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Clinical and Biochemical Studies on the Mechanism of Gallium-67

Citrate Accumulation in Tumor Tissues
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A clinical series of %’Ga scintigraphy, taken at Kobe University Hospital and Tenri Hospital from
1970 to 1974, were investigated statistically and histologically.

Positive imaging of the lesion was obtained in 879, of 196 cases of primary lung cancer; 949, 339%,,
and 829, were positive in sqamous cell carcinoma, undifferentiated carcinoma, and adenocarcinoma.
In a comparative study on inflammatory lesions, positive imaging was also obtained frequently during
the active state such as pneumonia or lung abcess, but no evidence of positive image was noted in in-
active state.

Scince cyclic AMP is reported to play a role as a potent growth regulator, effect of cyclic AMP
as well as theophylline on *’Ga citrate binding in vitro was examined using a Millipore filter. Although
cyclic AMP released #Ga citrate bound to cytosols of a rat liver, theophylline stimulated Ga citrate
binding. In order to prove the working hypothesis that cyclic AMP phosphodiesterase might bind
%"Ga citrate, this enzyme was purified to a specific activity of 2330 mU/mg by an elaborated method such
as ammonium sulfate treatment (30—509,) and stepwise Hydroxyapatite fractionation. The specific
radioactivity of $’Ga citrate bound to this enzyme preparation (300 mM potassium phosphate buffer,
pH 7.5) was 70-fold more than transferrin and 240-fold more than cyclic AMP-binding protein puri-
fied as 50 mM potassium phosphate buffer, pH 7.5 eluted through Hydroxyapatite.,

It was also confirmed that the purified lysosome from the more rapidly growing hepatoma (7316A)
showed a two-fold higher radioactivity than the slower growing hepatoma (7794A) using an in vitro

"Ga citrate binding method.
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Table 1. Results ““Ga scintigraphy on malignant
diseases

| “"Gra accumulation
No. of :

cases positivé_ negative
(+) [

Diseases

Primary Jung cancer 196 (814'6595 ) (1:%;5)

oo
—_

16 5
(76%) | (24%)
4 2

Metastatic lung cancer

Mediastinal tumor

Malignant lymphoma (7*.21'51)5" (2?:;;)

Maxillary cancer
Thyroid cancer
Metastatic tumor of the neck

Breast cancer

Cancer of the esophagus

Hepatoma

Cancer of the stomach
Cancer of the pancreas
Metastasis to the abdominal wall

Retroperitoneal tumor
Hypernephroma
Cancer of the urinary bladder

Chorioepithelioma malignum

Osteosarcoma
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Table 2. *’Ga accumulation in 159 lung cancers
with different histology

Tumor type Ea':égr + =
Squamous cell 79 (gg% ) 5
Undifferentiated | 36 | @30 | 6
Adenocarcinoma 44 (BS%) 7

Table 3. “'Ga accumulation in malignant lym-

T OMOEE T, L5EE 4 6 4
B, FEEIEE 5 Gk 4 41, Y v -f14fdh 11
B, Fa 7 Bleh & BBy R S k.

phomas

-

'case:.;

T G
| No. 0[' Ga_accumu]atu)n.

| | + -
: —
| I-Iodgkm s d|se‘|.se 6 3 3
| Fetlculosarcoma 4 4 0
| I_ymphosarccmcl | 1 1 'r 0
e - o SIS i S — R
| Unknown 3 | 3 0
! Tatal 4| 11 |
Table 4. results of ““Ga scintigraphy on benign
diseases
T 1Ga aocun';ulaticn
Diseases | E;;é:f —— RE—
! | + | -
| — AT | S | I
f | 1n |
L tuberclois | 16| ol |3
i Tuberculoma | 3 0 3
! Lung absces L4 8 6
E Sarcoidosis {10 8 2
- . Wl
Pneurrmmtls [ 6 ! 2 4
| Other lung diseases i e
: (cysnc fibrosis, ) | 3 0 0
hamartoma D
' Struma .8 | 0 8
" Renal disease [ [
| (renal cyst) i 3 ] 0 3
Al T
Total | (100%)| 46%) |

—JiH
, BT A 1
DIDPEED S i, JEEED B H B IR

HAREFHO 2l 368 HoB

B, FIBEC X > CRESR D HIB Ui R il
ST B L, Table 25R3U1< @Y LB
Db RVIBERTH oM, BB OREE T
CERRMEA VS Ok RICERD R 3 cnd /K g
WHRICE b b3, BUWBHEER UEER Y ~
A E % f ks fug, Table 3 o< Hodgkin
BT 6 Bilrh 3 Pt sk U, AHAEPIIE B2 O
U v A EBIRGE Th .

b JEFES MR B——Table 41CR340<, 63
Bl2903isdo b46 % DIEHER T H DI, FD 5
LlRE R 166IR 116, FfibIREE 1465 8 .
Yoz 4 F—2 AR08 8 FIH ST H o,
Te BREBMEC B PENE 1 Ga DIERE H fn 0
7.

B E =

IR FEPERRE 387 55 DB AR Lie. #F O
FHOWD L [GUL, YGa ko By (GEHENES
~OHER) RiREEIHERTHEOL. —FH,
JEBEAR A VRSB LR & Ga i
B Rtz ERoFEOM VTR FEBHO
PR TH DI, Fra g V-2 2D 2 6
et AR R R T I o ERI T H B . ik g
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TR, X—FFIEH O E R b 65T
LZOTIhERMTAEIEER T 5, YGa-
citrate % ZJE - LMK L v b BHEEH L 2
EHLEDDHT LRI Y, EHEHom Y iR
THIT, “Ga-citrate o FEYEFEEARIHE 7]
WCHFE L. EE1x, £& LT Morris ¢ k2T
DA% Shic Buffalo %35 ., B © EBIFE,
7316A, 7794A, RO Th bOEEF#E>THE
B {7l in vitro T YGa kS HiAE A
AT EEbhAREWED—2% 5 » PIEWIT X
DL, coAEmWER LS L.
HiE O CHER

“Ga 12 FRU'Z o M0 MFEEE ST
EWHFEROREPICESE, YGa LEEO K
Aaflan v ThRNT ANEN BB DT,
* PRI RS RIE CEE e EE S U5 Ly-
sosome!® =35 H L, Leighton (50584, 3¢
158500 R P M404; D 4T3 HiL % Mitochon-
dria-Lysosome /3%, JEiifEo HERHMELER C
LT, 14.3% & 34.5% 5L Lysosome %
SHEERT S L5 FRR Lo T2k, B’A
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ik Lowry B CHIEL 2. %3 FR0
Lysosome L [bigintcbic, MPAERA HE, i
Coleman > Jik!i1c L2 THARBE L oMl E
b MV, PSR B, TAn )T LB
B F = — 7T YGa LEAIRBEVHH
% GROE AT D) Lok, b iifaE
B AR FRAY A A C #9 1 ~27mg/ml o FEHHIC
TR X 8T ¥Ga (912X 10%cpm) L oA v . ~N—
ok, HIL5P EHGEOEIC X 527,500R PM
15 DFONCT, Pl e LCHEEIR X 5 &Ml
MEH40.15M NaCl ¢ 2 BIPE4sE L, &
7T AF y 2 EOT o — TR O T A
G B 3 [E0.15M NaCl T 2> Th b, &
TR < B A D A F o g2 v =
WERA T, voFrv—Yavhyviz—THEL
to. FofER, Table 5iz ;73 & 5 Lysosome

Table 5. %'Ga activity on the subcellular element
binding in vitro

T Morris hepatt;lﬁ; ]
7316A tumor | 7794 A tumor |
- (rapid growing)| (slow growing) |
. 800
Lysosome* B 400
| P\Iasn:a_ membr_ane** (%8) 7700
M icrosome ¢ %53 ) . 2300
Miohondia | oy | 20
\i | 200
|[Mecer | ew i
* vgl.” (16) cpm/mg

*#* ygl ./ (18)

Figures in parentheses indicate the value in the
host liver. .

ChTnlh b Ga o &4 2 bht:. Rapid
Growing Tumor T3 % [ 7316 A ® J553 Slow
Growing Tumor T J % JJFHE 7794 A =2 f5ENF &
DR Zu o, HiENE (RENEY D O HEHE
) BRI & TR E < fehoie.

Lysosome o> T FHRMEE T B O ALY
FEIC L D FTle\, BEELTIL@BE + A7
7 2 —EiEHE <~ —» — Enzyme L Liz. Lyso-
some PJSATERTNE &3, FHEROTEER
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DT RIZE T RS X b Hhuicfila
BB Ga o IiFMEA E oo ht, T
YGa DfEE N A Ieh ot —TFF YGa R FRMIT
G U T A MBI ~ 0 B A% % S in
vivo DRER T, fHEN, ERIFEEMbTER
O 4y X b 4 5itl b Microsome [ o4y
I %Ga 5% Al L1z, T Vive fEEAIZT,
% 7316 A 834 %Ga 3 Microsome [ b 3
105,000% g LI X b %< 415 fERY &
o, T CHBAER ORI S 105,000%
g EWlHRS O BEERAK DT H#HNe. &AL
YGa DIEAED BN, 0.452 DET — 4 Xk
BTBHIVERT—7 4 L2 —2{FDOTiT2.
T /r4>'5 Table 6127 L7- Incubation System T
I >T HEf] Incubation o #%, =0 HE “Ga
aEE s VA7 -7 4 12— 1T © 8T 20mM
Phosphate Buffer -C 3 [@I3E 5 i (v s v &
Tk LS T B) R{Eolk. SEodk
BRicd & UTHOICHTRE 7316 A, IS 7794A 0
105,000% g kiE L, Zh & % Sephadex G 25
A Tz Cytosol & 3 ) H7 —HRic L b “Ga
WEHEEDO L T2t £ 25, Table 5 DL
Ho KT MRERC B 555 & [,
Table 7 o< JFHE7794A @ 105,000% g |ifin
JFHET316 A D7 L b B JETEME AR L.
DX 5 in vitro T BRI o Fis B [
DL, FGa-105,000% g EBifEsa (8131 YGa-
Cytosol #:4&) WwikbHEMEOEN bRt oo
TEHEME R S CEER O JFERE &1 el LT g
VL FGa i Te B BT A L TVT, b
I8 HAIRT L OREE B R G2 5 L
5 B B, MIBARYAEFREIR T & LT Pastan '
X hiEH 4T % Cyclic AMP (cyclic ade-
nosine 3,5 monophosphate) o ¥in#® #iEf L =
Lz %, Table 8 ®»ff1¢ Cyclic AMP 215 , |
KERIES KX OTEERF Cytosol & ¥Ga k&4l
BT EDbnot. feRIFET316 A DS,
& YGa BUOHEMELEENF & REETh ok, B
JHEEVC I Ltz ¥Ga %158 5 ATEEM: o Hiihi &4
DFETHD.

BAREZRE RSN Hitek Ho=

Table 6. Millipore method for ®’Ga binding in vitro

0.5M sodium acetate pH 5.2 0.040
0.1M MgCl, 0.040
GaCly (10-100M) 0.500
Binding proteins (10ug/mg) 0,100
$7Ga citrate 0.001
H,0 added to make 1,000 ml

If necessary, gallium citrate molar ratio was kept 59/1,
Incubated samples (0° for 7-—14 hr) were diluted with 2 ml
ol ice-chilled 20 mM phosphate buffer (pH 7.5) containing
10 mM MgCly, and filtered through a Millipore cellulose
ester membrane (pore size 0.4 1) and further washed 3 times
with 4, 6, and 6 ml of 20 mM phosphate buffer.

The appropriate protein concentration was carefully checked
befor incubation since the proportional range was narrower
in cruder samples.

Table 7. ®"Ga binding activity
%citrate 12,0290 %103 cpm) | 2 4 (290 < 10% cpm)
T 105000 % g Sup Cytosol
7316 A 36 22
TT94 A 58 37

Table &.

%108 cpm/mg protein
Gallium chloride was not used in these experiments,

additional effect of cyclic AMP on ““Ga
binding in cytosol

gylc%fg Lﬂ_{d p | Hepatoma 7316A Host liver
_ 1010 958
(100 %) (100%)
+ 731 482
5 (12%) so%)

%108 cpm/mg
Gallium chloide was not used in these experiments,
“Ga citrate (1 2): 1820 x 103 cpm.

LIk @ Cyclic AMP Fing2is o &, %Ga o
fiif4EEHs Protein kinase ¢» Sub unit ¢ B %
Cyclic AMP Binding protein-C} % W[ fEH: & 708
Ehah, —JFig. 1274 X 51 Cyclic AMP
Phosphodiesterase ([ F Cyclic AMP PDE [ %
3) OFHEIRIME & T4 545 Theophylline
P YGa DIEEERED HMALBIOT, TGa
Cyclic AMP PDE fka35 etk &2 €,
Cyclic AMP Binding protein } Cyclic AMF PDE
DYER A~ FrFoTR24 1, AT AR~
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400 %
00 r |—
200 f
100 r
s L[]
=
Cytosol Cytosol Cytosol

rat liver)
+2mM theophylline
2mM thecphylline
+0.2mM cyclic AMP

Fig. 1. Additional effect of theophylline on “'Ga
binding
Gallium chloride was not used in these experi-
ments.

P 2T 7 4 —EHEOH LW HE TR0k, Y
1 A%2—%% v PEFIT (18084) @ 105,000%
g kil fE2 T 2k 30—45% 1 fREiET L,
C OFREyE A Tris (EERC FEITHR, A lng
{zo> % 10mg > Calcium phosphate gel (o I35 X
o, 50mM BEEEYE (LUFK P B & g9)
12T A4y Protein kinase %[\ Fo 529, T
Hydroxyl apatite (Clarkson 7, LIFH A LE§3)
5 ACHE S TERAD)HERRAAL. 50mM,
200mM, 500mM ¢ Kalium phosphate buffer
(KPB) # thFhHA» S A LTHEHLE
% Fraction @ 5 %, Cyclic AMP Binding pro-
tein (350mM K P BB FFELC. &8
H4oHE L “Ga ofiday 3 ) F7 — BTl
&z 5, Table 9of1 %Ga 1% 500mM K P B
EHABENCIEF B BIRE AR L. S D4 H
~D ¥Ga D FE4 1 0.25M FERIR N 10% 7 )
r— % GAE20mM KPB (pH 7.5) i©4°C
ISRGRIERT L C & fgfEed", HASmM KPB
SED K 240f5 0 FEEN REE SR T, —F
Table 10iCx L7-#7 Li~Cyclic AMP PDE assay
system (T J o T &iEH B0 FERTEE Y E L
f= 2= %, Table 9@ fn< 500mM K P B4y
IilEfEo> Cyclic AMP % 434 7 %58, ““Phos-
phodiesterase’” A3HiEME - LT @\ AR Lic.
H A #EHHT#E T Cyclic AMP PDE JpiEdE s 1)
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Table 9. purification of cyclic AMP phosphodie-
sterase and °’Ga binding protein

Cyclic AMP “Ga bound
Phosphodiestarase ey ool
— e ———— - ‘[mU lllrrns:) (x ]“}8 cpm/n-lg)
Alter absorption with
Calcium Phosphate Ge_l_. 0.5 18
I-Iytlm:;;apa}altite‘ fraction
50mM phosphate ;
fraction 2.8 =i8
500 mM phosphate
fraction 2330 94000

2mM cyclic AMP was used in these experiments,

Table 10 Cyclic AMP phosphodiesterase assay

system

1 M Tris-HCL  (pH 7.6) 0.010
0.1 M MgClz 0.010
0.1 mM cyclic AMP 0.025
cyclic °H AMP 0.001
Ha0 +enzyme 0,104

0.150

Paper chromatography Chrom AR Sheet (20>20cm) Mollinckrodt,
for 1hr at 35°

using 2-propanol : ethyl acetate:ammonium hydroxide (55:29:16)
as a developing solvent.

— Adenosine
20 —cyclic AMP
3
2 5'-AMP
|~
............................ A
206m i e
L et ar— e - o —Origin
==3em-= 9 6em

A7 g kb “Ga & LR & © [0 REHLEE
AL EFRE (19 4,0006%) OHNAHY .,

Vitro {2 ®Ga 7% Cyclic AMP PDE iz giérd
BAEMERR < Lic. 7uds Cyclic AMP PDE ¥
FEiEMEx Table 100 FRIOWIL, 20caX 20cnd
Chrom AR Sheet (Mallinckrodt #) #{FH LT,
#E Cyclic AMP 2640355 AMP RO
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Adenosine Z43HEL, Fh HOAHEM 4 Beck-
man ko vFL—v g vh v v r— THEL
TRDIz. “Ga o EETHEAD1DOL LT
Transferrin 23415 31 T \» 3%, 2L Bovine
Transferrin L H A 500mM K P B 4yj% {#2C,
thbe %Ga (#72x 10*cpm) % 4 °Cic T 1585
fi] Incubation f%, 3V H7 —EIC k5 YGa §
AFEEE Tieolc. TofE Table 111C5R30
< YGa DfEE HIEPEL Transferrin #7065
Hotc. Ik P DE (Bohringer o4 (»
i) ik YGa DfEENR LRI,

Table 11 Specificity of ““Ga binding

Specific activity
(x10°cpm/mg
i ~_protein)
Purified
cyclic AMP phosphodiesterase 0
(calf heart muscle)
Transferrin
(bovine) 1770
Partially purified cyclic AMP y :
phosphodiesterase 1_2‘3280 |

"Gz citrate (720X 10 cpm)

Z K
Table 5 17k L=<, &0 TS 7316 A,
TT94 A /> & 430 U7- Lysosome (CHRARE & [L{)
T5 Ga DAV ABRIC. ZhiL YGa offf
PHIERT 121k Lysosome 23 BEfR3% & 5 FFED
HEDD L Bt B, XTI VHET =T 4z —
k5 ¥Ga fE4dad, 105,000% g [-i% Cytosol
WL EPNTHE « DA NIZSBOFELE LTH
CFBLD S fedh, LR RIETAER
WRTD MET 5 fodhs, B 512 <
Dfs. SO LR EAD BRlo EEM Y R
5bDFFEL5. 4O YGa LEEES R R LI
Phosphodiesterase |3 5 ., I ¥ 725 4 Bl
Lic 4 DTH5. —J Appleman o FE20 1z -
DTT y» MEE (FFE7316 A) 55 Cyclic AMP
PDE #43HL, Zhic LT 74154 CoA »
b O JRIGRA & o I EEY T » % REIRIT
CoA® pyhmiz & », Cyclic AMP PDE-%7Ga &

HAESRERESM]E H36%k #oE

AORIMAMBAEI. T, b EHFRE~RT
I8 (FF#% 7316 A) ¢id Cyclic AMP PDE o
TEER ERALTuS AN B Lw D& L
. L2 AT Wang B IZPDEFEMY B 5
Protein Activator % .k b K58l L7-2®, 2k
B3 7316 A9 b & 0 BGREMES % D H
LT R7—EEET Ga §E&ERY [Tt
LA, ThEMg 1+ vodkffic X oTCyelic
AMP PDE-%"Ga fE& 238N 5 = L4007, ¥Ga
LT Cyclic AMP PDE 135 o RO
% (D ~o “Ga o 4effic BIR L -4 By
HKDOBHHEALEEZEND.
w W

(1) Vitro i AT % Ga-ffiERE A GF
) T, Leighton o e 1oT AL
Lysosome (= %Ga 2igk&35 o L& fEHLi-.
Lysosome (2B LT, IMAIED &\ IFET316 A D
HiEE (cpm/mg) ASHREEE DK\ JFRET794 A DYy
2 TH Ok,

(2) Vitro 1 Al 5 “Ga- s ZE B ss 4k
(FYFET7T ) 25, %9 MEWHO 105,000%
g Bl 2 B 0 YGa FiEAHRE O BRI ISk
Ten

(3) %Ga-Cytosol k&2, Cyclic AMP o
B DI E BRI B I 7794 A D0
T316A X » Ga OfEHH L.

(4) ®Ga-Cytosol #ifyix, 7 . FIEWHF, IE
Wx[id3", Cyclic AMP (ko C il S hi-.

(5) PDE® FHEREHEL LT bR B
Theophylline %, %Ga-3 , | IEH7H Cytosol §
Bl L.

6) T PEEFELD AT FeFsT722q
FREBEHERIEALC, WiEEL LT YGa &
EWCEIFME 4 o7 7B (Phosphodiesterase) %
DL, ZOFE & YGa o &4 13, Bovine

Transferrin 70f%, Cyclic AMP Binding protein
D 240f% THoT.

(7) FFj# 7316 A 2+ % Cyclic AMP Hp5ik:
@ Phosphodiesterase % 4ppilL, Zh & %Ga o
Y 5 2 5RTIROWTEE L.
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