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High levels of androgen receptor (AR) are often indicative of recurrent, advanced, ormetastatic cancers.
These conditions are also characterized by a high proliferative fraction. 5-Radioiodo-30-O-(17β-
succinyl-5R-androstan-3-one)-20-deoxyuridine 8 and 5-radioiodo-30-O-(17β-succinyl-5R-androstan-
3-one)-20-deoxyuridin-50-yl monophosphate 13 target AR. They are also degraded intracellularly to
5-radioiodo-20-deoxyuridine 1 and its monophosphate 20, respectively, which can participate in the
DNA synthesis. Both drugs were prepared at the no-carrier-added level. Precursors and methods are
readily adaptable to radiolabeling with various radiohalides suitable for SPECT and PET imaging, as
well as endoradiotherapy. In vitro and in vivo studies confirm the AR-dependent interactions. Both
drugs bind to sex hormone binding globulin. This binding significantly improves their stability in serum.
Biodistribution and imaging studies show preferential uptake and retention of 8 and 13 in ip xenografts
of human ovarian adenocarcinoma cells NIH:OVCAR-3, which overexpress AR.When these drugs are
administered at therapeutic dose levels, a significant tumor growth arrest is observed.

Introduction

Androgen receptor (ARa) is commonly expressed in many
cancers.1-20 AR is the most frequently detected sex hormone
receptor in breast cancer cells. Its expression is reported
in>70% of all breast cancer cases1-4 and in 45-50% of
patients with estrogen receptor-negative breast cancer.4 The
ARstatus, not estrogen or progesterone receptor, is predictive
of tumor response tohormonal therapies.21AR is expressed in
most histological types and stages of prostate cancers includ-
ing primary, metastatic, and hormone refractory malignant
tissues.5-10 High levels of AR predict shorter time to the
biochemical relapse after the androgen deprivation therapy.8

The amplification of AR is associated with the relapsing
disease.9 The AR signaling pathway is critical to the develop-
ment and progression of prostate cancer.10 AR has also been
detected in the majority of ovarian cancers;12-15 however, the
AR status does not appear to be a strong prognostic factor in
ovarian cancer. No definitive correlations between the pre-
sence of AR, blood hormone levels, stage of disease, and
tumor histology have been established22-25 even though the
pathophysiology of this disease supports a strong connection
with androgens.26 Studies into the relevance of AR in various
cancers are impeded because accurate in situmeasurements of
the AR expression remain technically challenging.

One feature common toAR-expressing cancers is their high
Sphase fraction.27-34The survival and the time toprogression
for patients with ovarian cancer are correlated with the tumor
S-phase fraction. Patients with high S-phase fraction tumors
have significantly lower 5-year survival than patients with low
S-phase fraction tumors. Median time to recurrence is 48 and
17 months for low and high S-phase fraction tumor patients,
respectively.28 There is a significant heterogeneity of themean
S-phase fraction between diploid and aneuploid samples
depending on the tumor site. Diploid lymph node metastases
have the lowest mean S-phase fraction (<7.2%), and the aneu-
ploid lymph node metastases have the highest mean S-phase
fraction (22.3%).29 In prostate cancer, the S-phase fraction is
significantly higher in tumors with high AR density.30,31 The
recurrent prostate tumors, which have the AR amplification,
are highly proliferative and are more often aneuploid com-
pared to tumorswithnoARamplification.31This implies increa-
sed AR-mediated cell proliferation in the recurrent tumor cells.
Drugs described in this study take into account these two

predominant characteristics of the disease in advanced or
recurrent stages and comprise 5R-dihydrotestosterone (DHT)
as the AR-based tumor-seeking moiety and 5-radioiodo-20-
deoxyuridine or its phosphate as the S-phase specific agents to
preferentially target and kill these cancer cells, which are AR-
positive and have a high S-phase fraction. This particular cell
population characterizes tumors that areprone to relapse.29,33,34

When radiolabeled with diagnostic radionuclides, drugs de-
scribed belowwill allow for the simultaneous evaluation of the
AR status and the S-phase fraction, thereby facilitating tumor
staging and planning of the therapy. To date, 11 new drugs
weredesigned, synthesized, and tested.Twodrugs,whichwere
identified as good candidates for translational and clinical
studies, are described.

*To whom correspondence should be addressed. For Z.P.K.: tele-
phone, 402-559-1030; fax, 402-559-9127; e-mail, zkortylewicz@unmc.
edu. For J.B.-K.: telephone, 402-559-8906; fax, 402-559-9127; e-mail,
jbaranow@unmc.edu.

aAbbreviations: AR, androgen receptor; SHBG, sex hormone bind-
ing globulin; DHT, 5R-dihydrotestosterone; HPLC, high-performance
liquid chromatography; ITLC, instant thin layer chromatography, FBS,
fetal bovine serum; PET, positron emission tomography, SPECT, single
photon emission computed tomography; PBS, phosphate buffered
saline; ip, intraperitoneal.
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Results

Chemistry.Syntheses of 125I-radioiodinated compounds 8,
13, 17, and 20, based on the non-carrier-added electrophilic
iododestannylation of the corresponding trialkylorganotin
precursors,35,36 are detailed in Schemes 1 and 2.Nonradioac-
tive iodo analogues 5 and 15, as well as 6 and 9 (those con-
taining the androstan-3-onemoiety) required in the prepara-
tion of stannanes 7, 10, 11, 16, and 18, were constructed first.
The esterification of dihydrotestosterone 17β-succinate37

with 2 and the subsequent deprotection of the 50-position
on uridine led to 5-iodo-30-O-(17β-succinyl-5R-androstan-3-
one)-20-deoxyuridine 6 isolated in 73% overall yield. The
phosphorylation of uridine 6 by the reactive phosphorami-
dite provided the corresponding phosphotriester 9, however,
in only 11%overall yield. This low yield is most likely caused
by the large size of dihydrotestosterone at the 30-position on

uridine. As a result, 5-iodo-O,O0-(di-tert-butyl)-20-deoxy-
uridin-50-yl phosphate 5 was synthesized first and was sub-
sequently reacted with dihydrotestosterone 17β-succinate to
furnish 9 in satisfactory yield of 69%.

Initially, the starting phosphotriester 5 was prepared by
the 50-O-phosphitylation of 5-iodo-30-O-levulinyl-20-deoxy-
uridine 4 with di-tert-butyl N,N-diisopropylphosphorami-
dite and excess of 1H-tetrazole, followed by one-pot oxida-
tion of phosphite with tert-butyl hydroperoxide, and the
30-O-Lev group deprotection.38 With this approach, the
average overall yield of 5 was 64%. Later, to simplify this
route, the preparation of levulinate 4 was omitted and the
direct phosphorylation of unprotected 5-iodo-20-deoxyuri-
dine (IUdR) 1 was adopted, furnishing a mixture of three
products: the desired phosphotriester 5 (50-regioisomer) in
48% yield, the 30-isomer (34%), and the 30,50-disubstituted

Scheme 1. Syntheses of Target Compounds 8 and 13
a

a (a) DMTrCl (1.1 equiv), Et3N (1.2 equiv), DMAP (0.05 equiv), in dry pyridine, 0 �C to room temp, 6 h; (b) 4-oxopentanoic acid, DCC/DMAP

in CH2Cl2, room temp, 3 h; (c) ZrCl4 (1.1 equiv) in CH3CN, room temp, 20 min; (d) (i) 1H tetrazole (4.5 equiv); (ii) (t-BuO)2PN(i-Pr)2 (1.2 equiv), 0 �C
to room temp, in dry DMF/THF (3:4), ∼4 h (TLC monitoring); (iii) t-BuOOH, 5-6 M solution in n- decane (2.0 equiv), -16 �C to room temp, 1 h;

(e) H2NNH2 3H2O, pyridine, CH3COOH, room temp, 2 min; (f) 2, dihydrotestosterone 17β-succinate, DCC/DMAP in CH2Cl2, room temp, or

dihydrotestosterone 17β-succinate activated with CDI (1.15 equiv), CH2Cl2, 0 �C to room temp, 40 min; (g) ZrCl4 (1.25 equiv) in CH3CN, room temp,

30min; (h) Sn2(CH3)6 (1.2 equiv), (Ph3P)Pd(II)Cl2 (0.07 equiv), in dioxane refluxed underN2,∼3 h (TLCmonitoring); (i) (i) Na125I/NaOH (1-10mCi),

30%H2O2 (5 μL), TFA/CH3CN (0.1% v/v), room temp, 15 min; (ii) HPLC purification; (j) 5, as for step f ; (k) (i) 1H tetrazole (5.0 equiv); (ii) (t-BuO)2-

PN(i-Pr)2 (1.25 equiv), 4 �C to room temp, dryCH3CN, overnight (TLCmonitoring); (l) t-BuOOH, 5-6M solution in n-decane (5.5 equiv), 0 �C to room

temp, 1 h; (m) 9 dried sample, TFA/CH3CN anhydrous, room temp, ∼40 min (TLC monitoring). (n) In preparation of 10: Sn2(n- Bu)6 (1.25 equiv),

(Ph3P)Pd(II)Cl2 (0.1 equiv), EtOAc refluxed under N2, 6 h. In preparation of 11: Sn2(CH3)6 (1.5 equiv), (Ph3P)Pd(II)Cl2 (0.07 equiv), EtOAc refluxed

underN2, 2 h. (o) As for step i; (p) (i) dried sample of 12 (1-10mCi) underN2, anhydrousCH3CN (200 μL), TFA (30 μL),∼60min (HPLCmonitoring);

(ii) HPLC purification.

D
ow

nl
oa

de
d 

by
 T

A
T

A
 I

N
ST

 O
F 

FU
N

D
A

M
E

N
T

A
L

 R
E

S 
on

 O
ct

ob
er

 1
1,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 A

ug
us

t 4
, 2

00
9 

| d
oi

: 1
0.

10
21

/jm
90

05
80

3



5126 Journal of Medicinal Chemistry, 2009, Vol. 52, No. 16 Kortylewicz et al.

uridine (15%). These were separated on a silica gel column
with no difficulties. Both pathways led to phosphate 5 with
practically the same efficiencies when yields of required
protection/deprotection steps are taken into account.
Organotin precursors 7, 11, 16, and 18 were prepared by

the stannylation of iodouridines 5, 6, 9, and 15, using hexa-
methylditin, and were carried out in the presence of palladium-
(II) catalyst. Phosphotriester 9was also reacted with hexa-n-
butylditin, giving the corresponding tri-n-butyltin derivative
10. The tri-n-butyltin precursor 10, having a much higher
hydrophobicity than stannane 11, eluted from the HPLC
column 23 min later during the purification of 125I-labeled
12, which allowed for a fast and more efficient separation of
the radiolabeled product, especially when larger volumes, up
to 1 mL, of the crude reaction mixture were injected. The
remaining 125I-labeled target compounds 8, 17, and 19 were
sufficiently well resolved from their trimethyltin precursors
7, 16, and 18, allowing the preparation of radioiodinated
no-carrier-added products, with high specific activities,
using a single HPLC purification.
Exploratory radioiododestannylations were performed with

the trimethyltin precursor 7 (120 μg), Na125I (10 μL, 1 mCi),
and four different oxidants. Literature procedures were carried
out with chloramine T,39 Iodogen,40 hydrogen peroxide,41 and
peracetic acid.42 In all reactions, the product was at least
80-95%8with5-15%of inorganic radioiodide.Co-injections
of the radiolabeled material with the independently prepared
iodo standard 6 confirmed the identity of radioiodinated 8.
N-Chloro-substituted oxidants led to the measurable

chlorodestannylation of 7 (∼11% by HPLC). The proton
destannylation, observed to some extent in all reactions, was
definitely elevated when peracetic acid was used. Radio-
iododestannylation performed with hydrogen peroxide as
the oxidant consistently gave the best results with an average
radiochemical yield of >85%. For the synthesis of uridines

8, 12, 17, and 19, the standard radioiododestannylation
procedure, originally developed for the synthesis of 5-[125I]-
iodo-20-deoxyuridine,43 was followed.
The tert-butyl esters of the (t-BuO)2P(O) group in phos-

photriesters 12 and 19 were cleaved using a mixture of TFA/
CH3CN (10-13%, v/v, 100 μL) in less than 1 h, cleanly
producing the corresponding target radioiodinated phos-
phates 13 and 20 in high radiochemical yield. In both cases,
the progress of hydrolysis was monitored using HPLC (see
Supporting Information pp S39, S40, S58). However, to
achieve the completion of hydrolysis, it was critical to use
anhydrous tert-butyl phosphotriesters 12 and 19. In the

Scheme 2. Syntheses of Control Compounds 17 and 20a

a (a) monoethyl succinate (1.25 equiv), DCC/DMAP, CH2Cl2, room temp, 2 h; (b) TFA (90%), tert-butanol, room temp, 2 h (TLC monitoring);

(c) Sn2(CH3)6 (1.5 equiv), (Ph3P)Pd(II)Cl2 (0.015 equiv), in EtOAc refluxed underN2, 40min (TLCmonitoring); (d) (i) Na125I/NaOH (1-10mCi), 30%

H2O2 (5 μL), TFA/CH3CN (0.1% v/v), room temp, 15min; (ii) HPLC purification; (e) as for step c, refluxed in dioxane, 3 h; (f) as for step d; (g) (i) dried

sample of 19 (1-10 mCi) under N2, anhydrous CH3CN (200 μL), TFA (30 μL), ∼40 min (HPLC monitoring); (ii) HPLC purification.

Figure 1. Binding of compound 13 to sex hormone binding globu-
lin. Samples were diluted with PBS, pH 7.1, to achieve indicated
above concentrations of SHBG. Compound 13 was dissolved in
CH3CN, and 10 μL (on average 5.4 μCi) was added to each SHBG
dilution.Resultingmixtureswere vortexed and incubated for 30min
at ambient temperature. Aliquots were withdrawn, injected, and
analyzed on the size exclusion HPLC column.
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presence of water, the cleavage process always stopped at the
(t-BuO)(OH)P(O)-phosphate diester stage. In the hydrolysis
of dried, anhydrous 12 (10 mCi), three components, the
desired (HO)2P(O)-phosphate 13 (92%), (t-BuO)(HO)P-
(O)-phosphate diester (5%), and (t-BuO)2P(O)-triester 12

(e2%), were consistently formed and separated from the
reaction mixture. The cleavage rates of tert-butyl ester
groups of anhydrous [125I]iodo-20-deoxyuridine-50-mono-
phosphate di-tert-butyl phosphotriester 19 were faster.
Within 35 min of hydrolysis of 19, 10 mCi used in the form
of dried residue, the target [125I]iodo-20-deoxyuridine-50-
monophosphate 20 (96%) was separated alongside mono-
tert-butyl ester of 19 (3%). HPLC analyses indicated no less
than 95% of the intact radiochemically pure product after
24 h of storage. HPLC co-injections of the independently
prepared iodo standards 6, 9, 14, and 15with the correspond-
ing radioiodinated derivatives 8, 12, 13, and 17 were used to
confirm the identity of radiolabeled compounds. HPLC
retention times of 5-[125I]iodo-20-deoxyuridine-50-monopho-
sphate 20 were identical to the retention time of commer-
cially available 5-iodo-20-deoxyuridine 50-monophosphate.

Binding and Stability Studies.Binding of compounds 8, 13,
17, and 20 to human sex hormone binding globulin (SHBG)
was measured using size-exclusion HPLC and instant thin
layer chromatography (ITLC) methods. Figure 1 shows a
typical binding isotherm for 13 derived from theHPLCdata.
Kd for this compound was estimated at 17.2 ( 4.2 nM and
Bmax at 4.5 ( 0.4 nM. Interactions of all compounds with
human, rabbit, and mouse serum were also analyzed. Data
for 8 and 13 are shown in Figures 2 and 3. The nonspecific
control compounds 17 and 20 are in the Supporting Informa-
tion (S53, S54, S61, S62). Additionally, to confirm the
specific binding to SHBGand the lack of binding to albumin,
all radioactive drugs were incubated with albumin alone,
PBS, and human SHBG mixed with albumin, and these
mixtures were analyzed on the size exclusion column
(Supporting Information, pp S25, S44, S45, S48).
Compounds 8 and 13 bind to pure SHBG isolated from

human serum. Both compounds also bind to SHBG in rabbit
and human serum (Figures 1, 2, and 3). This binding confers
a significant degree of stability, as indicated by the presence
of intact 8 and 13 in extracts prepared from the incubation

Figure 2. HPLCanalyses of 8and 13 interactionswithpurifiedhumanSHBGandhuman (HS), rabbit (RS), andmouse (MS) serum.After 60minof
incubation, compounds were analyzed on a size-exclusion column (data for 8 are shown in panel A; data for 13 are shown in panel C). Size exclusion
conditions are as follows: solvent A, 0.1Mpotassium phosphate buffer and 0.1MNa2SO4, 1:1 (v/v), pH 6.8; solvent B, CH3CN. Elution parameters
on TSK3000 column are as follows: solvent A for 20 min followed by a linear gradient of solvent B from 0% to 40% over 20 min, held at 40%B for
30 min, flow rate 0.7 mL/min. HPLC analyses of extracts were performed on a reverse phase column (panels B and D for 8 and 13, respectively).
Reversephase conditionsareas follows: solventA,H2O,andsolventB,CH3CN,bothcontaining0.07%TFA.Elutionconditionsareas follows: 100%
solvent A for 10min, then a linear gradient of solvent B from 0% to 95%over 30min, held at 95%B for 20min. Flow rate was 0.8 mL/min. The top
rowshows size exclusionandC18HPLCtracesofpure8 (redpeak in columnsAandB) andpure13 (purplepeak in columnsCandD).The secondrow
shows size exclusion and C18 HPLC traces of pure 1 (blue peak in columns A and B), which is the degradation product of 8, and 20 (orange peak in
columns C and D), which is the degradation product of 13. The green peaks in all panels correspond to 8 and 13 bound to SHBG.
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mixtures and analyzed on a C18 column. Compound 8 does
not bind to mouse serum (bottom panel in Figure 2A),
whereas 13 appears to bind to some unidentified component
of mouse serum (bottom panel in Figure 2C).
Adult mice do not have circulating SHBG.When 8, which

does not seem to bind to any component of themouse serum,

is incubated in mouse serum, <1.5% of intact 8 remains
after 10 min of incubation. In contrast, >84% and>91% 8

remains intact after 60 min of incubation upon binding to
SHBG in rabbit or human serum, respectively. Similar
stabilities are also seen for 13 bound to SHBG in rabbit
and human serum. The weak binding to some component(s)
of mouse serum allows ∼60% of 13 to remain intact after
40 min of incubation. Neither the control reagent 17 nor
compound 20, which is the metabolite of 13, binds to SHBG
or to any component of analyzed sera; however, their stabi-
lity depends on the source of serum. After 60 min of incuba-
tion in mouse and rabbit serum, only a trace (<2%) of 17
remains intact. In contrast, in human serum, >90% of 17 is
still present after 60 min incubation (Supporting Informa-
tion S53, S54). In rabbit and human serum, ∼30% of intact
20 is isolated after 60 min of incubation. Compound 20 does
not survive incubation inmouse serum, and after 60min only
1 is detectable (Supporting Information pp S61, S62).

The longitudinal stability of 8 and 13 in mouse, human,
and rabbit serum was also evaluated. Figure 4 illustrates the
time course of 8 degradation in rabbit and human serum.
Mouse serum data are shown in the Supporting Information
(S30, S31, S46). Half-lives calculated from the monoexpo-
nential fit are 5.7 ( 0.6 h and 14.7 ( 1.3 h in rabbit and
human serum, respectively (S34 in Supporting Information).
Prior to biological studies, the stability of 8 and 13was also

determined in PBS and RPMI-1640 cell culture medium.
Both compounds are stable in PBS. Only after prolonged
24 h of incubation in RPMI-1640 medium is ∼30% of 8
hydrolyzed (Supporting InformationppS26-S28). Figure 5A
illustrates the time course of 8 breakdownwhen incubated in

Figure 3. Instant thin layer chromatography analyses of 8 binding
to human SHBG and human and mouse serum. (A) Compound 8

was incubated with human SHBG for 60 min. ITLC plate, eluted
with 1:9 (v/v) ethanol/PBS mixture, was cut into 5 mm slices, and
their radioactive content was determined in a γ counter. (B)
Compound 8 was incubated for 60 min with human and mouse
serumdilutedwith PBSat 1:5 (v/v) ratio. The eluted platewas placed
on the Kodak XAR imaging film, which was exposed for ∼2 h and
developed. Spots migrating with the solvent front correspond to the
unbound ligand.

Figure 4. Stability of compound 8 in rabbit serum (panels A and B) and human serum (panels C and D). After indicated incubation times,
aliquots of the mixtures were analyzed on a size-exclusion column (panels A and C) under the conditions described in Figure 2. Extracts were
analyzed on a reversed phase HPLC column (panels B and D) using conditions described in Figure 2. Top two rows of all panels show size
exclusion andC18HPLC traces of pure 8 (red peak) and 1 (blue peak). Panels labeled 1 h, 5 h, and 24 h aremixtures of 8with rabbit and human
serum incubated at ambient temperature for 1, 5, and 24 h beforeHPLCanalyses. Green peaks designate 8 bound to SHBG in serum.Red peak
is the intact 8 present in the incubation mixture. Blue peak corresponds to 1, a degradation product derived from 8, present in the incubation
mixture.
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RPMI-1640 serum-free medium. In a span of 6 h,∼90% of 8
remains intact and the half-life is estimated at 54.2 ( 2.5 h.
The stability of 8 is strongly affected by the presence of
cancer cells. When similar experiments are conducted in the
presence of living OVCAR-3 cells (Figure 5B),∼60% of 8 is
degraded within 4 h, releasing 1 and 30-succinate of 1 into the
culture medium.
The half-life of 8 in the presence of cancer cells is estimated

at 3.2 ( 0.26 h, indicating rapid intracellular metabolism of
8 to 1. 125IUdR 1 can participate inDNA synthesis; however,
it does not have any features that would permit its retention
inside the cell and for this reason, it gradually appears in the
cell culture medium.
The studies on the effect of OVCAR-3 cells on the stability

of 13 were not conducted because the intracellular retention
of 50-monophosphate 20 confounds the distribution of radio-
active components in the cell culture medium.

In Vitro Studies in Cancer Cells. The uptake and subcel-
lular distribution of 8 and 13 were analyzed in four human
cancer cell lines characterized by diverse levels of the AR
expression. LNCaP and NIH:OVCAR-3 have high and
comparable levels of the AR expression when cultured in
vitro, in terms of both the AR mRNA level and the expres-
sion of AR protein.44-46 MCF-7 cells have the AR protein
expression at the limit of detection,47,48 while PC-3 cells do

not express AR.45 The degree of 8 and 13 uptake and
DNA incorporation reflects this variability in the AR ex-
pression.
Figure 6 illustrates the concentration and time-dependent

accumulation of 8 in LNCaP cells. In the presence of living
cells, 8 undergoes metabolic intracellular degradation to
125IUdR 1 (Figure 5B), which can participate in the DNA
synthesis. For this reason, cell uptake studies were first done
in a single-cell suspension of LNCaP cells, i.e., conditions
that do not permit cellular proliferation in this cell line
(Figure 6A and Figure 6B), and therefore, the uptake of
1 into the DNA is not expected.

During the initial 2 h incubation, there is a time-dependent
increase in the cellular accumulation of 8. After this time,
as 8 is being converted into 1, there is a decline in the
retention of radioactivity in a whole cell and in a cell nucleus.
This decline roughly parallels the rate of appearance of 1 in
the cell culture medium, suggesting that the uptake in the
single-cell suspension is dependent on the extracellular con-
centration of 8. To verify this observation, nonproliferating
LNCaP cells in suspension were exposed to ∼10� higher
concentration of 8 (Figure 6B), and indeed the cellular
retention of radioactivity increased by a factor of ∼10.

The uptake of 8 is significantly higher in proliferating
LNCaP cells grown as a monolayer because when the inter-
nalized 8 is degraded to 1 (125IUdR), an analogue of thymi-
dine, proliferating cells can utilize 1 in the DNA synthesis
(Figure 6C). Analyses of data shown in Figure 6C using a
single cell-binding isotherm (cpm/cell bound) give an esti-
mated Bmax of 1.4 � 10-6 pmol/cell, which corresponds to
∼850 000 125I per cell. This level of 125I incorporation into the
cancer cell’s DNA is lethal.49-52 Previous studies indicate
that the localized energy from 125I disintegrations within DNA
in mammalian cells produces approximately one double-
strand break and 1.3 single-strand breaks per 125I disintegra-
tion.50 Only about 50% of these breaks are repaired.51,52

NIH:OVCAR-3 cells exposed to either 8 or 13 show the
uptake and intracellular accumulation of 125I similar to
LNCaP cells. The intracellular retention of radioactivity is
higher for compound 13 compared to 8 (Figure 7). The key
reason for this difference is thatmetabolite 1, on release from
8, is not retained within the cell, whereas monophosphate 20
liberated intracellularly from 13 is trapped inside the cell and
is standing by to participate in theDNA synthesis, regardless
of the cell cycle phase at which 13 became available for the

Figure 6. Uptake and subcellular distribution of 8 in human prostate cancer LNCaP cells (low passage), which express high levels of AR.
(A)Whole cell and nuclear uptake as a function of the exposure time to the radioactive drug 8. Living but not proliferating cells weremaintained
as a cell suspension in RPMI-1640 medium containing 8 at a concentration of 0.03 μCi/mL. (B) The same experiment conducted at the
concentration of 8 at 0.37 μCi/mL. (C) Concentration dependent uptake of 8 in proliferating LNCaP cells grown as a monolayer after 24 h of
exposure to 8.

Figure 5. Stability of compound 8: (A) radioactive product distri-
butionwhen 8 is incubated in theRPMI-1640 serum-free cell culture
medium; (B) examination of breakdown products of 8 in the
presence of proliferating NIH:OVCAR-3 human ovarian adeno-
carcinoma cells grown in the complete RPMI-1640 medium.
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uptake,53,54 resulting in high levels of 125I incorporation into
the DNA (Figure 7B and Figure 7C). This favorable char-
acteristic of 13 is evident in the concentration- (Figure 7A) as
well as time-dependent uptake and the corresponding sub-
cellular fractionation studies (Figure 7B). The ratio of
125IUdR to thymidine in DNA is well within the cytotoxic
range49-52 with approximately 1 in 500 thymidine residues
replaced by 125IUdR after 24 h (Figure 7C).

MCF-7 cells, which have marginal expression of AR,47,48,55

and PC-3 cells, which do not express AR,45,56,57 retain only
low levels of radioactivity. To verify that the uptake of intact
radioactive drugs is dependent onAR expression, the uptake
studies were conducted at 4 �C to prevent proliferation-
dependent uptake (Figure 8). One set of cells was treated
with nonradioactive DHT prior to the addition of the radio-
active drug to block binding of 8 to AR. In neither PC-3 nor
MCF-7 cells was the cellular retention of 8 influenced by the
presence of competitor (Figure 8A). For comparison, the
effect of 1 μMDHT in AR-expressing LNCaP cells is shown
in Figure 8B. LNCaP cells take up ∼30% more 13 in the
absence of DHT.
The dissimilar effects of 8 and 13 in cancer cells, which

express AR, is best observed in the cell survival studies
(Figure 9). When cells are exposed to 125I-8 for 24 h,
∼95% cells survive the treatment (Figure 9A, black circles).
The cell killing by 123I-8 is better. After 24 h of this treatment,

over 20% of cells are dead at the highest concentration
(Figure 9A, white circles). This difference in the cell sensi-
tivity to 125I-8 and 123I-8 reflects the number of decays
accumulated within 24 h of the exposure to the drug.
123I half-life is 13.2 h compared to 60 days for 125I. Over a
period of 24 h,>70%123I decays, while during the same time
only 1.1% of 125I is decayed. When cells are grown with
125I-8 for 48 h, their survival is reduced to ∼50% at the
extracellular concentration of 3 μCi/mL. Two factors con-
tribute to this result: the accumulation of more decays and
the release and reuptake of 1. The therapeutic effectiveness of
13 is more impressive. The extracellular concentration of
13 to achieve D37 in LNCaP human prostate cancer cells is
∼1.7 μCi/mL. Ninety percent of cells grown for 48 h in the
presence of 13 at the extracellular concentration of 8 μCi/mL
are dead (Figure 9C). This is attributed to the good intra-
cellular retention of 20 released from 13 and its availability
throughout the cell cycle. At any given time, in the unsyn-
chronized cell population used in these experiments, only a
fraction of cells is making DNA and can utilize 20. The
50-monophosphate moiety in 13 and 20 ensures their intra-
cellular retention.53,54

In Vivo Studies in Athymic Mice with Intraperitoneal NIH:

OVCAR-3 Xenografts. Tumor uptake and biodistribution
studies were performed in immunodeficient mice bearing ip
implants of OVCAR-3 cancer cells. The accumulation of the
radioactivity in xenografts is evident in thewhole body image
(Figure 10A and Figure 10B) and biodistribution data
(Figure 10C). There is a direct relationship between whole
body count and the size of the tumor (data not shown). On
average 8.3% ( 2.1% of the whole body radioactivity is
associated with the intraperitoneal tumor as calculated
from the region of interest 72 h after administration of 8
(Figure 10B). Nonadherent tumor cells and ascites lavaged
from this mouse retained ∼3.4% of the injected 45 μCi 8, of
which >97% was associated with cancer cells at 72 h after
injection. The planar images show stomach and thyroid as
the twomain target tissues.Mice in this group did not receive
SSKI prior to the administration of the radioactive drug;
consequently, high levels of iodide-125 accumulate in
thyroid and stomach.
Biodistribution data indicate that in addition to the AR-

dependent tumor uptake, there is also a significant uptake of
8 in uterus (Figure 10C), with up to 1%ID/g present 72 h

Figure 7. Uptake and subcellular distribution of 13 inNIH:OVCAR-3 human ovarian adenocarcinoma cells, which express high levels of AR.
(A) Concentration dependent uptake and DNA incorporation of 13 in OVCAR-3 cells after 24 h with the drug followed by additional 24 h of
continued culture in fresh completeRPMI-1640medium. (B) Time-dependent uptake of 13used at a concentration of 1.75 μCi/mL inOVCAR-
3 cells. At designated times, radioactivemediumwas replacedwith freshmedium and cells were cultured for an additional 48 h. Left y-axis is the
total cell uptake; right y-axis represents the DNAuptake, both in cpm/cell. (C) Thymidine replacement by 125IUdR inDNAofOVCAR-3 cells
treated with 13.

Figure 8. (A) Uptake of 8 inMCF7 and PC-3 cells, two cell lines with
very low or no AR expression, grown in the presence of 0.1 μCi/mL
8 with (black) or without (gray) 0.1 μM DHT at 4 �C for 16 h.
(B) Uptake of 13 in LNCaP cell grown for 48 h with (black) and
without (gray) 1 μMDHT.
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after administration. Although little is known about the
physiological role of AR in the mouse uterus,58-60 recent
reports indicate high expression of AR in female reproduc-
tive organs in mice.59,60 The analysis of clearance curves
shows a gradual disappearance of radioactivity with the
estimated half-lives of 26 and 68 h from the peritoneal lavage
and tumor cells recovered from the peritoneal cavity, respec-
tively. At 1.5 h after ip administration of 8,∼29%of the total
peritoneal radioactivity is recoveredwith tumor cells. At 24 h
and later, >95% of the peritoneal lavage radioactivity is
associated with OVCAR-3 cells.
Therapy trials inOVCAR-3-bearingmice showed that a low

dose treatment with 8, administered either as a single ip dose of
14 μCi/mouse or as three escalating daily doses of 5, 10, and
15μCi/mouse (total dose 30μCi/mouse) produced onlyminimal
tumor response. When 8 was administered in six fractionated
doses every 4 days for a total dose of 180 μCi/mouse, the
therapeutic effect was significant (Table 1). The number of
nonadherentOVCAR-3 cells recovered in the lavage of control
mice averaged 1.25� 109 cells/mouse. Mice treated with 8 had
on average 3.8�108 OVCAR-3 cells/mouse corresponding
to ∼70% reduction of the tumor size. The radioactive content
of OVCAR-3 cells retrieved during the necropsy from mice
treated with 8 is dose dependent (Figure 11A). All %ID/g
values are corrected for decay. Tumors harvested 12 days after
the last of six therapeutic doses of 8 retained ∼0.5%ID/g
(Figure 11A) of which 125I bound to DNA, presumably
in the form of 125IUdR, accounts for 86.8% ( 7.4% of total

cell-associated radioactivity. The treatment was far more effec-
tive in less established xenografts, i.e., when the first therapeutic
dose was administered 9 or fewer days after the OVCAR-3
cancer cells implant. If before treatment tumorswere allowed to
grow until solid metastatic deposits were established within
the peritoneum, the therapeutic effect was less. Nevertheless,
31-day-old established OVCAR-3 xenografts treated with one
bolus ip dose of 13 (0.25 mCi/mouse) co-injected with SHBG
produced therapeutic response, despite the apparent stimula-
tory effect of SHBG on the growth of OVCAR-3 xenografts61

(Figure 11B). OVCAR-3 tumors in control mice treated with
SHBG appear to grow at an accelerated rate. On the day of
necropsy, 55 days after the tumor implant, the average tumor
burden in SHBG-treated group was 4.1 ( 0.6 g compared to
3.7( 0.3 g in mice treated with PBS only. In comparison, mice
treated with 13 co-injected with SHBG had a total tumor
burden of 3.1( 0.3 g (P value of 13þ SHBGvs SHBG control
was 0.19).
Themain difference between tumor burden in 13þ SHBG

treated mice compared to SHBG-only controls lies in the
size and numbers of solid tumors (Figure 11B). Mice treated
with 13þ SHBG had an average 1.2( 0.5 g of solid tumors,
whereas the SHBG-treated mice had 1.9 ( 0.8 g of solid
tumors (P=0.021). There were also differences in the size
of the nonadherent cancer cell pellet. These data, however,
did not achieve statistical significance (Figure 11B, bars
marked as “cells”) because of the greater variability in the
recovery of nonadherent tumor cells compared to solid

Figure 9. Survival ofNIH:OVCAR-3 andLNCaP cells treatedwith 8 and 13: (A)OVCAR-3 cells after 24 hwith 125I-8 (black) or 123I-8 (white);
(B) OVCAR-3 cells after 48 h exposure to 125I-8; (C) LNCaP after 48 h with 125I-13.

Figure 10. Biodistribution of 8 in athymic NCr-nu/nu mice bearing intraperitoneal NIH:OVCAR-3 xenografts. (A) Whole body image
acquired 72 h after ip administration of 45 μCi 8. (B) Region of interest (ROI) analyses of tumor, stomach, and thyroid uptake of 8.
ROI activities are expressed as the percent of the whole body activity. (C) Biodistribution of 8 in several normal tissues and OVCAR-3 tumor.
(D) Subcellular distribution of radioactivity after ip administration of 8. After the lavage of the peritoneal cavity, 125I content was measured in
whole cell, cytoplasm, and perchloric acid precipitated DNA.
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tumors. Moreover, 3 out of 10 mice in the control SHBG-
treated group had to be terminated prematurely (4 and 2
days earlier) because of rapidly developing massive ascites.
These control mice were not included in data analyses.
The necropsy of mice treated with a bolus dose of 13

revealed that the radioactivity in blood was >2.5� lower
than in cancer cells at 0.057 ( 0.021%ID/g (Figure 11C).
Hemoglobin (Hb) and hematocrit (Ht) values reflected the
overall health on mice. Tumor-bearing control mice, which
received ip injections of either PBS or vehicle, had Hb and
Ht of 13.4 ( 2.2 and 58.4 ( 0.9, respectively, compared to
Hb of 11.5 ( 1.3 and Ht of 51.4 ( 1.6 in mice injected with
SHBG. Mice from the therapy group had Hb of 12.2 ( 1.7
and Ht of 55.2 ( 5.7. The decline in Hb levels of SHBG
control mice is most likely the result of the large tumor
burden. These hematologic data also suggest that 13 given at
0.25 mCi dose produces no overt adverse effects.
Therapy studies using 13 were also conducted using the

fractionation scheme similar to the above described therapy
studywith 8. Tumor necropsy data are summarized in Table 2.
In this treatment regimen, the response of OVCAR-3 to 13 is
significantly better compared to a bolus treatment with 13 as
well as to the fractionated treatment with 8 (P = 0.030).
Tumor uptake was measured at 2.9 ( 0.5%ID/g tumor.
Virtually all radioactivity associatedwith surviving cancer cells
was recovered with DNA. The average retention of 125I in
OVCAR-3 cells was 0.0124 ( 0.0024 cpm/cell, which corre-
sponds to >2000 molecules of 125IUdR per cell. The normal
tissue uptake and in mouse bearing ip OVCAR-3 and healthy
mice is shown in Table 3. In both groups of mice, the normal
tissue uptake is low with the exception of spleen and uterus
(also observed inmice treatedwith 8). The significant presence
of radioactivity in uterus is related to the expression of AR in

this organ.59,60 All tissues from tumor-bearingmice had higher
radioactivity compared to control healthy mice. The slow
release of 125I from dying cancer cells is the likely factor
responsible for these differences.

Discussion

Many human cancers express their highest AR levels at the
refractory stageand in themetastatic deposits.1-22,62,63While in
breast andovarian cancers the roleofARis still onlymarginally
defined, in prostate cancer5-10 the expression of AR is much
better understood. Recent studies demonstrate that AR can
predict response to the androgen deprivation therapy62-65 and
that AR expression plays a role in the racial differences in
prostate cancer mortality.64 Development of the AR-based
cancer treatments and characterization of theAR role in cancer
etiologywill require substantial improvements inmethods used
to determine tumor-associated AR levels. The noninvasive
assessment of the AR expression remains a challenge. Typi-
cally, AR is measured in biopsy samples using immunohisto-
chemistry and ex vivo biochemical assays. Both methods
provide only a glimpse of the heterogeneous tumor site.
There is an ongoing effort to develop noninvasive nuclear

molecular imaging methods to improve the AR assessment
and, by this means, to establish the prognostic value of

Table 1. OVCAR-3 Tumors Recovered from the Peritoneum of Athymic Mice after Six Fractionated ip Treatments with 8 and from Control Mice,
Which Received ip Injection of Either PBS or Vehicle

8 (�6) treatment vehicle PBS

average cell pellet weight (g) (SEM) 0.380(0.111) 1.702(0.172) 1.245(0.151)

median weight (g) 0.503 1.710 1.121

range of weight (g) 0.012-0.781 0.964-2.236 0.897-1.794

P for 8 vs vehicle <0.001

P for 8 vs PBS <0.01

P for PBS vs vehicle >0.05

Figure 11. Necropsy results of NIH:OVCAR-3 bearing mice treated with 8 or 13. Data were acquired at the time of termination of therapy
studies. (A) Radioactivity of nonadherent OVCAR-3 cells lavaged from athymic mice treated with one, three, and six ip doses of 8.
(B) OVCAR-3 tumors recovered from the peritoneum of athymic mice after one bolus ip dose of 0.25 mCi 13 co-injected with SHBG and
from control mice, which received only SHBG. “Cells” on x-axis refers to nonadherent OVCAR-3 cells lavaged from the peritoneum. “Solid”
refers to solid tumors extirpated from thesemice. Ends of the boxes define the 25th and 75th percentiles. Solid lines indicate themedian.Dashed
lines are the mean values. Error bars define the 10th and 90th percentiles. (C) Radioactive content of nonadherent OVCAR-3 cells, solid
tumors, and several normal tissues extirpated from athymic mice treated with one dose of 0.25 mCi 13 co-injected with SHBG.%ID/g values
are corrected for decay.

Table 2. OVCAR-3 Tumors Recovered from the Peritoneum of Athy-
micMice after Six Fractionated ip Treatments with 13 and fromControl
Mice, Which Received ip Injection of PBSa

13 (�6) PBS

average cell pellet weight (g) (SEM) 0.061(0.006) 1.127(0.087)

median weight (g) 0.064 1.071

range of weight (g) 0.044-0.076 1.042-1.267
a P value for 13 vs PBS <0.0001.
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AR.66-72 Drugs described here contribute to this effort in
several significant ways. Compounds 8 and 13 are preferen-
tially taken up by cancer cells expressing AR in a concentra-
tion- and time-dependent manner. Both compounds bind to
SHBG. When 8 and 13 are bound to SHBG in human and
rabbit serum, their stability is significantly enhancedwithhalf-
lives of hours. In comparison, mouse serum, which does not
contain SHBG, degrades 8 to 1 in <10 min.
Although reports on the role of SHBG in the transport of

testosterone and other hormones are conflicting,73-77 the
emerging sense is that imaging reagentswith affinity to SHBG
will have improved uptake in the AR expressing tumors.78

Drugs bound to SHBG maintain higher circulating levels,
permitting more than just the first-pass extraction into the
tumor site. Moreover, recent evidence indicates that SHBG
plays a local and more direct role in the cellular uptake of
steroids thanpreviously considered.74,76,77 SHBGalso partici-
pates in the cell signaling mechanisms triggered via a specific
SHBG receptor.73,77,76,79 On the basis of the data presented
above, it is apparent that in cancer patients’ blood, 8 and 13

bound to SHBG should be stable for several hours.
Upon reaching tumor cells expressing SHBG receptor or

AR, the radioactive drugbound toSHBGcan forma complex
with SHBG receptor or can dissociate and bind to membrane
AR. In either case the complex is translocated into the cancer
cell presumably via the receptor-mediated endocytosis.73,77,80

This event is particularly relevant to the therapy with 13,
which once internalized remains trapped within the cell and
is available for uptake whenever the DNA synthesis com-
mences. Since both reagents liberate metabolites able to
participate in the DNA synthesis, their utility extends beyond
the AR imaging. Drug 8, which does not stay within the cell
for prolonged periods, will be more useful as the AR imaging
reagent. Its intracellularly releasedmetabolite 1will provide a
snapshot of the tumor proliferation fraction. Drug 13with its
monophosphate residue, once transported into the cell, will
remain there, trapped and slowly releasing 20. In turn,
compound 20 is incorporated into DNA, wherein it decays,
depositing therapeutic doses of radiation and ultimately kill-
ing the cancer cell. This concept is summarized in Chart 1.
The model of SHBG interaction with its receptor in the

AR-expressing cells is adopted from published data.74,77-81

The intervention of membrane AR (mAR) in the cellular
uptake is responsible for the nongenomic, rapid effects of sex
steroids.82-86 This subpopulation of AR, localized within the
cell membrane, mediates the activity of ion channels and
intracellular calcium levels. LNCaP cells, almost instantly
after the addition of DHT,83-85 have increased intracellular

Ca2þ levels, and rapid activation of extracellular signal-
related kinases 1 and 2 is observed. This suggests signaling
throughmAR.Aggressive and higher histopathological grade
prostate carcinomas preferentially express mAR.86 Com-
pound 8 has properties ideal for imaging of mAR.
Adult mice livers do not produce SHBG. For this reason, the

evaluation of anticancer drugs, which interact with SHBG,
including 8 and 13 described in this study, in an animal model
lacking this protein is not optimal. The therapeutic effect of 13
cannot be fully assessed in the absence of SHBG. The stimula-
tory effect of SHBGon thegrowthof ipOVCAR-3xenografts61

masks a significant proportion of the tumor response to 13.
Moreover, compound 13 is negatively charged and, unlike 8, is
unable to freely cross the cell membrane. Nevertheless, until
athymic or SCID mice expressing SHBG become available,
data derived from studies conducted inmice lacking SHBGwill
remain the mainstay in the evaluation of various anticancer
drugs. This laboratory’s efforts are directed toward the develop-
ment of immunodeficient mice that produce SHBG.
Chemical structures of compounds 8 and 13 provide an

unprecedented degree of flexibility in terms of the choice of
radionuclides and the imaging modality, e.g., iodine-123 or
iodine-131 for SPECT, and iodine-124, bromine-76, or fluor-
ine-18 for PET imaging. Moreover, these drugs radiolabeled
with either iodine-125 or iodine-124 can be used for the cancer
specific delivery of lethal doses of radiation while sparing
normal tissues. Iodine-124 decays via the electron capture
producing, in addition to the positron emission, ∼1.5 Auger
electrons per transition, and therefore, it is well suited for
endoradiotherapy. The amount of 125I incorporated into the
DNAof OVCAR-3 and LNCaP cancer cells is well within the
range of D37 values reported for other mammalian cells.87,88

Conclusions

Radioactive drugs 8 and 13 have properties desired in AR
imaging radiopharmaceuticals. They bind to SHBG, which

Table 3. Biodistribution of OVCAR-3-BearingMice andHealthyMice
Treated with Fractionated ip Doses of Compound 13

percent injected dose per gram of tissue

OVCAR-3 mice control mice

blood 0.003(0.0010) 0.001(0.0001)

lung 0.008(0.0018) 0.004(0.0007)

heart 0.003(0.0004) 0.002(0.0003)

liver 0.017(0.0020) 0.006(0.0005)

spleen 0.043(0.0103) 0.025(0.0025)

kidney 0.013(0.0063) 0.005(0.0005)

uterus 0.027(0.0051) 0.015(0.0011)

stomach 0.009(0.0010) 0.007(0.0002)

small intestine 0.011(0.0014) 0.006(0.0016)

large intestine 0.008(0.0009) 0.005(0.0009)

tumor 2.892(0.5317)

Chart 1. Schematic Representation of Pathways Leading to the
DNA Uptake of 8 and 13a

a SHBG has two distinct binding sites; one interacts with radioactive

drugs, the second binds to the SHBG receptor in the cancer cell

membrane. Dissociated drugs bind mAR. Translocated complexes

release radioactive drugs and bind to intracellular AR. Unbound

intracellular drugs are metabolized to 1 and 20, which participate in

DNA synthesis.
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confers significant improvements to the drug stability in
human serum. The in vitro uptake in cancer cells depends
on the presenceofAR.During the intracellular degradationof
8 and 13, metabolites 5-125I-iodo-20-deoxyuridine 1 and its
50-monophosphate 20 are liberated. These metabolites parti-
cipate in the DNA synthesis, providing the opportunity for
the simultaneous evaluation of the AR status and tumor cell
proliferation. The intracellular trapping of 13 and release of
20allow the site-specific delivery of lethal doses of radiation to
cancer cells.

Experimental Section

Chemistry. Chemicals and reagents were purchased from
commercial suppliers and used without further purification.
Diethyl ether was dried over sodium/benzophenone and dis-
tilled under nitrogen. Pyridine, dichloromethane, and acetoni-
trile were distilled from calcium hydride under nitrogen.
Acetonitrile for the HPLC was obtained from Fisher (HPLC
grade). [125I]NaI in 1�10-5 NaOH (pH 8-11) was obtained
from PerkinElmer. Radioactivity was measured with a Minaxi
γ-counter (Packard, Waltham, MA) and a dose calibrator
(Capintec Inc., Ramsey, NJ). Analytical TLC was carried out
on precoated plastic plates, normal phase Merck 60 F254 with a
0.2 mm layer of silica, and spots were visualized with either
short-waveUVor iodine vapors.Radioactive drugs onTLCand
ITLC plates were analyzed on a Vista-100 plate reader
(Radiomatic VISTA model 100, Radiomatic Instruments &
Chemical Co., Inc., Tampa, FL). Flush column chromato-
graphy was carried out using Merck silica gel 60 (40-60 μM)
as stationary phase. Compounds were resolved, and their purity
was confirmed by the HPLC analyses on Gilson (Middleton,
WI) and ISCO (Lincoln, NE) systems using 5 μm, 250 mm�
4.6 mm, analytical columns, either Columbus C8 (Phenomenex,
Torrance, CA) or ACE C18 (Advanced Chromatography
Technologies, www.ace-hplc.com). Columns were protected
by guard filters and were eluted at a rate of 0.8 mL/min with
various gradients of CH3CN (10-95%) in water, with or with-
out TFA (0.07%, w/v). Variable wavelength UV detectors
UVIS-205 (Linear, Irvine, CA) and UV116 (Gilson) were used
with the sodium iodide crystal Flow-Count detector (Bioscan,
Washington, DC) connected in-line at the outlet of the UV
detector. Both signals were monitored and analyzed simulta-
neously. NMR spectra were recorded at ambient temperature in
(CD3)2SO or CDCl3 with a Varian INOVA 500 MHz NMR
instrument spectrometer (Palo Alto, CA). Chemical shifts are
given as δ (ppm) relative to TMS as internal standard, with J in
hertz. Deuterium exchange and decoupling experiments were
performed in order to confirm proton assignments. 31P NMR
and 119Sn NMR spectra were recorded with proton decoupling.
High resolution (ESI-HR) positive ion mass spectra were
acquired on an LTQ-Orbitrap mass spectrometer with electro-
spray ionization (ESI). Samples were dissolved in 70% metha-
nol. Aliquots (2 μL) were loaded into a 10 μL loop and injected
with a 5 μL/min flow of 70% acetonitrile and 0.1% formic
acid. FAB high-resolution (FAB-HR) mass spectra analyses
(positive ion mode, 3-nitrobenzyl alcohol matrix) were performed
by the Washington University Mass Spectrometry Resource
(St. Louis,MI) and at theUniversity ofNebraskaMass Spectro-
metry Center (Lincoln, NE).

All target compounds were found to be g98% pure by
rigorous HPLC analysis, with the integration of peak area
(detected at 254 and 280 nm). Radioiodinated products were
identified and evaluated by means of the independently pre-
pared nonradioactive reference compounds. A comparison of
UV signals of the nonradioactive standards with the radioactive
signals using radio-TLC (Rf) and radio-HPLC (tR) analyses was
employed. Analytical HPLC traces and detailed analysis of
compounds 5-20 are provided in Supporting Information.

Dihydrotestosterone 17β-succinate was prepared according to
the previously published procedure.37 5-Iodo-30-O-levulinyl-20-
deoxyuridine 4 was prepared from 5-iodo-50-O-(4,40-dimethoxy-
trityl)-20-deoxyuridine 2 in two steps: the protection of 30-position
with 4-oxopentanoic acid (DCC/DMAP in CH2Cl2) followed by
the purification on a silica gel column (CHCl3/CH3OH, 10:0.4,
81% yield) and subsequent cleavage89 of the DMTr group with
ZrCl4 in CH3CN and a silica gel column purification (CHCl3/
CH3OH, 10:0.8, 91% yield).

5-Iodo-O,O0-(di-tert-butyl)-20-deoxyuridine-50-ylMonophosphate

(5). Method I. Di-tert-butyl N,N-diisopropylphosphoramidite
(1.07 mL, 3.37 mmol), dissolved in CH3CN (5 mL), was added
gradually to a solution of 5-iodo-30-O-levulinyl-20-deoxyuridine
4 (1.22 g, 2.7 mmol) and 1H-tetrazole (1.12 g, 16 mmol) in
acetonitrile (20mL) at 0 �Cand under nitrogen atmosphere. The
reaction mixture was stirred 3 h at 0 �C, and the reaction
progress was monitored by TLC (CH2Cl2/CH3OH, 10:0.4).
Subsequently, a 5-6 M solution of tert-butyl hydroperoxide
(2.35 mL, g11.75 mmol) in n-decane was added at 0 �C. The
solutionwas slowlywarmed to ambient temperature and further
stirred for 1 h (TLC monitoring). The solvent was removed
under vacuum, and chloroform (60 mL) was added to the oily
residue. The organic phase was washed with 0.3% aqueous
solution of NaHSO3 (20 mL) and brine (20 mL), dried over
MgSO4, and evaporated. The resulting crude product was
partially purified by filtration through a thin pad of silica
(EtOAc/hexanes, 1:1) and afforded 1.11 g of a yellow-brown
solid (Rf=0.62). This solidwas dissolved in pyridine (2mL) and
added to a stirred solution of hydrazine hydrate (1.5 mL) in
pyridine (3 mL) and acetic acid (2.2 mL), cooled on an ice-
water bath. After 5 min of continuous stirring, water (40 mL)
and ethyl acetate (50 mL) were added. The organic layer was
washed with 10% aqueous NaHCO3 (20 mL), water (20 mL)
and dried over MgSO4. TLC analyses showed a single major
band (Rf=0.32) and traces of the starting material (Rf=0.62).
The solvent was evaporated under reduced pressure, and the
resulting crude product was purified by column chromato-
graphy (CHCl3/CH3OH, 10:(gradient 0.4-0.7)) to yield 5 (0.94 g,
64%) as a colorless foam. HPLC analyses: tR= 25.05min (99.2%
pure at 254 nm) on theC18 column, eluent, solventA10%CH3CN
in water, solvent B CH3CN, a linear gradient of B 0-95% over
45min, then95%Bfor45min; tR=30.3min(99.6%pureat280nm)
on the C8 analytical column, eluent, 25% CH3CN isocratic. 1H
NMR (CDCl3) δ 9.49 (bs, 1H, NH), 7.96 (s, 1H, H6), 6.23 (t, 1H,
H10, J=6.5Hz), 4.56-4.53 (m, 1H,H30), 4.35-4.32 (m, 1H,H40),
4.21-4.17 (m, 2H, H50), 4.32 (m, 1H, OH), 2.49 (ddd, 1H, H20 0),
2.36 and2.34 (2s, 2� 9H, 2� t-Bu), 2.24 (ddd, 1H,H20). 13CNMR
(CDCl3) δ161.78 (C4), 149.32 (C2), 137.86 (C6), 112.51 (C5), 89.43
(C40), 84.71 (C10), 84.23 (C30), 69.66 (C50), 58.67 (C20), 39.59 (C1-t-
Bu), 29.81 (C2-t-Bu). 31PNMR(CDCl3) δ-2.87 (s).MSFAB-HR
(m/z): [MþLi]þ calcd for C17H28N2O8PILi, 553.0788, found
553.0763.

Method II. To a stirred solution of dried 5-iodo-20-deoxyur-
idine 1 (1.50 g, 4.23 mmol) dissolved in a mixture of DMF/THF
(15 mL, 3:4 v/v) under a nitrogen atmosphere, di-tert-butyl N,
N-diisopropylphosphoramidite (1.65 mL, 5.23 mmol) and 1H-
tetrazole (1.24 g, 17.7mmol)were added at-20 �C.The reaction
mixture was warmed to -4 �C and further stirred for 6 h with
TLC monitoring (CH2Cl2/CH3OH, 10:0.7). After the mixture
was cooled to -20 �C, a 5-6 M solution of tert-butyl hydro-
peroxide in n-decane (2.6 mL, g13 mmol) was added. The
solution was warmed to ambient temperature, and stirring
continued for 1 h (TLC monitoring). The solvent was removed
by rotary evaporation under vacuum, and the resulting crude
mixture was separated and purified on a silica gel column
(CHCl3/CH3OH, 10:(gradient 0.3-0.7)). The corresponding
three phosphotriesters of IUdR 1 were isolated as follows:
30,50-diphosphotriester (Rf = 0.78), 0.47 g (15% yield); 30-
phosphotriester (Rf = 0.47), 0.78 g (34% yield); 50-phospho-
triester 5 (Rf=0.32) corresponding to the slowest band onTLC,
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1.1 g (48% yield). All products formed a colorless foam upon
evaporation of the solvent. The analytical data of product 5
produced inmethod II were identical to these reported above for
method I.

5-Iodo-30-O-(17β-succinyl-5r-androstan-3-one)-20-deoxyuridine
(6). To a stirred solution of dihydrotestosterone 17β-succinate
(0.82 g, 2.10 mmol), 5-iodo-50-O-(4,40-dimethoxytrityl)-20-deoxy-
uridine2 (1.45 g, 2.21mmol), and4-dimethylaminopyridine (0.05 g,
0.41 mmol) in dry dichloromethane (25 mL) at 0 �C, 1,3-dicyclo-
hexylcarbodiimide (0.50 g, 2.42 mmol) was added. After 1 h, the
solution was allowed to warm to room temperature and stirring
continued for an additional 4 h (TLCmonitoring). The solventwas
removed under vacuum, and a residue dissolved in diethyl ether
(80mL) was filtered. The filtrate was washedwith a 5% solution of
citric acid (20mL), 10%NaHCO3 (20mL), andwater (2� 20mL)
and dried overMgSO4. The solvent was evaporated under reduced
pressure. The resulting crude product was purified by repeated
column chromatography (ethyl acetate/hexanes, 3:(gradient 2-1))
to yield 50-DMTr-protected 6 (1.84 g, 81%) as a colorless foam.
TLC: Rf = 0.64 (ethyl acetate/hexanes, 3:2). 1H NMR (CDCl3) δ
8.76 (bs, 1H,NH), 8.15 (s, 1H,H6), 7.48-7.21 (m, 5H, aryl; 4H, 2�
H2-arylOMe; 2 � H6-arylOMe), 6.87-6.84 (m, 4H, 2 � H3-
arylOMe, 2�H5-arylOMe), 6.34 (dd, 1H, H10), 5.51-5.48 (m, 1H,
H30), 4.64 (t, 1H,H17-DHT, J=8.5Hz), 4.17-4.15 (m, 1H,H40),
4.13-3.98 (m, 2H, H50), 3.79 (s, 6H, 2�OCH3-DMTr), 2.67-2.61
(m, 4H, H2 and H3 succinyl), 2.55 (ddd, 1H, H20 0), 2.41 (ddd, 1H,
H20), 2.31-0.68 (m, 28H, from DHT with 1.01(s), 3H, H18-DHT
and 0.799 (s), H19-DHT).MSFAB-HR (m/z): [MþH]þcalcd for
C53H62N2O11I, 1029.9707, found 1029.9697. To a stirred solution
of 50-DMTr-protected 6 (1.51 g, 1.47 mmol) dissolved in 2-propa-
nol (12 mL), a solution of 90% aqueous TFA (1 mL) was added,
and stirring continued for 2 h (TLC monitoring). The solvent was
evaporated under vacuum, 10mLofwater added, and the evapora-
tion continued to remove TFA. The water layer was extracted with
dichloromethane (2�25 mL), and combined extracts were dried
over MgSO4. Solvent was removed by rotary evaporation under
reduced pressure, and the resulting crude product was purified
by column chromatography (CH2Cl2/ethyl acetate, 3:2) to yield 6

(1.17 g, 73% overall yield from 4) as a rigid foam. HPLC analyses:
tR=19.1min (g98%pureat 254nm) on theC18analytical column,
eluent, solvent A 50% CH3CN, solvent B CH3CN, with a linear
gradient of B 0-95% over 30 min, then 95% B for 30 min;
tR=23.4min (99.3%pure at 280 nm) on the C8 analytical column,
eluent, 50% CH3CN isocratic. TLC: Rf = 0.31 (CH2Cl2/ethyl
acetate, 3:2), Rf = 0.26 (CH2Cl2/CH3OH, 10:0.5). 1H NMR
(CDCl3) δ 8.64 (bs, 1H, NH), 8.31 (s, 1H, H6), 6.26 (dd, 1H,
H10), 5.40-5.38 (m, 1H, H30), 4.62 (t, 1H, H17-DHT, J=8.5 Hz),
4.15-4.10 (m, 1H, H40), 3.99-3.92 (m, 2H, H50), 2.69-2.64 (m,
4H, H2- and H3-succinyl), 2.49 (ddd, 1H, H20 0), 2.38 (ddd, 1H,
H20), 2.27-0.85 (m, 28H, fromDHTwith 1.02 (s), 3H, H18-DHT
and 0.81 (s), 3H, H19-DHT).MS FAB-HR (m/z): [Mþ Li]þcalcd
for C32H43N2O9ILi 733.5375, found 733.5341.

5-Iodo-30-O-(17β-succinyl-5r-androstan-3-one)-O,O0-(di-tert-butyl)-
20-deoxyuridin-50-yl Monophosphate (9). Method I. Di-tert-butylN,
N-diisopropylphosphoramidite (755 μL, 2.39 mmol) dissolved in
CH3CN (3 mL) was added to a solution of 5-iodo-30-O-(17β-
succinyl-5R-androstan-3-one)-20-deoxyuridine 6 (1.39 g, 1.91
mmol) and 1H-tetrazole (0.67 g, 9.56 mmol) in CH3CN (10 mL)
at 0 �C under the nitrogen atmosphere. The reaction mixture was
stirred for 4 h at 0 �C. The slow progress of the reaction was
monitored byTLC (CH2Cl2/CH3OH, 10:05). Themixturewas left
under nitrogen at 4 �C overnight. Subsequently, 5-6M tert-butyl
hydroperoxide in n-decane (2.1 mL, g10.5 mmol) was added at
0 �C. The resulting mixture was slowly warmed to ambient
temperature and further stirred for 1 h (TLC monitoring). The
solvent was removed under vacuum. Chloroform (60 mL) was
added to the remainingoily residue.The organic phasewaswashed
with a 0.3% aqueous solution of NaHSO3 (20 mL) and brine
(20 mL), dried over MgSO4, and evaporated. The crude product
was purified on a silica gel column (CH2Cl2/CH3OH, 10:0.4) to

give 9 (0.193 g, 11%) as a colorless foam. HPLC analyses: tR=
26.6 min (99.2% pure at 254 nm) on the C18 analytical column,
eluent, as for 6; tR=59.8 min (g98% pure at 280 nm) on the
C8 analytical column, eluent, 50% CH3CN isocratic. TLC: Rf=
0.62 (ethyl acetate), Rf=0.22 (CHCl3/CH3OH, 10:0.4). 1H NMR
(CDCl3) δ 8.74 (bs, 1H, NH), 8.10 (s, 1H, H6), 6.32 (dd, 1H, H10),
5.37 (d, 1H, H30), 4.62 (t, 1H, H17-DHT, J=8.5 Hz), 4.31-4.29
(m, 1H, H40), 4.21-4.12 (m, 2H, H50), 2.71-2.61 (m, 4H, H2 and
H3 succinyl), 2.49 (ddd, 1H, H20 0), 2.39 (ddd, 1H, H20), 2.32-0.75
(m, 28H, from DHT with 1.12 (s), 3H, H18-DHT, 0.82 (s), 3H,
H19-DHTand 1.53 (s), 18H, 2�t-Bu). 31PNMR (CDCl3) δ-9.90
(s). MS FAB-HR (m/z): [M þ Li]þ calcd for C40H60N2O12PILi
925.3089, found 925.3142.

Method II. To a stirred solution of dihydrotestosterone 17β-
succinate (0.72 g, 1.84mmol) and 5-iodo-O,O0-(di-tert-butyl)-20-
deoxyuridin-50-yl phosphate 5 (1.05 g, 1.92 mmol) containing
4-dimethylaminopyridine (0.065 g, 0.53 mmol) in dry dichloro-
methane (35 mL) at 0 �C, 1,3-dicyclohexylcarbodiimide (0.40 g,
1.93 mmol) was added. The solution was warmed slowly to
room temperature, and stirring continued for an additional 6 h
(TLC monitoring). The mixture was diluted with n-hexane
(40 mL) and filtered. The filtrate was washed consecutively with
5% aqueous citric acid (20 mL), 10% NaHCO3 (20 mL), and
water (2� 20 mL) and dried over MgSO4. The solvent was
removed under reduced pressure. The resulting crude product
was purified by repeated column chromatography (CHCl3/
CH3OH, 10:(a gradient of 0.2-0.4)) to yield 9 (1.17 g, 69%) as
a colorless foam. The analytical data were identical to these
reported above for product prepared by method I.

Method III. To a solution of dihydrotestosterone 17β-succinate
(0.56 g, 1.43 mmol) in dry dichloromethane (15 mL),N,N0-carbo-
nyldiimidazole (0.30 g, 1.79 mmol) was added under a nitrogen
atmosphere. The tightly closed reaction flask was fitted with a
septum allowing for gas expansion. The mixture was kept at 4 �C
for 1 h and then stirred at room temperature until the evolution
of carbon dioxide subsided. The solution of dried 5-iodo-O,O0-
(di-tert-butyl)-20-deoxyuridin-50-yl phosphate 5 (0.83 g, 1.52 mmol)
indrydichloromethane (5mL)wasaddedviaa syringe, followedby
the addition of sodium amide (200 μL) as a (5%w/v) suspension in
toluene.Themixturewas stirred for 5 h at 40 �C(TLCmonitoring).
The mixture was diluted with dichloromethane (50 mL) and
filtered. The filtrate was washed consecutively with 5% aqueous
citric acid (20 mL) and water (2� 20 mL) and dried over MgSO4.
The resulting crude product was purified on a silica gel column
(CHCl3/CH3OH,10:0.4) to give9 (0.91 g, 65%) as a colorless foam.
The analytical data were identical to these reported above for
product prepared by method I.

5-Iodo-30-O-(17β-succinyl-5r-androstan-3-one)-20-deoxyuridin-
50-ylMonophosphate (14). Phosphotriester 9 (0.67 g, 0.73mmol),
dried by repeated coevaporation with anhydrous acetonitrile
under anhydrous nitrogen followed by brief high vacuumdrying
(15 min, ∼0.05 mmHg) was dissolved in anhydrous acetonitrile
(5 mL). TFA (0.9 mL) was added at room temperature.
The reaction progress was monitored by TLC (concentrated
ammonia/water/2-propanol, 2:1:3), showing three bands with
Rf values of 0.69 (traces of starting 9), 0.27, and 0.19 (major).
After 40min of hydrolysis, the bandwithRf=0.27was no longer
detected. The solvent was removed by rotary evaporation under
reduced pressure, and the residue was coevaporated with water
(3� 20mL) at 50 �C, 15mmHg. The residue was then dried under
vacuum and suspended in anhydrous diethyl ether (15 mL).
A formed white powder was decanted, dried again, and dis-
solved in acetonitrile (3 mL). Slow addition of anhydrous
diethyl ether (∼1.2 mL) caused the precipitation of 14 (0.42 g,
71%) in the form of a white amorphous solid. HPLC analyses:
tR=10.2 min (g96% pure at 254 nm) on the C18 analytical
column, eluent, solvent A 50% CH3CN, solvent B CH3CN
(both containing 0.07% TFA), a linear gradient of B 0-95%
over 35 min, then 95% B for 15 min; tR=34.8 min (g97%
pure at 254 nm) on the C18 analytical column, eluent, solvent A
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0.05 M potassium phosphate buffered saline, pH 7.1 (PBS),
solvent B CH3CN, a linear gradient of B, 0-50% over 30 min,
then 50% B for 30 min. 1H NMR (DMSO-d6) δ 11.74 (s, 1H,
NH), 11.55-10.64 (bs, 2H, (HO)2P(O)-), 8.10 (s, 1H, H6), 6.12
(dd, 1H, H10), 5.21 (d, 1H, H30), 4.53 (t, 1H, H17-DHT, J=
8.5Hz), 4.25-4.13 (m, 2H, H40), 4.10-4.03 (m, 2H, H50), 2.64-
2.56 (m, 4H, H2 and H3 succinyl), 2.48 (ddd, 1H, H20 0), 2.36
(ddd, 1H,H20), 2.34-0.76 (m, 28H, fromDHTwith 0.97 (s), 3H,
H18-DHT, 0.78 (s), 3H, H19-DHT). 31P NMR (DMSO-d6) δ
-0.19 (s). MS ESI-HR (m/z): [M þ H]þ calcd for C32H45O12-
N2PI, 807.1677, found 807.1733; [M þ Na]þ 829.1552.

5-Iodo-30-O-succinyl-20-deoxyuridine Ethyl Ester (15). To a
stirred solution of 5-iodo-50-O-(4,40-dimethoxytrityl)-20-deoxy-
uridine 2 (0.73 g, 1.11 mmol) in dry dichloromethane (7 mL),
monoethyl succinate (180 μL, 1.40 mmol) and DCC (0.23 g,
1.12 mmol) were added, followed by 4-dimethylaminopyridine
(20 mg, 0.16 mmol). The reaction was completed within 30 min
of stirring (TLC monitoring, CH2Cl2/CH3OH, 10:0.6). The
reaction mixture, diluted with hexanes (10 mL), was cooled on
an ice bath, filtered, washed consecutively with 5% aqueous
citric acid (10 mL), 10% NaHCO3 (10 mL), and water (2�
10 mL), and dried over MgSO4. The solvent was removed by
rotary evaporation at 35 �C, 20 mmHg, and the oily residue was
dissolved in tert-butanol (15 mL). To the resulting solution,
90% solution of TFA (1.8 mL) was added in portions, with
constant stirring. After 2 h (TLC monitoring), the mixture was
evaporated under vacuum. The resulting residue was taken up
into dichloromethane (50mL) andwashedwith 10% solution of
NaHCO3 (10 mL) and water (15 mL). The organic layer was
dried over MgSO4 and purified on a silica gel column (CH2Cl2/
CH3OH, 10:0.4) to give 15 (0.42 g, 78%) as a colorless rigid
foam. HPLC analyses: tR=22.1 min (g98% pure at 254 nm) on
the C18 analytical column, eluent solvent A 10% CH3CN in
water, solvent B CH3CN, a linear gradient of B, 0-95% over
40 min, then 95% B for 20 min. 1H NMR (CDCl3) δ 9.11 (bs,
1H, NH), 8.32 (s, 1H, H6), 6.26 (dd, 1H, H10), 5.41 (d, 1H, H30),
4.18-4.15 (m, 3H, H40, H50), 3.97 (q, 2H, H5-ethylsuccinyl),
2.67-2.64 (m, 4H, H2- and H3-ethylsuccinyl), 2.49 (ddd, 1H,
H20 0), 2.38 (ddd, 1H, H20), 1.27 (t, 3H, H6-ethylsuccinyl). MS
ESI-HR (m/z): [M þ H]þ calcd for C15H20N2O8I 483.0186,
found 483.0248; [MþNa]þ 505.0058.

General Procedure A: Preparation of Trialkyltin Precursors 7,
10, 11, 16, and 18.A solution of appropriate iodouridine 5, 6, 9,
15 (1.0 equiv), hexamethyl- or hexa-n-butylditin (1.25-1.50
equiv), and dichlorobis(triphenylphosphine)palladium(II) (0.10
equiv) in ethyl acetate or dioxane was refluxed (2-10 h) under a
nitrogen atmosphere until the starting material disappeared.
Twomajor productswere formed in all reactions: the compound
with the higher mobility on TLC isolated in 50-72% yield,
which was proven to be the trialkylstannyl derivative, and the
second product with lower TLC mobility, later identified as the
proton deiodinated starting compound. After cooling to ambi-
ent temperature, the mixture was freed from excess catalyst and
partially purified by the filtration through a thin pad of silica
(EtOAc/hexanes, 2:1). The resulting crude product was purified
by repeated silica gel column chromatography (EtOAc/hexanes,
2:(gradient 0.5-1), and/or CHCl3/CH3OH, 10:(gradient 0.4-
0.7)). Anhydrous aliquots of pure trialkyltin precursors (120 μg/
tube) were stored up to 4 months, with the exclusion of light
under nitrogen at -20 �C without any evidence of excessive
decomposition. All stored trialkyltin precursors were >92% pure
after 4 months, as indicated by HPLC analysis, and were
suitable for immediate radioiododestannylation.

5-Trimethylstannyl-30-O-(17β-succinyl-5r-androstan-3-one)-
20-deoxyuridine (7).General procedure A was conducted with 5-
iodo-30-O-(17β-succinyl-5R-androstan-3-one)-20-deoxyuridine 6

(0.87 g, 1.19 mmol), hexamethylditin (0.31 mL, 1.51 mmol),
and palladium(II) catalyst (0.095 g, 0.135 mmol) in dioxane
(35 mL) for 3 h. Purification was done by column chromato-
graphy (EtOAc/hexanes, 2:(gradient 2-1)). Product 7 (0.56 g,

61%) was obtained as a yellow foam which solidified from a
mixture of ethyl acetate/hexanes upon standing. HPLC ana-
lyses: tR= 23.9 min (g98% pure at 254 nm) on the C18
analytical column, eluent, solvent A 50% CH3CN, solvent B
CH3CN, a linear gradient of B 0-95%over 20min, then 95%B
for 15 min; tR=47.2 min, (g99% pure at 280 nm) on the C8
analytical column, eluent, 50% aqueous CH3CN isocratic.
TLC: Rf=0.44 (CH2Cl2/ethyl acetate, 3:2), Rf=0.34 (CH2Cl2/
CH3OH, 10:0.5). 1H NMR (CDCl3) δ 8.12 (bs, 1H, NH), 7.48
(s, 1H, H6, J(Sn,H) = 19.5 Hz), 6.23 (dd, 1H, H10), 5.-5.38
(m, 1H, H30), 4.61 (t, 1H, H17-DHT, J=8.5 Hz), 4.13-4.11
(m, 1H,H40), 3.92-3.89 (m, 2H,H50), 2.69-2.63 (m, 4H,H2-,H3-
succinyl), 2.53 (ddd, 1H,H20 0), 2.39 (ddd, 1H,H20), 2.33-0.76 (m,
28H, from DHT with 1.02 (s), 3H, H18-DHT and 0.81 (s), 3H,
H19-DHT), 0.29 (s), 9H, 3�CH3, J(Sn,H)=29.5Hz). 119SnNMR
(CDCl3) δ -0.61 (s). MS FAB-HR (m/z): [M þ H]þ calcd for
C35H53N2O9Sn, 765.2695, found 765.2549; [M þ Li]þ 771.2846.

5-Tri-n-butylstannyl-30-O-(17β-succinyl-5r-androstan-3-one)-O,

O0-(di-tert-butyl)-20-deoxyuridin-50-ylMonophosphate (10).General
procedure A was conducted with 5-iodo-30-O-(17β-succinyl-5R-
androstan-3-one)-O,O0-(di-tert-butyl)-20-deoxyuridin-50-yl phosphate
9 (0.50 g, 0.54 mmol), hexa-n-butylditin (0.35 mL, 0.68 mmol), and
palladium(II) catalyst (0.039 g, 0.055 mmol) in ethyl acetate
(25mL) for9h.Purificationwasaccomplishedbycolumnchromato-
graphy (EtOAc/hexanes, 2:1, and CHCl3/CH3OH, 10:(gradient
0.2-0.4)). Product 10 (0.29 g, 49%) was obtained as a yellow foam
after repeated coevaporation with dry CH3CN and drying in a high
vacuum.HPLCanalyses: tR=52.03min (g98%pure at 254 nm) on
theC18analytical column, eluent, solventA50%CH3CN, solventB
CH3CN, lineargradientofB0-95%over30min, then95%CH3CN
for 60min; tR=22.6min (g99%pure at 280 nm) on theC8 column,
eluent, 90%CH3CNisocratic.TLC:Rf=0.68 (ethylacetate/hexanes,
3:1),Rf=0.36 (CHCl3/CH3OH,10:0.4). 1HNMR(CDCl3) δ8.02 (s,
1H, NH), 7.22 (s, 1H, H6, J(Sn,H)=16.5 Hz), 6.22 (dd, 1H, H10),
5.36 (d, 1H,H30), 4.62 (t, 1H,H17-DHT, J=8.5Hz), 4.26-4.23 (m,
2H, H40, H50 0), 4.18-4.05 (m, 1H, H50), 2.65-2.44 (m, 4H, H2 and
H3 succinyl), 2.46 (ddd, 1H, H200), 2.36 (ddd, 1H, H20), 2.34-0.74
(m, 28H, fromDHTwith 1.02 (s), 3H,H18-DHT, 0.88 (s), 3H,H19-
DHT, overlapped with 1.49 (s), 9H, t-Bu 1.47 and (s), 9H, t-Bu,
1.58-1.44 (m), 6H, 3�H1-n-Bu, 1.41-1.28 (m), 6H, 3�H2-n-Bu,
1.19-1.06 (m),6H,3�H3-n-Bu,0.89 (t), 9H,3�H4-n-Bu). 31PNMR
(CDCl3)δ-9.41(s).MSFAB-HR(m/z): calcd forC52H88N2O12PSn
1082.5019 [Mþ H]þ, found 1082.5542; [Mþ Li]þ 1089.5221.

5-Trimethylstannyl-30-O-(17β-succinyl-5r-androstan-3-one)-
O,O0-(di-tert-butyl)-20-deoxyuridin-50-yl Monophosphate (11).
General procedure A was conducted with 5-iodo-30-O-(17β-
succinyl-5R-androstan-3-one)-O,O0-(di-tert-butyl)-20-deoxyuri-
din-50-yl phosphate 9 (0.54 g, 0.59 mmol) and hexamethylditin
(0.29 g, 0.88 mmol) in the presence of palladium(II) catalyst
(0.032 g, 0.046 mmol) in ethyl acetate (30 mL) for 2 h. The
product was purified on a silica gel column (EtOAc/hexanes,
3:1, and CHCl3/CH3OH, 10:0.5). 11 (0.41 g, 72%) was obtained
as a colorless rigid foam after evaporation with anhydrous
CH3CN and was dried in a high vacuum. HPLC analyses: tR=
32.5 min (g99% pure at 254 nm) on the C18 analytical column,
eluent, solvent A 50% CH3CN, solvent B CH3CN with a linear
gradient of B 0-95%over 30min, then 95%CH3CN for 30min;
tR=40.2 min (g99% pure at 280 nm) on the C8 analytical
column, eluent, 60% CH3CN isocratic. TLC: Rf=0.51 (ethyl
acetate/hexanes, 3:1), Rf=0.28 (CH2Cl2/CH3OH, 10:0.4). 1H
NMR (CDCl3) δ 8.27 (s, 1H, NH), 7.35 (s, 1H, H6, J(Sn,H)=
18.4 Hz), 6.31 (dd, 1H, H10), 5.39 (d, 1H, H30), 4.62 (t, 1H, H17
-DHT, J=8.5 Hz), 4.30-4.28 (m, 1H, H40), 4.26-4.09 (m, 2H,
H50), 2.69-2.60 (m, 4H, H2 and H3 succinyl), 2.42 (ddd, 1H,
H200), 2.34 (ddd, 1H, H20), 2.32-0.72 (m, 28H, from DHT with
1.01 (s), 3H, H18-DHT, 0.81 (s), 3H, H19-DHT, overlapped
with 1.50 (s), 9H, t-Bu and 1.48 (s), 9H, t-Bu), 0.31 (s, 9H, 3�
CH3, J(Sn,H)=29.1 Hz). 31P NMR (CDCl3) δ -9.81(s). MS
ESI-HR (m/z): calcd for C43H70O12N2PSn 956.3610 [M þ H]þ,
found 957.3685; [M þ Na]þ 979.3473.
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5-Trimethylstannyl-30-O-succinyl-20-deoxyuridine Ethyl Ester
(16). General procedure A was conducted with 5-iodo-30-O-
succinyl-20-deoxyuridine ethyl ester 15 (0.94 g, 1.95 mmol),
hexamethylditin (1.02 g, 3.12 mmol), and palladium(II) catalyst
(0.021 g, 0.03 mmol) in ethyl acetate (40 mL) for 40 min to give
stannane 16 (0.74 g, 73%) in the form of a colorless rigid foam
after purification on a silica gel column (CH2Cl2/CH3OH, 10:
(gradient 0.3-0.7)) and repeated evaporation from dried aceto-
nitrile. HPLC analyses: tR=28.6min (g99%pure at 254 nm) on
the C18 column, eluent, solvent A 10% CH3CN, solvent B
CH3CN, with a linear gradient of B 0-95% over 40 min, then
95% B for 20 min. TLC Rf=0.42 (ethyl acetate/hexanes 3:1), Rf

=0.33 (CH2Cl2/CH3OH, 10:0.5). 1H NMR (CDCl3) δ 8.58 (bs,
1H, NH), 7.49 (s, 1H, H6, J(Sn,H)=19.0 Hz), 6.24 (dd, 1H,
H10), 5.41 (d, 1H,H30), 4.18-4.12 (m, 3H,H40,H50), 3.92 (q, 2H,
COOCH2-), 2.67-2.63 (m, 4H, -OCH2CH2O-), 2.56 (ddd,
1H, H20 0), 2.49 (ddd, 1H, H20 0), 1.73(m, 1H, OH), 1.27 (t, 3H,-
CH3), 0.29 (s, 9H, 3�CH3, J(Sn,H)= 29.1 Hz). 13C NMR
(CDCl3) δ 172.15 (C1,C4-succinyl), 165.93 (C4), 150.95 (C2),
144.56 (C6), 113.31 (C5), 86.79 (C10), 85.14 (C40), 75.32 (C30),
62.73 (C50), 60.92 (C2 -ethyl), 37.14 (C20), 29.13 (C2-succinyl),
28.99 (C3-succinyl), 14.19 (C1-ethyl), -9.29 (CH3-Sn). 119Sn
NMR (CDCl3) δ -0.58 (s). MS ESI-HR (m/z): calcd for
C18H29O8N2PSn 521.0868 [M þ H]þ, found 521.0929; [Mþ
Na]þ 543.0749.

5-Trimethylstannyl-O,O0-(di-tert-butyl)-20-deoxyuridin-50-yl
Monophosphate (18). General procedure A was carried out with
5-iodo-O,O0-(di-tert-butyl)-20-deoxyuridin-50-yl monophosphate
5 (1.22 g, 2.23 mmol) and hexamethylditin (1.25 g, 3.81 mmol) in
the presence of palladium(II) catalyst (0.15 g, 0.21 mmol) in
dioxane (50 mL) to give stannane 18 (0.92 g, 70%) as a colorless
foam. A crude product was purified on a silica gel column
(CH2Cl2/CH3OH, 10:(gradient 0.5-0.9)) and twice evaporated
from dried acetonitrile. HPLC analysis: tR=32.6 min (g98%
pure, at 254 nm), C-18 analytical column, eluent, solvent A 10%
CH3CN, solvent B CH3CN with a linear gradient of B 0-95%
over 40min, then 95%B for 20min. TLCRf=0.32 (ethyl acetate/
hexanes, 4:1), Rf =0.47 (CH2Cl2/CH3OH, 10:0.5). 1H NMR
(DMSO-d6) δ 11.19 (s, 1H, NH), 7.22 (s, 1H, H6, J(Sn,H)=19.5
Hz), 6.17 (t, 1H, H10, J = 6.7 Hz), 5.42 (d, 1H, OH, J =
4.4 Hz), 4.25-4.22 (m, 1H, H30), 4.04-3.98 (m, 1H, H40),
3.96-3.91 (m, 2H,H50), 2.51-2.12 (m, 2H,H20), 1.41 and 1.4 (2s,
2�9H, 2�H2-t-Bu), 0.22 (s, 9H, 3�CH3, J(Sn,H)=29.5Hz). 13C
NMR (DMSO-d6) δ 166.21 (C4), 150.76 (C2), 144.01 (C6),
111.65 (C5), 90.65 (C10), 84.67 (C40), 81.73, 81.67 (CH3 t-Bu),
70.23 (C30), 66.24 (C50), 40.00 (C20), 29.40 (CH3 t-Bu), 29.37
(CH3 t-Bu),-9.00 (CH3-Sn). 31PNMR(DMSO-d6) δ-8.87 (s).
119SnNMR(DMSO-d6) δ-2.03 (s).MSESI-HR (m/z): calcd for
C20H38O8N2PSn585.1382 [MþH]þ, found585.1372; [MþNa]þ

607.1189.
General Procedure B: Synthesis of 125I-Radioiodinated Target

Compounds 8, 12, 17, and 19. Into a glass tube containing the
appropriate tin precursor 7, 10, 11, 16, or 18 (100-120 μg,
∼140 μmol) dissolved in CH3CN (50 μL), a solution of Na125I/
NaOH (10-100 μL, 1-10 mCi) was added followed by 30%
H2O2 (5 μL) and TFA (50 μL, 0.1 N solution in CH3CN). The
mixture was briefly vortexed and left for 15 min at room
temperature. The reaction was quenched with Na2S2O3

(100 μg in 100 μLH2O), taken up into a syringe, and the reaction
tube was rinsed twice with 50 μL of H2O/CH3CN (9:1) solution.
The reaction mixture and tube washes were combined and
separated on the HPLC system by means of the C8 or C18
column. Eluant from the column (1mL fractions were collected)
was monitored using the radioactivity detector connected to the
outlet of the UV detector (detection at 254 and 280 nm).
Fractions containing product, combined and evaporated with
a stream of nitrogen, were reconstituted in the appropriate
solvent and concentration and were filtered through a sterile
(Millipore 0.22 μm) filter into a sterile evacuated vial. The
identities of radiolabeled products were confirmed through the

evaluation of the elution of nonradioactive independently
prepared iodo analogues with the radioactive signals by com-
paring Rf obtained from the radio-TLC and tR from the radio-
HPLC analyses. Specific activities were determined by the UV
absorbance of radioactive peaks compared to standard curves of
the unlabeled reference compounds. Radiolabeled products, if
stored in a solution overnight at ambient temperature, were
always repurified before conducting the experiments, although
the HPLC indicated no less than 92% of the radiochemical
purity/stability after 24 h of storage.

5-[125I]Iodo-30-O-(17β-succinyl-5r-androstan-3-one)-20-deoxy-
uridine (8). General procedure B was used. The main radio-
activity peak from the reaction mixture of 7 (100 μg) with
[125I]NaI/NaOH (37 μL, 3.5 mCi) was eluted from HPLC in
three fractions within 18-20 min after the injection and was
collected in a volume of 2.5 mL. Radioiodinated product 8 (tR=
19.6 min) was cleanly separated from the excess of unreacted
precursor 7, which eluted 4.5 min later (tR=24.6 min). The
average radiochemical yield calculated from six independent
radioiododestannylations, conducted with the amounts of
Na125I ranging from 1 to 10 mCi, was 89%. The product was
94% pure 8. Inorganic iodide (∼9%) was collected in four
fractions within 4-7 min of the injection. Identical methods
were applied, and similar results were obtained in the radio-
iododestannylation of 7 with iodine-123. Analytical HPLC
analyses (4 μCi 8 injected): tR=19.6 min (g98% pure, Bioscan)
on the C18 analytical column; conditions and solvents devel-
oped for the analysis of 6 were applied here. Additional HPLC
analyses: tR = 36.6 min (g98% pure, Bioscan) on the C18
column, eluent, solventAH2O, solvent BCH3CN, both solvents
with 0.07% TFA, initial elution with A for 10 min, then a linear
gradient of B, 0-95% over 30 min and 95% B for 20 min; tR=
47.5 min (g98% pure, Bioscan), TSK-GEL G3000SW column,
eluent, solvent A a mixture (1:1, v/v) of 0.1 M potassium
phosphate buffer (PB) and 0.1 M Na2SO4, (pH 6.8), solvent B
CH3CN, initial elution with A for 20 min, then a linear gradient
of B, 0-40% over 20 min and 40% B for 30 min.

5-[125I]Iodo-30-O-(17β-succinyl-5r-androstan-3-one)-O,O0-(di-
tert-butyl)-20-deoxyuridin-50-yl Monophosphate (12). Method I.
General procedure B was used. The radioiododestannylation
mixture of 10 (120 μg) and [125I]NaI (12 mCi) was purified by
HPLC using the C18 column (720 μL injection volume), eluent,
solventA 50%CH3CN, solvent BCH3CN, all with 0.07%TFA,
a linear gradient of B, 0-95% over 35 min, 95% B for 30 min.
The main radioactive peak of 12 (10.23 mCi, 85%) was eluted
from HPLC in three fractions within 22-24 min after the
injection and was collected in 2.4 mL of the eluant. The excess
of unreacted precursor 10 eluted from the column 23 min later
(tR=47 min), allowing for a clean separation of 12. Fractions
4-6 contained inorganic iodide (630 μCi, ∼5%). In fractions
16 and 17, a partially hydrolyzed product, phosphodiester of
12 (180 μCi, 1.5%), was detected. Analytical HPLC analyses
(12 μCi 12 injected): tR=21.6 min (g97% pure, Bioscan).

Method II. General procedure B was used. Compound 11

(120 μg) was reacted with [125I]NaI (1-10 mCi). The reaction
mixtures were purified on a C18 HPLC column (250-500 μL
injection volume); eluent, solvent A H2O, solvent B CH3CN,
both with 0.07% TFA, a linear gradient of B, 0-95% over
30 min, 95% B for 30 min. The radioactivity peak of 12 (88%
average yield based on eight radioiododestannylations) was
eluted in two fractions 37-38 min after injection (collected in
1.6 mL of the eluant). 12 was cleanly separated from the
excess of unreacted precursor 11, which eluted ∼3.5 min later
(tR=41.3 min). Analytical HPLC analyses (8 μCi 12 injected):
tR=37.4 min (g98% pure, Bioscan).

5-[125I]Iodo-30-O-(17β-succinyl-5r-androstan-3-one)-20-deoxy-
uridin-50-yl Monophosphate (13). Into a glass tube containing
di-tert-butyl phosphotriester 12, purified as described above
(1-10 mCi, dried residue collected after the HPLC separation),
anhydrous CH3CN (250 μL) was added and evaporated to
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dryness with a stream of dry nitrogen. This evaporation was
repeated three times, and the tube with 12was kept under a high
vacuum for 15 min. Anhydrous CH3CN (200 μL) followed by
TFA (30 μL) was added under nitrogen, and the reaction tube
was tightly covered. Aliquots (0.5-1 μL) were taken periodi-
cally from the reaction mixture, and the progress of hydrolysis
was monitored by HPLC: C18 column, eluent, solvent A H2O,
solvent B CH3CN, all with 0.07% TFA, a linear gradient of B,
0-95% over 30 min, then 95% B for 30 min. After 15 min
of hydrolysis, three radioactive products were detected: tR=
37.4 min (32%), tR=32.7 min (53%), and tR=29.5 min (15%),
corresponding to starting di-tert-butyl phosphotriester 12, par-
tially hydrolyzed 12 (mono-tert-butyl phosphodiester), and
phosphate 13. The reaction was completed within 45-60 min,
and HPLC analyses showed two products: 94% 13 with tR=
29.5 min and∼6% of mono-tert-butyl phosphodiester with tR=
32.7 min. The crude reaction mixture was neutralized with a
solution of 1.0 N NaOH (∼330 μL). Excess acetonitrile was
partially evaporated with a stream of nitrogen, and the entire
mixture (500 μL) was injected and purified by HPLC: C18
column, eluent, solvent A potassium phosphate buffered saline
(0.05M PBS, pH 7.1), solvent B CH3CN, a linear gradient of B,
0-50% over 30 min, then 50% B for 30 min. The main radio-
active peak was 13, which eluted in three fractions (34-36 min)
after the injection and was collected in a volume of 2.5 mL. The
average radiochemical yield was 91% as calculated from nine
independently performed hydrolyses. Analytical HPLC (5 μCi
13 injected): tR=35 min (g97% pure, Bioscan).

5-[125I]Iodo-30-O-succinyl-20-deoxyuridine Ethyl Ester (17).
General procedure B was used. The main radioactive peak
from the reaction mixtures of 16 (100 μg) with [125I]NaI/NaOH
(1-5mCi)was eluted fromHPLC in two fractionswithin 23-24
min postinjection and was collected in a volume of 1.6 mL. The
excess of unreacted precursor 16 was cleanly separated from
17 and eluted 29.6 min after the injection. The average radio-
chemical yield, calculated on the basis of the results of four
radioiododestannylations, was 90%, and the product was 95%
17 with ∼5% inorganic iodide collected in four initial fractions
4-7min after the injection. Analytical HPLC analyses (4 μCi 17
injected): tR = 23.4 min (g98% pure, Bioscan) on the C18
analytical column, eluent, solvent A 10% CH3CN, solvent B
CH3CN, a linear gradient of B, 0-95%over 40min, then 95%B
for 20 min; tR=29.7 min (g98% pure, Bioscan) on the C18
column, eluent, solventAH2O, solvent BCH3CN, both solvents
with 0.07% TFA, the initial elution with A for 10 min, then a
linear gradient of B, 0-95% over 20 min and held at 95% B for
30 min.

5-[125I]Iodo-O,O0-(di-tert-butyl)-20-deoxyuridin-50-yl Monophos-

phate (19). General Pprocedure B was used. The main radio-
active peak was separated onHPLC using conditions developed
for the analysis of compound 5. Radioiodinated product 19

eluted in three fractions within 23-25 min after the injection of
the quenched reaction mixture and was collected in a volume of
2.4 mL. Analytical HPLC analyses (1.8 μCi 19 injected): tR=
25.7 min, eluent, as used during the separation. The excess of
unreacted tin precursor 18was well separated and eluted 29 min
postinjection. The average radiochemical yield of 19 was 87%,
as calculated from six conducted radioiododestannylations, and
the product was 96% 19with∼4% inorganic iodide. Analytical
HPLC analyses (5 μCi 19 injected): tR=30.4 min (g98% pure,
Bioscan) on the C18 analytical column, eluent, as for the
analysis of 17.

5-[125I]Iodo-20-deoxyuridine-50-monophosphate (20).A sample
of purified 19 (1-10 mCi), dried as described for 13, was
dissolved in anhydrous CH3CN (200 μL), and 30 μL TFA was
added. The reaction progress was monitored by HPLC: C18
column, eluent, solvent A H2O, solvent B CH3CN, all with
0.07% TFA, the initial elution with A (10 min) and a linear
gradient of B, 0-95% over 20 min, then 95% B for 30 min. The
reaction was completed within 35-45 min. The HPLC analysis

showed a single main product of monophosphate 20 (tR =
21.9 min, 95.7%) along with partially hydrolyzed mono-tert-
butyl phosphodiester 19 (tR=26.1 min, ∼3%) and traces of 19
(tR=30.4 min, ∼1.5%). The reaction mixture was neutralized
with 1.0 N NaOH (∼330 μL). Excess acetonitrile was evapo-
rated with a stream of nitrogen and the mixture injected
(∼500 μL) and purified by HPLC: C18 column, eluent, solvent
Apotassiumphosphate buffered saline (0.05M, pH7.1), solvent
B CH3CN, the initial elution with 100%A (10 min) and a linear
gradient of B, 0-50% over 20 min, then 50% B for 30 min. The
radioactive peak was 90% 20 (average radiochemical yield
calculated from five conducted hydrolyses) eluting in three
fractions (10-13 min) after the injection and was collected in
a volume of 2.5 mL. Analytical HPLC analyses (2.5 μCi 20
injected): tR=12.1 min (g97% pure, Bioscan), eluent, as des-
cribed above for the separation of 20. Purified sample of 20
(7.5 μCi) was co-injected on the HPLC column with IUdR 1

(35 μg) (tR=26.7 min) and a commercial sample of 5-iodo-20-
deoxyuridine 50-monophosphate (32 μg) (tR=11.9min). A single
radioactive peak eluted with tR=12min, confirming the identity
of radioiodinated product 20.

Proteins, Sera, Buffers, and Cell Culture Reagents. Human
SHBG (pure, lyophilized) was from Lee Biosolutions, Inc.
(St. Louis, MO). RPMI-1640 medium, fetal bovine serum
(FBS), L-glutamine, penicillin-streptomycin liquid, and sodium
pyruvate were from GIBCO Invitrogen Cell Culture (Carlsbad,
CA). Insulin and human, rabbit, and mouse serum were pur-
chased from Sigma-Aldrich (St. Louis, MO). NE-PER nuclear
and cytoplasmic extraction reagents were from Thermo Fisher
Scientific (Rockford, IL). DNA extractor TIS kit was from
WAKO (Wako Chemicals USA, Inc., Richmond, VA). CellTiter-
Fluor cell viability assay or CellTiter 96 AQueous One Solution
cell proliferation assay were used for the cell survival assessment
(Promega Corporation, Madison, WI).

Cells. NIH:OVCAR-3 human ovarian epithelial adenocarci-
noma cells, LNCaP human prostate carcinoma cells, PC-3
human prostate adenocarcinoma cells, and MCF7 mammary
gland (breast) adenocarcinoma cells were purchased from
American Type Culture Collection (ATCC; Manassas, VA).
OVCAR-3 cells were grown in RPMI-1640medium supplemen-
ted with 0.01 mg/mL bovine insulin, 2 mM L-glutamine, and
FBS to a final concentration of 20%. When sufficient numbers
of OVCAR-3 cells were produced, athymic NCr-nu/nu female
mice were injected intraperitoneally (ip) with OVCAR-3 cells
suspended in 0.4 mL of serum-free RPMI-1640 medium, and
further propagation of these cells was from the ip xenografts.
When the abdominal distention became apparent, mice were
killed and the peritoneal cavity was lavaged with 2 mL of sterile
PBS to recover nonadherent OVCAR-3 cells. Cells were centri-
fuged, the supernatant was discarded, and the cell pellet was
resuspended in complete growthmedium(95%) andDMSO(5%).
Cells were stored in liquid N2 until ready for use. LNCaP (low
passage,<25) were grown in RPMI-1640 containing 10%FBS,
100μMsodiumpyruvate, 10mMHEPES, 0.15%sodiumbicarbo-
nate, and 0.45%glucose. PC-3 cells were also cultured inRPMI-
1640 containing 10% FBS supplemented with 100 μM sodium
pyruvate. MCF7 cells were grown in Eagle’s minimum essential
medium (ATCC) supplemented with 0.01mg/mL bovine insulin
and 10% FBS. All cell culture media were also supplemented
with penicillin (100 U/mL) and streptomycin (100 μg/mL).

Stability in PBSandCell CultureMedia.Solutions of 8, 13, 17,
and 20 (∼0.85 μCi/μL) were incubated (up to 24 h) in PBS
(50mMphosphate, pH7.2)/CH3CNmixture (10:1, v/v, final pH
7.1) at ambient temperature. Samples (100 μL) were taken up
periodically, acidified with 0.1 NHCl (10 μL), and 5 μL aliquots
(∼4.5 μCi) were injected and analyzed on the HPLC system
(Bioscan detector). Solutions of radioiodinated target com-
pounds (8, 13, 17, 20) in CH3CN (5 μL, 9-12 μCi) were added
to RPMI-1640 cell culture medium (960 μL), and CH3CN
(35 μL) was added. The resulting mixture was incubated at
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ambient temperature. At each time point, 200 μL samples were
taken up, CH3CN (250 μL) was added, and samples were
acidified with 0.1 N HCl (50 μL). Aliquots were centrifuged
(2000 rpm, 15 min), and the volume of supernatants (400 μL)
was reduced to∼50 μL with a stream of nitrogen. The resulting
samples (pH2-4),dilutedwithwater (200μL) andCH3CN(30μL),
were injected (250 μL, ∼1.3 μCi) and analyzed by HPLC.

Evaluation of Binding to SHBG and Serum Using HPLC.
Binding properties of 8, 13, 17, and 20 to purified human SHBG
and to rabbit, mouse, and human serum were evaluated. Ex-
periments to determine binding and stability were conducted as
follows: into a 1.96 mL solution of tested serum diluted in PBS
(1:1, v/v, pH 7.1) or into a PBS solution of SHBG (with and
without albumin), ∼20 μCi aliquot of the radioiodinated 8, 13,
17, or 20 in 40 μL of CH3CN was added. The resulting mixtures
were briefly vortexed and incubated up to 24 h at ambient
temperature. At selected times, a 0.5 mL volume (∼5 μCi) was
withdrawn and size exclusion HPLC analysis was performed on
a TosoHaas TSK-GEL G3000SW (300 mm�7.5 mm) column
equipped with a TSK-SW guard column. Solvents were as
follows: solvent A, 0.1 M potassium phosphate buffer (PB)
and 0.1 M Na2SO4 mixed at 1:1 ratio [v/v], pH 6.8; solvent B,
CH3CN. The initial elution was with A for 20 min followed by a
linear gradient of B 0-40%over 20min, and 40%Bwas held for
30min. Flow ratewas 0.7mL/minwith the radioactivity andUV
at 280 nm detection. In parallel to the size exclusion analyses, a
second 1mL aliquot was withdrawn from each tested mixture at
the same time, and this was treated with 1 mL of CH3CN to
denature and precipitate proteins. Thesemixtures were vortexed
briefly and centrifuged at 2000 rpm for 15 min. The radioactive
supernatant (9-12 μCi) was removed, and 0.4 mL aliquots of
supernatants were acidified to pH ∼4 with 0.1 N HCl (15-
20 μL). The excess of CH3CN was evaporated with a stream of
nitrogen. An amount of 100 μL of water was added, and a
100 μL sample (1.3-1.5 μCi) of the resulting clear solution was
injected on the second HPLC system equipped with a reverse
phase column (ACE C18, 5 μm, 4.6 mm�250 mm). The elution
for 8, 13, and 17 was at a rate of 0.8 mL/min with solvent A,
H2O, and solvent B, CH3CN. Both solvents contained 0.07%
TFA. The initial elution was with 100% A for 10 min, then a
linear gradient of B from 0% to 95% over 30 min, and the
solvent was held at 95% B for 20 min. HPLC analyses of
mixtures containing 20 were done with solvent A, potassium
phosphate buffered saline (0.05 M, pH 7.1), and solvent B,
CH3CN, with the initial elution using 100% A for 10 min
followed by a linear gradient of B from 0% to 50% over
20 min and held at 50% B for 20 min. Only radioactivity was
detected.

Evaluation of Binding to SHBG and SerumUsing ITLC. 8was
dissolved in 0.1 M sodium phosphate/0.1 M sodium sulfate, pH
6.8, containing 25% CH3CN at a concentration of 48 μCi/mL.
Lyophilized humanSHBGwas reconstituted at 1mg/mL inPBS
containing 0.1%bovine serum albumin (BSA). The binding was
evaluated at SHBG concentrations of 0, 0.07, and 0.14 mg/mL
using ∼10000 cpm 8/μL of the incubation mixture. Sera were
diluted at 1:5 (v/v) with PBS, and 8, also at 10 000 cpm/μL of the
incubation mixture, was added as described for SHBG. Mix-
tures were incubated for 1, 2, and 18 h. Aliquots were analyzed
on ITLC using ethanol/PBS (1:9, v/v) as the solvent. When
binding to serum from various species was analyzed, all samples
for a given time were run simultaneously on the same 5 cm wide
ITLC plate. Eluted plates were cut and slices counted in a
γ-counter. Some plates were also placed on a Kodak XAR2
imaging film (Eastman Kodak Company, Rochester, NY). The
exposed films were developed to visualize the radioactivity
associated with each band.

Stability, Concentration- and Time-Dependent Uptake, and
Subcellular Distribution of 8 in NIH:OVCAR-3 Cells. Cells
taken from liquid N2 storage were thawed rapidly in a 37 �C
water bath and transferred into complete growth medium.

The suspension was centrifuged for 10 min at 500 rpm. The
cell pellet was resuspended in complete growth medium with
charcoal-dextran-stripped FBS. Cell viability was deter-
mined using the Trypan blue method.90 Cells were diluted to
5 � 107 viable cells/mL medium. Compound 8 dissolved in
ethanol at 2 μCi/mLwas added to the cell suspension to produce
a final concentration of 0.1 μCi/mL. Two controls were pre-
pared. The purpose of the first control, which contained only 8

in full cell culture medium, was to follow the stability of 8 in the
absence of cells. The second comprised cells, which were given
only 0.05 mL of ethanol, to measure if any changes in the cell
viability were observed that did not depend on the uptake of the
radioactive drug. All samples were incubated at 37 �C in an
atmosphere of 5%CO2 on a shaker. Aliquots of growthmedium
were withdrawn from tubes after 0, 15, 30, 60, 120, 180, and
240 min of incubation with cells and analyzed on silica gel TLC
plates alongside the corresponding drug standard using 3:1 (v/v)
mixture of ethyl acetate and hexane as the eluting solvent for 8.
Plates were analyzed either in a γ counter or via autoradio-
graphy. Percent recovered intact drugwas calculated by normal-
izing the amount of the intact radioactive drug in cell-containing
medium to the amount of drug incubated in medium only. After
the last time point, the viability of cells in all tubes was
determined.

For the uptake and subcellular distribution studies, OVCAR-
3 cells were plated at 1�105 cells/well in six-well plates at least
72 h in advance and allowed to grow until ∼30% confluent, at
which time spent mediumwas discarded and replaced with fresh
complete RPMI-1640 medium. Solutions of 8 in ethanol were
prepared at 10 μCi/mL and added to cells to produce final
concentrations ranging from 0.1 to 1.0 μCi/mL. Total volume of
ethanol added to each well was 0.05 mL. Control cells were
treated with ethanol only. After 6 h of incubation, radioactive
medium was removed and reserved for the analyses of radio-
activity. Cell monolayers were washed once, fresh complete
medium was added, and plates were returned to the incubator
for an additional 24 h. Cells were harvested, medium was
collected, and cell pellets were processed using either NE-PER
nuclear and cytoplasmic extraction kit or the Wako DNA
extractor kit to determine the intracellular distribution of radio-
activity or DNA-associated radioactivity, respectively. The
OD260/280 ratio was used to determine DNA purity and
concentration.91 Values of >1.7 were accepted.

Concentration- and Time-Dependent Uptake and Subcellular

Distribution of 13 in NIH:OVCAR-3 Cells. Cells prepared as
indicated above were treated with 13 at a concentration of
2.5 μCi/mL for 1, 3, 6, and 24 h at 37 �C in an atmosphere of
5% CO2 on a shaker. At indicated times, cells were briefly
centrifuged to produce a loose cell pellet, washed once with fresh
completemedium, plated in T25 flasks, and incubated for 24, 48,
and 120 h. The viability of cells was determined. At indicated
times, cells were harvested and the uptake and subcellular
distribution of 125I were measured as described for 8. For the
concentration-dependent uptake,OVCAR-3 cells were plated at
1�105 cells/well in six-well plates at least 72 h in advance and
allowed to grow until ∼30% confluent, at which time the
cultured medium was discarded and replaced with fresh com-
plete RPMI-1640 medium. Solutions of 13 in ethanol were
prepared at 10 μCi/mL and added to cells to produce final
concentrations ranging from 0.1 to 1.0 μCi/mL. Total volume of
ethanol added to each well was 0.05 mL. Control cells were
treated with ethanol only. After 24 h of incubation, radioactive
medium was removed and reserved for the analyses of radio-
activity. Cell monolayers were washed once, fresh complete
medium was added, and plates were returned to the incubator
for an additional 24 h. Cells were harvested and processed as
described above for 8.

Concentration- and Time-Dependent Uptake and Subcellular

Distribution of 13 in LNCaP Cells. All studies were conducted
as described above for OVCAR-3 cells with the following
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modifications: LNCaP cells were plated at 1�106 cells/well in
six-well plates 48 h before the uptake study. Radioactive drug
was added in charcoal-stripped medium, and cells were allowed
to grow for up to 120 h. The subcellular localization of the
radioactivity was also determined using 0.1 M citric acid to
isolate pure nuclei pellets,92 and their radioactive content was
analyzed in a γ-counter. Cells were kept in citrate for 10-15min
with constant shaking to facilitate membrane disruption.
Detached nuclei were collected into a test tube and centrifuged
at 225 rpm for 10 min. Nuclei were enumerated with the aid of
Trypan blue. Cells were also harvested from the identical set of
plates using trypsin to measure total cellular uptake of radio-
activity. Cell pellets were collected, and washed with PBS, cell
viability was determined, and pellets were counted in a
γ-counter.

Uptake in MCF7, PC-3, and LNCaP Cells in Cell Suspension.
These cell lines were propagated as a monolayer. Twenty-four
hours before the experiment, cells were harvested and subcul-
tured into 75 cm2BDFalcon plastic flasks (BD, Franklin Lakes,
NJ) at 1�105 cells/mL completemedium, appropriate for a given
cell line as indicated above. When the cells reached ∼70%
confluency, full growth medium was replaced with serum-free
medium for a period of 24 h. Cells were harvested and counted,
their viability was determined, and the cells were aliquoted into
test tubes at 1�106 cells per tube. Each experiment was run in
triplicate. One set of cells received serum-free medium only to
assess total binding of the radioactive drugs. The second set of
tubes had serum-free medium supplemented with 100 nMDHT
to compete binding of radioactive drugs. All cells were incu-
bated in suspension for 24 h and centrifuged briefly at 1000 rpm.
Media were removed from all tubes and replaced with 40 mM
HEPES, pH 7.4, containing 0.1% bovine serum albumin
(HEPES/BSA). Cell pellets were washed with HEPES/BSA.
Identical volumes of 8 dissolved in HEPES/BSA at 0.3-
3.0 μCi/mL were added to all tubes, and cells were incubated
with 8 from 5 to 16 h at 4 �C to prevent cell proliferation and
reuptake of 1 released from 8. Medium was removed at the
selected times, and 1mL aliquots were counted in a γ-counter to
determine the recovery of radioactivity after incubation and to
assess the amount of nonspecific binding to tubes. Cells were
washed at least twice with ice-cold PBS containing 0.1% BSA.
Washes were combined, their volumewasmeasured, and a 1mL
aliquot was counted in a γ-counter. After the last PBS wash, the
supernatant was decanted and saved. Cell pellets were frozen
and thawed, dissolved in 1 M NaOH, and counted in a
γ-counter.

Uptake of 13 in Cells Grown in Monolayer. LNCaP cells were
plated in a six-well plate at 1�106 cells perwell in 5mLofRPMI-
1640 medium stripped with dextran-coated charcoal and allowed
to attach overnight. Triplicate cells were incubated for 3 h with
1 μMDHT in ethanol (final concentration of ethanol of<1.5%).
The remaining wells were given identical volumes of ethanol.
After 3 h at 37 �C, phosphate 13, dissolved in ethanol, was added
to all wells. Aliquots (100 μL) were withdrawn from wells to
determine the added radioactivity in each well. Cells were grown
in the presence of drugs for 24, 48, and 72 h, at which time the
radioactive medium was replaced with fresh complete RPMI-
1640 medium. Cells were either immediately trypsinized,
counted, and their radioactive content determined in a γ-
counter or allowed to continue to grow for 24, 48, and 72 h in
fresh nonradioactive medium.

Cell Survival Studies.NIH:OVCAR-3 cells were plated in two
96-well plates at 4000 cells/well and allowed to attach for 48 h.
Fresh complete medium supplemented with 20% charcoal-
dextran-stripped FBS and containing various concentrations
of radioactive drugs was added so that each concentration was
tested in 12 wells. Cells were incubated with the radioactive drug
for 6 h for 8 and 24 h for 13. After removal of the radioactive
medium, cells were given fresh medium and incubated for an
additional 24 and 48 h. The cell survival was measured using

either CellTiter-Fluor cell viability assay or CellTiter 96 AQu-
eous One Solution cell proliferation assay. LNCaP cells were
plated at 2000 cells/well and allowed to attach for 24 h, after
which time all cell were given fresh, charcoal-dextran-stripped
medium.

Mice. Female athymic NCr-nu/nu mice were from the Na-
tional Cancer Institute at Frederick (Frederick, MD) or from
Charles River (Wilmington, MA). Mice were allowed to accli-
mate for no less than 4 days after arrival to theUNMC facilities.
All protocols involving mice were approved by the UNMC
Institutional Animal Care andUseCommittee.NIH:OVCAR-3
tumors were grown as the intraperitoneal xenografts. Mice were
maintained on a normal diet. At 3 days before therapy experi-
ments and up to 7 days after the last dose of the radioiodinated
drug, drinking water was replaced daily with fresh 0.01%
solution of potassium iodide prepared from the pharmaceutical
grade supersaturated potassium iodide in distilled water (SSKI;
potassium iodide oral solution, USP, Upsher-Smith Labora-
tories, Inc., Minneapolis, MN).

Biodistribution.NIH:OVCAR-3 cells propagated in vivo and
recovered from ascites were resuspended in serum-free RPMI-
1640 medium or physiological saline and implanted ip. Tumors
were allowed to develop for up to 6 weeks. Drug 8 was
administered ip in 0.4 mL of physiologic saline containing
0.1% albumin. An average dose of 1.12 (0.04) μCi/mouse was
injected. Full syringes containing the dose and syringes after
administration were weighed on an analytical balance to deter-
mine the weight of the dose injected into each mouse. Aliquots
equivalent to 1 μL of the injected dose were counted in a
γ-counter.Mice were killed at 1.5, 24, 48, and 72 h postinjection.
Postmortem examination included the lavage of peritoneal
cavity with 2� 2 mL physiologic saline. Normal tissues and
solid tumor deposits were harvested, and rinsed in saline and
their wet weight and radioactive contents were determined. The
peritoneal lavage samples were centrifugation at 1000 rpm for
10 min at 4 �C. Supernatants were removed, and radioactivity
was determined. Tumor cell pellets were resuspended in 1 mL of
PBS and counted in a γ-counter. Cells were suspended and
washed twice with 5% perchloric acid for DNA precipitation.
Acid washes and DNA pellets were counted in a γ-counter.
Tissue uptake was calculated as percent injected dose per gram
of tissue and as the tissue-to-blood ratio (radiolocalization
index).

Therapy.Female athymicmice received intraperitoneal implant
of1.34�108OVCAR-3cells/mouse.Micewere randomlyassigned
to control and experimental groups. Control mice were either
injected with PBS only or given ip injections of the nonradioactive
analogue 6. The experimental group was treated ip with 8. The
experimental designalso includedone control group,whichdidnot
have tumorsbutwas treatedwith the radioactive drug todetermine
the effects of the ip injected radioactivity. For drug 8, three
treatment schemes were followed.

Experiment I. In the first set of experiments, 12 days after tumor
implantation, mice were given a single ip dose of 8. On average
14 μCi 8/mouse in 0.5 mL of physiologic saline containing 1%
albumin and 0.01% ethanol (v/v), to prevent the precipitation of
the drug from the solution, was injected. Control mice were
injected with 6 in the same vehicle. Body weight of all mice was
determined every 2-3 days until the termination of the study. Five
weeks after tumor implantation, mice were euthanized according
to theAVMAguidelines, the necropsywas performed,whole body
radioactivity was determined, and biodistribution was conducted.
The peritoneal cavity was lavaged with 2 mL of PBS to recover
nonadherent OVCAR-3 cells and ascites. Cell viability and radio-
active content of the nonadherent cancer cells were determined,
including theDNAbound iodine-125. Solid tumorsweredissected,
and their weight and radioactivity were measured. Several normal
tissues andbloodwerealsoharvested, and their radioactive content
was determined. Blood was collected via cardiac puncture. Hema-
tocrit was determined by standard techniques. HemoCuewas used
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to measure hemoglobin levels (Angelholm, Sweden). Tissues were
dissected and rinsed in PBS, and their wet weight was determined.
Dissected tissues were placed in γ-counter tubes, and their radio-
active content was measured.

Experiment II. Twelve days after ip injection of OVCAR-3
cells, micewere randomly separated into two groups: controlmice
receivingonly 0.5mLofvehicle ip andexperimentalmice receiving
8 in the same vehicle. The administration of 8 was in three
escalating doses injected ip as follows: day 1, 5 μCi 8/mouse;
day 2, 10 μCi 8/mouse; day 3, 15 μCi 8/mouse. Mice in the
experimental group received on average 30 μCi 8/mouse. Five
weeks after the tumor implantation,micewere euthanized and the
necropsy was performed as described above.

Experiment III. In this group, the drug treatment was started
9 days after the OVCAR-3 cells ip implant.Mice were randomly
assigned into two groups: the experimental group treated with
six fractionated doses of 8 every 4 days for the total dose of
185 μCi 8/mouse; control group of mice treated with vehicle
only. Two weeks after the last dose of 8, mice were euthanized
and the necropsy was conducted as describe above.

Experiment IV. All therapy studies with drug 13 were con-
ducted in mice bearing established, 31-day old ip xenografts of
OVCAR-3. The drug 13, 250 μCi/mouse, one ip dose, was co-
injected with 10 μg of SHBG in 0.4 mL of PBS. One group of
control mice received SHBG only in 0.4 mL of PBS, the second
PBS alone. The study was terminated after 24 days because
several SHBG-treated mice developed massive peritoneal as-
cites. The necropsy protocol described above was followed.

Experiment V. Compound 13 was also used in the fraction-
ated therapy regimen in mice bearing OVCAR-3 ip xenografts.
This study was conducted similarly to experiment III described
above. The drug 13 was administered in fractionated doses
(average 39.50 μCi/dose/mouse). One group of OVCAR-3-
bearing control mice received six sham injections of 0.4 mL of
PBS. The second control group included healthy mice (i.e., no
OVCAR-3 implant). These mice were treated with 13 using the
same schedule to compare normal tissue retention and distribu-
tion of 13. The necropsy protocol described abovewas followed.
Cancer cells recovered with saline lavage were subjected to
trichloroacetic acid (TCA) precipitation to determine the
DNA-associated radioactivity. First, OVCAR-3 cells were
counted and their viability was determined using the Trypan
blue assay. The cell pellet was washed with ice-cold saline to
determine the unbound radioactivity. A fresh aliquot of saline
was added to reconstitute all cancer cell pellets at the same
concentration of 1� 107 cells/mL. Mixtures were vortexed to
produce cell suspension. Then 1 mL of suspension was removed
for radioactivity determination. Two 1 mL samples were re-
moved for DNA analyses. Cells were centrifuged, the super-
natant was taken for radioactivity counting, and the ice-cold
pellet was treated with 1.5 mL of ice-cold 10% TCA at 4 �C
overnight to precipitate DNA. Tubes containing DNA pellets
were centrifuged. DNA was washed twice with ice-cold 10%
TCA, and all fractions including theDNApellet were counted in
a γ-counter.

Statistical Analyses. Summary statistics were performed
using a two-sided, unpaired Student’s t test with a significance
level of P=0.05. Therapy data were evaluated using one-way
analysis of variance with Tukey-Kramer or Dunnett multiple
comparison tests using SigmaPlot/SigmaStat (Systat Software,
Inc., Richmond, CA) and GraphPad InStat computer software
(GraphPad Software, Inc., La Jolla, CA).
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