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Abstract
The growth arrest mechanism of the internal radiotherapy

using Holmium-166 in B16 melanoma

The incidence of malignant melanoma has been substantially increasing over the
past two decades. Complete surgical excision of the tumor is the only proved
therapeutic strategy that leads to long-term disease free survival and radiotherapy
and/or chemotherapy have not been proved to be successful. Actually malignant
melanoma has been known to be resistant to radiation. In this study, we evaluated the
effectiveness and mechanisms of internal radiotherapy using Holmium(Ho)-166. B16
melanoma cells were cultured at 37 °C in RPMI 1640 media, and 5 x 10° cells
suspended in 100 pl of normal saline were inoculated into subcutaneous layer in the
back of C57BL/6 mice. To evaluate survival rate a total of 40 mice were divided into 2
groups and 0.3 ml of saline alone (group 1, n=20) and carrier free Ho-166 5 mCi
(group 2, n=20) in 0.3 ml of saline were injected intra-tumorally. The survival of the
mice after injection of the radionuclide was observed until the mice died. Additionally,
30 mice were prepared with the same method as previously described to evaluate the
mechanism of the radiation effect. They were divided randomly into 6 groups and five
mice in each group were sacrificed by cervical dislocation just before, 1%, 2™, 3™ 6%,
and 14" days after the injection of 5 mCi of Ho-166 in 0.3 ml of saline. Change of p53
tumor suppressor and its downstream effector genes were evaluated by using
immunohistochemistry and RT-PCR and apoptosis was evaluated by TUNEL staining
and flow cytometry. Control group showed rapid tumor growth and the mean tumor
volume reached approximately 30 times of its original volume. None of control group

was alive until 16" day after the injection of normal saline with median survival of 9



days. The median survival was 33 days in the treated group. Histological examination
demonstrated wide central necrosis that matched with the area of Ho-166 deposition
and viable tumor cells were distributed along the peripheral margin without cytologic
features of apoptosis. Expression of bax mRNA increased substantially until 48 hours
after treatment and then decreased, however, overall higher than control. But
expression of p53 and p21 increased until 48 hours after treatment and then decreased.

RT-PCR finding was closely correlated with the results of immunohistochemistry.
TUNEL positive nuclei were observed from 2 days until 2 weeks after treatment
despite cytologic features of apoptosis was not noted. Flow cytometry also did not
demonstrate any results supporting apoptosis. These results suggest that Ho-166
brachytherapy is useful for the local treatment of melanoma and the therapeutic
mechanisms of high dose continuous irradiation using beta-emitting agent are necrosis

or secondary necrosis with resulting growth arrest.

Key words: malignant melanoma, internal radiotherapy, Holmium-166, radionuclide,

apoptosis, growth m'fcst
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I. Introduction

The incidence of malignant melanoma has been increasing substantially over the
past two decades.! Excision of the primary and metastatic lesions is the only
therapeutic strategy that could lead to long-term disease free survival. The data from
the National Cancer Data Base indicate that additional adjuvant therapy has been
applied in only about 3% of all cases because radiotherapy and/or chemotherapy were
not proven to be highly successful and there was little evidence to suggest a benefit for
any adjuvant therapy. >

Melanoma has been considered as a radioresistant tumor because of large shoulder
on their radiation survival curve,” therefore external radiotherapy had a limited role as
a primary therapeutic modality. However, recent studies demonstrated that varying
radiation sensitivity of melanoma cells within the same individual as well as between
tumors.” In addition, treatment methods such as dose per fraction and total dose would
affect the radiosensitivity.® The purpose of this study was to evaluate therapeutic

effects of high dose internal radiotherapy by intra-tumoral injection of beta-emitting



radionuclide, Ho-166, as an alternative to external radiation in an animal model with
B16 melanoma. A patient with widespread subcutaneous metastases of malignant
melanoma was also evaluated.

Beta rays have some advantages over gamma or X-rays since maximum soft tissue
penetration range of beta rays is much shorter than gamma rays, therefore, higher
radiation dose can be delivered to tumor tissue without adverse radiation effect on the
surrounding normal tissue. Ho-166 is an ideal radionuclide for internal radiotherapy
because it emits not only 94% of 1.76 and 1.86 MeV beta rays but also emits small
proportion of 81 KeV gamma rays suitable for gamma camera imaging. The physical
half-life is 26.9 hours and maximum soft tissue penetration range is 8.7 mm (average
2.1 mm).

In terms of radiation biology, previous studies have demonstrated that growth arrest
and apoptosis induced by activation of p53 and downstream effector genes play an
important role in radiation induced cell death mechanisms.'*'? However, high dose
continuous irradiation on tumor using beta-emitting radionuclides has not been
extensively evaluated. In this study, undcrlying biologic mechanisms of this treatment
modality were evaluated by the analysis of the expression of p53 tumor suppressor and
p53 downstream effector genes using RT-PCR and immunohistochemistry, as well as
routine histology, TUNEL staining, and flow cytometry for assessment of apoptosis
whether these genes and protein products play an important role in cell death

mechanisms of internal radiotherapy using Ho-166.



I1. Materials and Methods
1. Animal experiments

B16 melanoma cells were cultured at 37 °C in RPMI 1640 media (Gibeo
laboratories, Grand Island, NY, USA) supplemented with 10 % fetal bovine serum
(Gibco laboratories), 2 mL L-glutamine (Gibco laboratories), 100 IU/ml penicillin and
100 pg/ml streptomycin (Gibco laboratories). Tumor cells (5 x 10°) suspended in 100
pl of normal saline were inoculated into subcutaneous layer of the back of C57BL/6
mice and the mice were grown in a specific pathogen free condition with standard diet
and water ad libitum. When tumors were grown to be approximately 1 cm of their long
axes, tumor volume was approximately 500 mm’. Total 40 mice were randomly
divided into 2 groups and 0.3 ml saline alone (group 1, n=20), and carrier free Ho-166
5 mCi (group 2, n=20) in 0.3 ml of saline were injected intra~tumorally to evaluate
survival rate. The radionuclide, Ho-166, was prepared by bombarding Ho-165 in a
nuclear reactor (HANARO center, Tacjon, Korea). The amount of the radioactivity to
be injected was determined by computer simulation using the formula provided by
Prestwich et al."’ On the assumption of uniform distribution of injected Ho-166 within
1 cm diameter tumor, radiation dose to the surrounding normal tissue 1, 2, 3 and 4 mm
apart from the tumor surface is approximately 120, 36, 10 and 3 Gy/mCi respectively.
The survival rate of the mice after injection of the radionuclide was evaluated until

death

Additionally, 30 mice were prepared with the same method as previously described
for morphological and biological analysis of the radiation effect. They were randomly

divided into 6 groups and five mice from each group were sacrificed by cervical



dislocation just before and 1%, 2™, 3" 6™ and 14™ days after the injection of 5 mCi of
Ho-166 in 0.3 ml of saline. Gamma camera images were obtained with dual-headed
gamma camera (ADAC Laboratory, Milpitas, USA) before sacrifice, which confirmed
sustained retention of injected radionuclide without leakage.

After gamma camera imaging, the tumor tissues were removed and processed for the
flow cytometry, routine histologic examination by hematoxylin-eosin (H&E) staining,
immunohistochemical analysis, terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate nick end labeling (TUNEL) staining and reverse
transcription-polymerase chain reaction (RT-PCR).

Macro-autoradiography was performed to evaluate the distribution pattern of the
injected Ho-166, which showed relatively even distribution of the injected radionuclide

inside the tumor, however, peripheral margin was devoid of the radioactivity ( Fig. 1).
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Figure 1. Distribution pattern of the injected Ho-166 in tumor. Autoradiographic
image (left upper), whole mount histologic image (left mid), and autoradiographic
image overlapped on whole mount histologic image (left lower) demonstrate even
distribution of injected Ho-166 within the tumor tissue, with sparing of the peripheral
margin. Low power microscopy (right) shows tumor necrosis within central part which
is well matched with the autoradiographic image but residual viable cells along the

peripheral margin is noted.

For visual side-by-side comparison, melanoma cells were inoculated into the
bilateral backs of 10 additional mice, and 5 mCi of Ho-166 in 0.3 ml of saline was
injected in one side and normal saline in the other side of the tumors. Gross and

histological evaluation with H&E staining were performed 2 weeks after injection.

2. Immunohistochemistry

Immunohistochemical staining was performed using 4 um thick formalin-fixed and
paraffin-embedded tissue sections. Antibodies used for immunohistochemistry were
polyclonal anti-p53 (Santa Cruz, Santa Cruz, CA, USA), monoclonal anti-p21 (BD
PharMingen, San Diego, CA, USA), polyclonal anti-bax (BD PharMingen, San Diego,
CA), monoclonal anti-cyclin D1 (BD PharMingen, San Diego, CA), and monoclonal
anti-proliferating cell nuclear antigen (PCNA) (Dako, Glostrup, Denmark) antibodies.
Dilution factors of the antibodies were 1:20 for p53, 1:50 for p21, 1:500for bax , 1:50
for cyclin D1 and 1:100 for PCNA and incubation with primary antibodies was done at
4 °C overnight. Endogenous peroxidase activity was blocked by incubation in 3%

H,O, for 10 min. Antigen retrieval was performed by microwave pretreatment using



0.01M citric acid buffer (pH 6.0) in a pressure cooker for 15 minutes. After cooling,
immunostaining was performed by a commercially available kit (Vector® M.OM.™
Immunodetection Kit, Vector Laboratories, Burlingame, CA, USA) for monoclonal
antibodies and by an EnVision™ kit (Dako) for polyclonal antibodies according to the
manufacturer’s instructions. Diaminobezidine was used as a chromogen except for the
Bax immunostaining for which 3-amino-9-cthylcarbazole was used as a chromogen.

The nuclei were lightly counterstained with hematoxylin,

3. TUNEL stain

Apoptosis was assessed by the TUNEL method using the ApopTag® Peroxidase In
Situ Apoptosis Detection Kit (Intergen, Purchase, NY, USA) according to the
manufacturer’s instructions with some modifications. Sections were deparaffinized in
xXylene and rehydrated in a graded concentration of ethanol and then in distilled water.
They were then treated with proteinase K (20 pg/ml) for 15 minutes at 37 °C and
washed in distilled water. After applying equilibrium buffer, the sections were
incubated with digoxigenin-ANTP and TdT at 37 °C for 60 minutes. After being
washed and endogenous alkaline phosphatase was inhibited, sections were incubated
with alkaline phosphatase conjugated rabbit F(ab’) anti-digoxigenin (Dako) at 1:20 for
30 minutes at room temperature. They were washed, and the signal was detected by
incubation with 5-bromo-4-chloro-3-indolyl-phosphatase/nitroblue tetrazolium (Dako)

for 20 minutes before being counterstained with nuclear fast red.

4. Flow cytometry



Using the fresh tumor tissue immediately removed from the mice, flow cytometry
was performed after separation of viable cells and necrotic debris. The viable cells
were labeled with PI and AnnexinV and flow cytometry was performed to evaluate

whether expression of Annexin V is present within the viable cell population.

5. RT-PCR

Tumor tissues within the peripheral margin containing viable cells were removed
from the paraffin blocks and RNA was isolated by paraffin block RNA Isolation kit
(Ambion Inc., Austin, Texas, USA) according to the manufacturer's instructions. To
synthesize ¢cDNA, 3 pg of total RNA was mixed with 100 ng random hexamer
(Phamacia, Uppsala, Sweden), boiled at 70 °C for 10 min, and then quickly chilled on
ice. Three pl of 5 X first strand buffer, 1.5 pl of 0.1 M DTT, 2 pl of 10 mM dNTPs
and 200 units murine molony leukemia virus-reverse transcriptase (MMLV-RT) (Gibco
BRL, Grand Island, NY, USA) were added into the reaction mixture and incubated at
42 °C for 2 hrs. The reaction mixture was boiled at 95 °C for 5 min, quickly chilled on
ice, and 20 pl of distilled water was added. To determine that the equal amount of
RNA was used, the expression level of beta-actin mRNA was also examined. PCR
reaction was performed in 50 pul vol containing 4 pl1 cDNA, 4 pl of 2.5 mM dNTPs, 1
pl of 10 pmol each up-stream primers, 1 ul of 10 pmol each down-stream primers, 5
ul of 10 X PCR buffer, 30.5 pl distilled water and 2.5 units of Taq polymerase
(Solgent, Korea). After initial 3 min incubation at 94 °C, PCR reaction was performed
by the following conditions: denaturation at 94 °C for 1 min, annealing at 60 °C (p21;
62°C) for 1 min, and polymerization at 72 °C for 1 min for 40 cycles. The primers used

were:



p33 forward: 5’-CAAGTGAAGCCCTCCGAGTG-3,

reverse : 3’ -GGCAGCGTCTCACGACCTCC-3°,

bax forward: 5’-CAGCTCTGAGCAGATCATGAAGACA-3’,
reverse : 5’-GCCCATCTTCTTCCAGATGGTGAGC-3’,

p21 forward:5’-AAGACCATGTGGACCTGTCA-3’,

reverse :5’-GGCTTCCTCTTGGAGAAGAT-3’,

beta-actin forward : 5’-CGTGGGCCGCCCTAGGCACCA-3’,
reverse: 5’-TTGGCCTTAGGGTTAGGGGGG -3°.

10



I11. Results

1. Tumor volume changes and survival rates following intra-tumoral injection of

Ho-166.

Nine to ten days after inoculation of melanoma cells, mean tumor volume reached
492.5-631.9 mm’. Control group showed rapid growing of the tumor and the mean
tumor volume reached approximately 30 times of original volume and none of control
group was alive until 16™ day post injection of normal saline. The tumors of control
group were initially round shape with pseudocapsule but progressively enlarged with
lobulated contour. The median survival of the control group was 9 days after injection.

Histological examination demonstrated wide central necrosis that was matched with
the area of Ho-166 deposition. Viable tumor cells were distributed along the peripheral
margin, and these cells became progressively swollen with vacuolization and giant cell
formation. Increased melanin pigmentation was noted but morphologic findings of
apoptosis such as cellular shrinkage with nuclear condensation and fragmentation were
not observed (Fig. 2).

The median survival was 33 days in the treated group (Fig. 3) and 5 mice are still

alive until 160 days after treatment.
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Figure 2. Microscopic findings of representative samples of the tumors before and 2

weeks after Ho injection, and 2 wks after saline injection . One c¢m sized tumor before
the injection shows uniformity of the tumor cells (upper), however, Ho treated group
shows decrease of tumor size and swelling of tumor cells and increased melanin
pigments (mid) in contrast to the untreated group (lower) or without cytologic change

of the tumor cells compared with those before treatment.
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Figure 3. Survival curves of the control and treated group.

The median survival of treated group was longer than that of control group and
survival rate was also higher in treated group (p<0.001). Gross and microscopic
evaluation with H&E staining 2 weeks after treatment in mice with melanomas in both
sides of the back showed large tumor mass with minimal necrosis or shrinkage in non-
treated side but markedly shrunken tumor with extensive necrosis in treated side (Fig.

4).

g L

Befare trestment 2 wks after treatment

Figure 4. Whole mount sections of melanomas in both side of the back of a mouse. A
large tumor mass with minimal necrosis in the non-treated side but extensive necrosis

with marked shrinkage in the treated side (arrows).

2. Expression pattern of p53, p21, bax, PCNA and cyclin-D1 proteins following

intra-tumoral injection of Ho-166,

Control group without treatment showed strong positive nuclear reaction for

13



PCNA and cyclin D1 of viable cells, while expression of p53, p21 and bax protein was
not observed (Fig. 5).

Figure 5. H&E and immunohistochemical findings of control group. Representative
photos of control group show negative reaction for p33, p21, bax but strong positivity
for PCNA and cyclin D1.

Twenty-four hours after treatment, cellular swelling and nuclear enlargement
occurred. There was no change of PCNA positivity compared with control but cyclin
DI expression was markedly reduced. Nuclear p33 was strongly expressed in most
viable cells, a less strong positivity for p21 was noted, and faint cytoplasmic positive
reaction for bax began to appear (Fig. 6). Two days after treatment, swelling of
cytoplasm and enlargement of nuclei were more prominent. Necrosis became
prominent and increased melanin pigments was noted. Expression of PCNA and p53
persisted without remarkable change but cyclin D1 expression disappeared and

expression of p21 and bax increased.

14



Figure 6. Representative photos of twenty-four hours after Ho-166 treatment. PCNA is
strongly positive but markedly decreased cyclin D1 reaction was noted. P53 is
diffusely positive and a scattered p21 positivity is observed. Weak cytoplasmic bax

expression is noted.

Three days after, PCNA was persistently strong positive but p53 expression near
totally disappeared and p2l expression was slightly diminished. Cyclin D1
immunreactivity reappeared and bax expression was strong positive. Until 2 weeks
after treatment, expression of PCNA, cyclin D1, p21 and bax was seen although the
intensity of positive reaction was decreased. Cytoplasmic swelling, vacuolization,
enlargement of nuclei and disruption of cell membrane progressed and increased

intracytoplasmic melanin pigments persisted (Fig. 7-9).

15



Figure 7. H&XE and immunohistochemical findings 72 hrs after treatment PCNA
cxpression is strong positive, cyclin D1 is weakly positive and p53 is markeldly diminished.

p21 is also decreased, however, bax expression is increased.

Figure 8. H&E and immunohistochemical findings 6 days after treatment.
Cytoplasmic and nuclear swelling is prominent. PCNA and cyclin D! reactivity is
persistently positive, p53 is almost negative but p21 is still observed. Bax expression is

strong positive.

16



Figure 9. H&E and immunohistochemical findings 2 weeks after treatment. Bax

shows strong positivity, otherwise similar to those seen on 6 days after treatment.
3. RT-PCR

Expression pattern of mRNAs of p5.3, p21 and bax was closely correlated with those
of immunohistochemistry (Fig. 10). Expression of bax mRNA increased substantially
until 48 hours after treatment and then decreased, however, overall higher than control.
But expression of p53 and p21 increased until 48 hours after treatment and then

decreased.

bax
p53

g-actin

p21
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Figure 10. RT-PCR finding. Expression of bax mRNA increased substantially until 48
hours and then decreased, however, overall higher than control. Expression of p53

and p21 increased until 48 hours after treatment and then decreased.

4. TUNEL stain and flow cytometry for the evaluation of apoptosis

Positive nuclear signals by TUNEL staining were noted from 2 days until 2 weeks
after treatment despite morphological features of the positive cells were compatible
with radiation induced necrosis rather than those of apoptotic cell (Fig. 11). Flow

cytometry also did not demonstrate any apoptotic expression of annexin V in the tumor

cells.
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Figure 11. TUNEL finding. Positive reaction is demonstrated in the tumor cell nuclei
from 48 hours after treatment, however, positively labeled tumor cells show
cytoplasmic feature of necrosis such as cytoplasmic and nuclear swelling, membrane

disruption and vacuolization.
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5. Clinical illustration,

An intra-tumoral injection method was attempted in a patient with metastatic
melanoma. A 64-year female patient had a melanoma at left sole 11 years ago and a
complete excision was performed. Ten years later, inguinal lymph node metastasis
developed and extensive node dissection with adjuvant radiotherapy was underwent. A
small metastatic nodule was found at left thigh during follow up. Initial
ultrasonography of the lesion showed a 1.3 x 1 cm sized homogenous well-defined low
echoic nodule. Five mCi of Ho-166 in 0.3 ml saline was injected into the tumor after
obtaining an informed consent. The size of the nodule has decreased progressively but
a regidual nodular lesion was found on follow up ultrasonography (Fig. 12) and a
painful metastatic tumor developed at the external genitalia.

Hefore Ty & months after Tx

Figure 12. Ultrasonography in a 64 year-old female before and after Ho treatment of

melanoma . Decreased tumor size is noted until 6 months after treatment.

19



Six months after the injection of Ho-166, the residual nodule at left thigh and
recurrent  tumor at the extemal genitalia were removed. H&E stain  and
immunohistochemical staining of the treated nodule demonstrated extensive fibrosis
and hyalinization but a focal residual cellular turnor admixed with inflammatory cells
was found. The residual tumor cells showed ballooning and nuclear enlargement with
scattered positive reactions for p53, p21, bax and positive nuclear signals by TUNEL
(Fig. 13-15).

Figure 13. H&E stained whole mount section of the surgical excision specimen in a 64
year-old female. Viable portion is seen on the peripheral corner of the tumor, however,

most areas are necrotic and fibrotic. (V; viable, N; necrosis)

l Yiable area Mecrofic area
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Figure 14. H&E stained section of melanoma in a 64 year-old female. The H&E
(x400) stained section shows scattered tumor cells with cytoplasmic swelling admixed

with many inflammatory cells. Most areas of the tumor are necrotic with fibrosis.

i3 S
ol ¥k
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bax TUMNEL

Figure 15, Immunohistochemical and TUNEL stains of the residual tumor tissue 6
months after treatment . There are scattered positive nuclear signals for p53 and p21

and by TUNEL and cytoplasmic reaction for bax.

IV. Discussion

Despite the high incidence of distant metastasis, locoregional control still remains an
important goal in the management of melanoma. Conventional external radiation
therapy had a limited role in the local control. Therefore high-dose-per-fraction
(HDPF) strategy has been proposed to overcome the reparative capacity of the tumor
cells with sublethal damage'*' and a recent study demonstrated the adjuvant

postoperative HDPF regimen was effective in reducing local recurrence in patients

21



with high risk of locoregional failure.'® Nevertheless, HDPF scheme is considered to
be no better than conventional fractionated regimens at the present time and inherent
variability in the radiation sensitivity of malignant melanoma is the main limiting

factor for radiation treatment until recently."”

In the radiation biological aspect, delivering very intense large dose confined to the
tumor tissue can be more effective than conventional or HDPF unless surrounding
normal structures are spared. Indeed, stereotactic radiosurgcfy of cerebral metastatic
melanoma with 166 c¢Gy in a single session added to the whole-brain irradiation
showed a marked improvement of neurological deficit,'® which suggests total dose
(very-intense-dose) is also an important determinant in the radiation sensitivity of
melanoma. However, conventional external radiotherapy has an inherent limitation to
deliver an extremely large dose due to its long penetration ranges of high-voltage X
rays or high-energy gamma rays, which lead to inevitable radiation hazard to the
normal tissues. On the other hand, penetration ranges of the high-energy B- rays or a-.
particles are much shorter than X or gamma rays, therefore, a much greater fraction of
energy can be deposited into the tumor cells without damage to the surrounding normal
tissues if large amount of radiotracers can be specifically delivered to the tumors. For
an effective targeted therapy, various types of radioimmunoconjugates and methods
were developed using anti-melanoma monoclonal antibodies and boron compound
labeled with high-energy P or a emitting radionuclides.®** These targeted therapy
methods were proposed to deliver a extrcmely intense tumor radiation dose based on
the physical characteristics of P or « rays. Although the results of the
radioimmunotherapy or boron captured neutron therapy appeared to be promising,
survival benefit is still under investigation. Recently, radionuclide has also been

attempted for targeted gene therapy using sodium/iodide symporter gene and
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radioiodine in melnoma and hepatoma. ™

In this study, direct intra-tumoral injection of high-energy B-emitting radionuclide,
Ho-166, was attempted in animal model and human melanoma. With this method,
radiation dose to the central portion of tumor tissue calculated by computer simulation
was approXimately 800 Gy/mCi and doses to surrounding normal tissue 1, 2, 3 and 4
mm apart from the tumor surface were approximately 120, 36, 10 and 3 Gy/mCi
respectively. However, actual tumor dose was higher than 800 Gy/mCi since
administered radionuclide .was not homogenously distributed with sparing of peripheral
rim as seen on autoradiography. Despite the intense radiation dose, injury of
surrounding normal tissue was minimal and central tumor necrosis with prolonged

survival and growth arrest was observed.

In terms of biological aspect, necrosis has been considered the main cell death
mechanism by radiation. Nowadays researches on the change of several molecules
involved in cell cycle regulations during radiation treatment have accumulated on their
roles. p53 and its down stream effectors play important roles in growth control.
Karjalainen et al.** demonstrated that high levels of p53 and PCNA were significantly
interrelated, and p21 expression was significantly associated with p53 and PCNA
levels in cutaneous malignant melanoma. The p21 inhibits DNA synthesis by binding
the N-terminus of p21 with CDK-cyclin complex and by binding the C-terminus with
PCNA,™*% which produce growth arrest of the tumor cells by blocking of DNA
replication and G1-S arrest. But reduced expression of p21 in metastatic melanoma and
reveals tumorigenicity was reported”® and the precise role of p21 in tumorigenecity
seems to need further investigations. Overexpression of cyclin D1 protein is also a
marker of carcinogenesis and cyclin D1 is inversely correlated with nuclear

accumulation of p53 and p21.” In our study, especially in the clinical case, growth

23



arrest was evident clinically and morphologic examination of the surgical specimen
obtained 6 months after Ho-166 injection showed mainly fibrosis and necrosis with
small foci of residual swollen tumor cells. These residual tumor cells with cytologic
features of radiation-induced changes exhibited scattered positive reaction for p53, p21,
and cyclin D1.

Another important underlying mechanism of radiation induced cell damage is
apoptosis. Induction of p53 and caspase-mediated cleavage of p21 was reported to
convert tumor cells from growth arrest to undergo apoptosis.’® Elevated bax and p53
protein levels and positive reaction in TUNEL stain in our study may be interpreted
that apoptosis is an important process of radiation responses. However, morphological
features are those of necrosis rather than apoptosis and flow cytometry also did not
demonstrate a distinct pattern of apoptosis in our study. Although TUNEL stain is one
of standard method demonstrating apoptosis, DNA damage in necrotic area may
produce false positive reaction on TUNEL stain.”' Previous reports have described a
distinct mode of cell death, secondary necrosis, indicated by parallel occurrence of
morphological characteristics of apoptosis and necrosis.’””” Although secondary
necrosis might take part in Ho-166 induced tumor shrinkage, we think this is a rare
possibility due to meticulous microscopic examination and flow cytometry revealed no
evidence of apoptosis in the sequentially sampled specimen. However, it is not clear
whether secondary necrosis is an important mechanism induced by continuous
irradiation using beta-emitting radionuclide. Nevertheless, intratumoral injection of
beta-emitting radionuclide, Ho-166, appears to be an alternative radiotherapeutic

modality in local control of malignant melanoma.

24



V. Conclusion

- Therapeutic, morphological and biological effects of high dose continuous irradiation
using beta-emitting radionuclides were analyzed by evaluation of tumor volume and
survival rate, analysis of p53 tumor suppressor and p53 downstream effector genes
using RT-PCR immunohistochemistry, assessment of apoptosis by TUNEL staining
and flow cytometry after intratumoral injection of Ho-166.

- Intratumoral injection of Ho-166 produced extensive central tumor necrosis and
growth arrest, which resulted in increased survival rate of mice with malignant
melanoma.

- Histological examination demonstrated wide central necrosis that matched with the
area of Ho-166 deposition. Viable tumor cells were distributed along the peripheral
margin and the cells demonstrated nuclear and cytoplasmic swelling without apoptotic
features..

- Expression of bax mRNA increased until 48 hours after treatment and then decreased,
however, overall higher than control. But expression of p53 and p21 increased until 48
hours after treatment and then decreased, which were closely correlated with the results
of immunohistochemistry.

- TUNEL positive nuclei began to appear from 2 days and persisted until 2 weeks after
treatment, but microscopic features of the positive cells were not compatible with those
of apoptosis. The results of flow cytometry also did not support the occurrence of
apoptosis.

- These results suggest that Ho-166 brachytherapy is useful for the treatment of
melanoma and the underlying mechanisms of high dose continuous irradiation using

beta-emitting agent are necrosis and growth arrest.
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B16 EAXEOIA Holmlum-1661 O|Set MUl WAIMX|EO|
YA 710

Bty
o) o} Ablt
AA N Ed
A zzs ol

oty ENFS] WEEE Ad 204d dAFoR Ul gk Wi AW
%4 WAL 0@ el FYHPE (disease free survivad of o)A st
fFea AgPdolm WA AFY FtayFol HFHole FAC fidh
AAMZ oY ZAFL PAlMo] Agdol wrhm &R stk B AHIME
FAFAA Ho-166& o8¢ M WAH x5 Ao}l 7|HE Fotrux
33ich ol#& 4% Bl6 EMF HEF§ HHN 37=cAM RPMI 1640 wHj=|d
wjokatd L, 5 x 10°709) AE7 Holgle 100 ple) MeEl2g4 derd& C57BL/6
mouse®] H|& ¥ #to] FEFAUC YEEE Goly] H#AM 407l2]9 mousel
T OTLE e A 1T 20vEdAME AEdde 0.3 mig, A 22
20vt2) ol M= Holmium-166 5 mCizt ¥&¥ A9+ 0.3 miE 9 W3l
FABAT FAE FHEA FAE moused AE& mouse’lt AMEE wirkn|
&A439ct. EohE 30vE)9]l mouset WA EIY JAE dolrsl HHA
e wygoz {uEgth. 30vE]® 5 mCi Ho-1664 &% 0.3 ml A
AdT# FAFE & F3A9E 5 viejy oA oz ol 14, 29, 39, 69,
1494 He & & 24 H4NA %, p53 F4 GAAASY p53 downstream
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effector geneg HHZ 3|8 8H A2} RT-PCR& o]&3le ol ki, MEIAAE
TUNEL @45 {FAZENE o83t Folidd. 2T FPo] w7
et WEFFREHsE 2715859 oF 30ule]l ddch dE2T T AHdsE
FALG X 169 o)XARA AEY mouser E viIE T fﬂii‘ﬂ median
survival® e F5 FALE 990l Ho-166 A& TolAMe 33Y<ldch
AN g Fo ZaAA Aeld PEAY FARE AR RYcH, ol Ho-
166°0] AAd Fdd AR Y& TF HI®BLE FHRY EXHGoH
A XAl AAL Bolx %ttlh. bax mRNAY WH& X8 F 48A374A
F7HERAEIE 2 olx AA A oy 25FF4A A3 dETrRy
F7HEQA, p53% p2lel WHE AR F 48AWAA FETIE 2 ol%
gasiged, o AYxIANH LA WAHSA du=Eo AyTh TUNEL
Fd Y& A F 2U¥H 27714 #AY F QoY AEIAY AW
Bolzx sttt FAEEAN 9A AHERALY 4278 WAR & fIG o)y
AAE& ¥4 & ), Ho-166 SHANRE ZA4FS] XNF #8344, vigtd 4e
FHUAR ALY 089 X439 WAy 2ALY AR J)HE AR oAH
HAate} o]Z A A A dd AF A2 AYEct

HAHe & 4 E4F, MU FAHAAE, Ho-166 A1 FHE4,
M EIAL, A A
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