c).

DISCUSSION

In the current study, two models were developed: an orthotopic

brain cancer model with stereotactic injection of U87 glioma cells

and an experimental metastasis model with intra-carotid injection

of LLC cells.

In contrast to U87 glioma cells, which were resistant to UVC in

vivo, most LLC cells irradiated with UVC died and disappeared in the

brain (Fig. 2c,d,g and Table I). Although some of the blood vessels

shrank after irradiation, the blood vessels were not destroyed.

Additional damage to the normal brain surroundings was not

detected histologically (Fig. 2e,f). This result suggested that UVC

light has sufficient high energy to kill sensitive cancer cells on the

surface of the brain with limited side effects.

UVC light does not deeply penetrate tissue (up to depth of 40mm)

and was not able to kill all of the cancer cells in the brain. Cancer

cells deeper than 40mm could continue growing. UVC light,

however, could be of potential use to sterilize the surgical bed after

tumor resection. To clarify the effect of UVC light on the cancer cells

or at near the surface of the brain, we used a superficial brain tumor

model with dual-color LLC cells and irradiated the superficial tumors

with UVC light. UVC light therapy inhibited tumor growth and

prolonged survival compared with untreated mice. Therefore, cancer

cells at the surface of the brain, for example minimal residual cancer

after surgical resection, would be a good target for UVC light

treatment without serious damage of normal brain tissue.

We have previously shown that fluorescent-protein-expressing

dual-color cancer cells were more sensitive to UVC light than non-

colored cancer cells [Momiyama et al., 2012]. Therefore UVC light

may be a powerful tool for treatment of cancer cells expressing

fluorescent reporters which now can be introduced selectively to

cancer cells in vivo [Kishimoto et al., 2009].
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