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The thymidine analog '8F-3’-deoxy-3’-fluorothymidine (FLT) is
being used clinically for PET imaging of tumor proliferation.
Appropriate use of this tracer requires validating the mecha-
nisms by which it accumulates in dividing cells. We tested the
accuracy with which FLT uptake predicted the activity of cyto-
solic thymidine kinase-1 (TK;), an enzyme that is upregulated
before and during DNA synthesis. Methods: Cultured A549
human lung carcinoma cells were manipulated to a range of
proliferation rates from actively dividing to growth arrested.
Uptake of radiolabeled FLT was compared with cell cycle ac-
tivity, which was expressed as the percentage of cells in S
phase, and with activity of cytosolic TK;. We also compared
uptake of FLT and deoxyglucose. We genetically manipulated
A549 cells by transfecting them with human papillomavirus type
16 E6 (designated A549-E6) to abrogate function of the tumor
suppressor gene, p53. Although radiation typically inhibits pro-
gression of mammalian cells through the cell cycle, abrogation
of p53 function eliminates this inhibition. We then compared
FLT uptake with the percentage of cells in S phase and TK,
activity in irradiated A549-E6 cells and in irradiated control cells
having normal p53 function and the expected radiation-induced
growth delay. Results: A549 cells with only 3%-5% cells in S
phase took up little FLT and had low levels of TK; activity. When
cells were stimulated to grow by being placed into fresh me-
dium, we observed a strong correlation between increased FLT
uptake and increased TK; activity. As expected, FLT uptake
varied much more as a function of growth than did uptake of
deoxyglucose. Nonproliferating A549 cells did not enter the cell
cycle if they were irradiated before being placed into fresh
medium, and they did not accumulate FLT or show elevated TK;
activity. In contrast, radiation did not inhibit the cell cycle pro-
gression of A549-E6 cells. When subcultured, they began to
grow and showed increased uptake of FLT commensurate with
greater TK; activity. Conclusion: In cultured A549 cells FLT
uptake is positively correlated with cell growth and TK; activity.
Inhibition of cell cycle progression prevents FLT uptake and
increased TK; activity. These results suggest that FLT images
reflect TK; activity and the percentage of cells in S phase.
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Oncologists increasingly use PET to image tumor me-
tabolism. PET is being developed to quantify cell prolifer-
ation, both to detect rapidly growing tumors and to measure
the effect of treatment directed toward actively dividing
cells. 1C-thymidine has been validated for imaging cell
division in tumors (1-4). It is incorporated into DNA and
has been used to infer DNA synthesis rates (5). However,
the rapid production of radiolabeled metabolites of thymi-
dinein the blood (6,7) and the short half-life of 1C (20 min)
make the use of this tracer impractical for routine clinical
measurements. Several research groups have searched for
alternative tracers of cell proliferation, preferably tracers
labeled with 18F or 124 because of their longer half-lives.
This search has led to investigations with 8F-labeled 2'-
fluoro-5-14C-methyl-1-beta-p-arabinofuranosyluracil
(FMAU) (8,9) and ?*l-iododeoxyuridine (10) and to work
with the thymidine analog *8F-3'-deoxy-3’-fluorothymidine
(FLT) (11-13).

FLT was evaluated as a chemotherapeutic agent for the
treatment of leukemia (14), but researchers soon discovered
that this new antimetabolite had exceptional anti-HIV ac-
tivity, possibly superior to that of azidothymidine (15).
However, toxicity observed during phase Il clinica trials
with FLT (16) deterred investigations with pharmacologic
doses of drug. Nonetheless, the successful labeling of FLT
with 18F (17) led to a novel proposal to use 8F-FLT as a
radiopharmaceutical for monitoring HIV infection. Al-
though this application was never pursued in animal mod-
els, the concept formed the basis for imaging cell prolifer-
ation in tumors.

Several aspects of FLT biochemistry suggested that it
would be a useful PET tracer for imaging cell proliferation
in vivo (11,18-20). FLT is resistant to catabolism by thy-
midine phosphorylase in vivo and is specifically phosphor-
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ylated in cells by cytosolic thymidine kinase-1 (TK,). TK;
isaprincipal enzyme in the DNA-salvage pathway in cells
(18), one that is strongly regulated by the cell cycle and is
selectively upregulated just before and during the S phase
(18-21). In contrast, FLT is a poor substrate for mitochon-
drial thymidine kinase-2 (TK,).

These features motivated us to investigate FLT labeling
with high-specific-activity 8F for imaging tumors with
PET. The availability of an in vivo tracer of the DNA-
salvage pathway that is convenient, sensitive, accurate, and
catabolized less than thymidine could have an important
impact on the way tumors are diagnosed and assessed as
responsive in clinical situations (2,11). Currently, several
groups are imaging tumors with 18F-FLT (22-25), but the
mechanism of its retention in cells has not been validated.
Some investigators have suggested a key role for TK, but
other than preliminary work reported by our research group,
this has not yet been demonstrated.

To interpret 8F-FLT images as measures of cell prolif-
eration, we need to understand the mechanisms that account
for its accumulation and retention in tissues. Our first step
was to determine how well TK activity accounted for FLT
uptake in cultured human cells under a variety of growth
conditions ranging from active growth to growth arrest
caused by radiation or by nutrient deprivation. Radiation
was a particularly useful tool for these studies because it
causes a dose-dependent delay in progression through the
cell cycle of al mammalian cells, provided they retain, as
do A549 lung carcinoma cells, a functiona p53 tumor
suppressor gene and the associated normal cell cycle check-
points (26). However, this delaying effect of radiation can
be eliminated by selected genetic manipulations that abro-
gate function of the p53 tumor suppressor gene (27). These
manipulations of p53 function mimic changes occurring in
some cells as they progress to malignancy and were a
convenient additional way to investigate the link between
cell growth, FLT uptake, and TK, activity.

In this article, we report a strong positive correlation
between uptake of radiolabeled FLT and levels of TK; in
A549 lung carcinoma cells in vitro. We also demonstrate
that converting cells from growth arrest to a high growth
rate consistently leads to elevated TK; levels, accompanied
by increased FLT uptake. Taken together, these data vali-
date 18F-FLT asauseful imaging agent for cell proliferation.

MATERIALS AND METHODS

Radiolabeled Drugs

SH-FLT (229.4 GBg/mmol) was purchased from Moravek Bio-
chemicals Inc. (Brea, CA) in a 1:1 solution of ethanol:water and
stored at —20°C. 3H-Thymidine (TdR, 2,590-3,330 GBg/mmol)
was purchased from New England Nuclear (Boston, MA) in an
aqueous solution and stored at —20°C. #C-Deoxyglucose (DG,
1,850-2,220 GBg/mmol) was purchased from Amersham (Buck-
inghamshire, U.K.) in a 3% ethanol solution and stored at —20°C.

Cell Culture Systems

A549 human lung adenocarcinoma cells were used for these
studies and also as the parental cell line to construct isogenic cell
lines that differ in p53 gene expression. The parent A549 cell line
has wild-type p53 gene function (28). A549 cells were transduced
with the retrovirus vector LXSN, which contains a selectable gene
for resistance to neomycin, to introduce the human papillomavirus
(HPV) type 16 E6 gene, as described previously (27), and were
designated A549-E6. Controls, designated A549-L X SN, received
vector only. Cells expressing E6 (A549-E6) have a functionally
inactive p53 gene product and lose the G; checkpoint control
necessary for radiation-induced cell cycle arrest (27). Cells con-
taining the vector alone (A549-LXSN) retain their p53-dependent
G; cell cycle checkpoint response. The parental cell line (A549), as
well as A549-E6 and A549-L X SN, was used to examine uptake
and retention of 3H-FLT and to determine thymidine kinase (TK)
activity.

Cells were grown in 1:1 Dulbecco’'s modified Eagle's
medium:F-12 containing 10% heat-inactivated fetal bovine serum,
100 U/mL penicillin, and 0.1 mg/mL streptomycin and were
incubated at 37°C in an atmosphere of 95% air and 5% CO,. Cells
were seeded at 2 X 10° cells in T25 flasks and grown for 6—8 d
with no change of culture medium to reach an unfed plateau phase.
Then, either the cells were released and reseeded into fresh me-
dium at 2-3 X 10° cells per flask to reach exponential growth at
the times specified for treatment, or else the cells were treated in
this plateau phase.

For determining uptake of labeled FLT or DG under various
conditions, culture dishes were removed from the incubator,
growth medium was aspirated, and 1 mL of medium, containing 37
kBg/mL 3H-FLT or 18.5 kBg/mL 4C-DG, was used to rinse the
culture medium from the monolayer of cells. Cells were incubated
with 3 mL of medium containing 3H-FLT or *C-DG. Alcohol
carryover from SH-FLT stock solution was negligible (0.05%).
Cells were labeled 6, 10, 12, 14, 16, and 24 h after subculturing
into fresh medium and were compared with cells labeled without
being subcultured (referred to as 0-h samples).

At each of these times in each experiment, 3 replicate samples
were taken. Each point in Figures 1-4 is an average of these 3
samples. Radiolabeled drug was taken up by incubation for 1 h at
37°C in a humidified atmosphere containing 5% CO,.

Cells were harvested at the end of the 1-h incubation by trypsin
treatment and were rinsed twice in fresh culture medium to remove
unbound label. A proportion of the total sample was counted in a
model 1900CA liquid scintillation spectrophotometer (Packard
BioScience Co., Meriden, CT) in 10 mL of Ultima Gold (Packard
BioScience). Uptake was calculated as disintegrations per minute
for liquid scintillation data.

Cell Sizing and Calculation of Radiotracer Uptake

To determine cell size, dishesidentical to the treated dishes, but
without added radiotracer, were harvested by trypsin treatment at
1 and 8 d. This paralel procedure was necessary because radio-
active cells could not be introduced into the cell counter or, |ater,
into the flow cytometer used to determine S phase. Cells were
suspended in Isotone (Coulter Corp., Luton, U.K.) at a concentra-
tion of between 2,000 and 5,000 cells per milliliter. Cell size was
determined by methods adapted from the Coulter ZM reference
manual, Fine Particle Calibration, using Coulter size standards as
calibration standards. Volume for cells was determined using the
formula 4/3wr® = volume.
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FIGURE 1. (A) Changes in S phase fraction as function of time

after subculturing of growth-arrested A549 cells into fresh cul-
ture medium. (B) Uptake of 3H-FLT in A549 cells as function of
time after 8-d-old growth-arrested cells were subcultured into
fresh growth medium. FLT uptake is expressed relative to ac-
tivity levels in culture medium. Uptake equal to 100% repre-
sents equilibration between cells and medium, whereas higher
values mean that cells have concentrated tracer. (C) Uptake of
SH-FLT in A549 cells versus percentage in S phase.

Cell sizing allowed usto calculate tracer uptakein cells relative
to activity in culture medium. We first calculated the intracellular
volume of 10° cells. We then determined dpm/10° cells and ex-
pressed the cellular uptake as a percentage of radioactivity in the
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same volume of medium. Uptake equal to 100% would represent
simple equilibration with the medium, and values > 100% meant
that the cells concentrated radioactivity to a level greater than that
in the medium. This method of calculating uptake readily alows
one to determine when uptake exceeds activity levels in the me-
dium and thus represents concentration of the tracer. This method
also corrects for the unavoidable variations in dpm/mL of medium
that occur in pipetting very small aliquots of high-specific-activity
stock solutions of 3H-FLT. Radioactivity in aliquots of high-
specific-activity stock solution varied more than did cell size.
Volumes of 1-d-old A549, A549-E6, and A549-LXSN cells dif-
fered from each other by +8%. Volumes of 8-d-old A549, A549-
E6, and A549-L X SN cells differed by =14%. On average, 8-d-old
cells had 65% of the volume of 1-d-old cells.

Irradiation Conditions

For determining the effects of radiation on TK activity and the
uptake of FLT in A549 cells with and without normal p53 func-
tion, A549-E6 and A549-LXSN cells were allowed to reach an
unfed plateau phase of growth, were removed from the incubator,
and were irradiated (81-14 cesium irradiator; Shepard, Glendale,
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FIGURE 2. (A) TK; activity in A549 cells as function of time.

TK; activity units are picomoles of phosphorylated TdR/30
min/mg of protein, as determined in cell-free enzymatic assay
using A549 cell lysate as source of enzyme. (B) Uptake of
SH-FLT in A549 cells versus TK; activity.
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FIGURE 3. (A) Changes in S phase fraction versus time after

subculturing of growth-arrested A549-LXSN and A549-E6 cells.
(B) Uptake of 3H-FLT in A549-E6 and A549-LXSN cells as func-
tion of time after 8-d-old growth-arrested cells were subcultured
into fresh growth medium. FLT uptake is expressed relative to
activity levels in culture medium. Uptake equal to 100% repre-
sents equilibration between cells and medium, whereas higher
values mean that cells have concentrated tracer.
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FIGURE 4. (A) Effect of 10-Gy +y-radiation on movement of
growth-arrested A549-E6 and A549-LXSN cells into S phase of
cell cycle when subcultured into fresh growth medium. Irradi-
ated LXSN cells do not enter cell cycle during first 24 h after
being placed into fresh medium. E6-transfected cells, lacking
functional p53, begin to enter S phase by 12 h. (B) Uptake of
SH-FLT into irradiated A549-E6 and A549-LXSN cells as func-
tion of time after 8-d-old growth-arrested cells were subcultured
into fresh growth medium. Cells were irradiated with 10-Gy
187Cs y-rays immediately before being placed into fresh me-
dium. FLT uptake is expressed relative to activity levels in
culture medium, with 100% uptake representing equilibration
between cells and medium. Irradiated LXSN cells do not show
increased uptake of FLT during first 24 h, consistent with their
failure to move into cell cycle (A). (C) TK; activity in irradiated
A549-E6 and A549-LXSN cells as function of time after growth-
arrested cells were subcultured into fresh growth medium. Cells
were irradiated with 10-Gy '37Cs y-rays immediately before
being placed into fresh medium. TK; activity does not increase
in growth-arrested, irradiated LXSN cells.

CA). A dose of 10 Gy was delivered using a source-to-dish
distance of 46 cm and a dose rate of 1 Gy/min. Cells either were
immediately harvested by trypsin treatment and seeded into fresh
medium to reach exponential growth at the times specified for
addition of radioactive tracers or else were labeled in this plateau
phase.

Flow Cytometry Methods
For determining cell cycle distributions, dishes identical to the
treated dishes, but without added radioactivity, were harvested by
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trypsin treatment and were suspended in 10 mg/mL 4'-6-di-
amidino-2-phenylindole (DAPI) with 10% dimethylsulfoxide and
cryopreserved at —70°C. (As noted above, radioactive cells could
not be introduced into the flow cytometer.) Samples were analyzed
on an Epics Elite flow cytometer (Coulter Corp.) with ultraviolet
excitation at 360 nm from an Innova-90-6 water-cooled argon-ion
laser (Coherent Inc., Santa Clara, CA). DAPI fluorescence was
collected with a 450-nm/35-nm band-pass emission filter. A min-
imum of 20,000 cells was analyzed per sample. The data were
collected using Elite software (version 4.01; Coulter Corp.). The
Multicycle-AV software package (Phoenix Flow Systems, San
Diego, CA) was used for data analysis.

TK Assay

For determining TK; activity, dishes of cells identical to the
treated dishes, but without added radioactivity, were harvested by
trypsin treatment. Cells were counted on a ZM analyzer (Coulter
Corp.) and lysed by a method adapted from Sherley and Kelly
(21). Protein content in the 100,000g supernate of the cell lysate
was determined using a detergent-compatible protein assay (Bio-
Rad Laboratories Inc., Hercules, CA). The high-speed supernate
was prepared to eliminate mitochondria, the source of TK,. TK
activity in the high-speed supernate was determined using a
method adapted from Hruby and Ball (29). Briefly, high-specific-
activity TdR (2,590-3,330 GBg/mmol) was provided in areaction
mixture consisting of Na,HPO,/NaH,PO, buffer, pH 6.0, supple-
mented with disodium adenosine triphosphate and magnesium
acetate. TK, provided by the cell supernate, phosphorylated the
TdR to thymidine monophosphate. This phosphorylated product
was captured on cellulose paper disks. Nonphosphorylated TdR
was rinsed from the filters, which were then dried and counted in
a1900CA liquid scintillation spectrophotometer in 5 mL of Ultima
Gold. TK; activity was expressed as picomoles of phosphorylated
TdR/30 min/mg of protein in the supernate.

RESULTS

Parental A549 Cells

A549 human lung carcinoma cells were grown for 8 d
with no change of culture medium, at which point they were
crowded and slowly proliferating (identified as plateau
phase). We then subcultured cells at low density into fresh
growth medium to follow their semisynchronous movement
into active cell growth. At various times after subculturing
of cells into fresh medium, we determined the uptake of
radiolabeled FLT after a 1-h pulse. We compared this to the
percentage of cells synthesizing DNA (S phase fraction) and
the activity of cytosolic TK;.

A549 cells became highly growth arrested after 8 d with
no medium change. The percentage of cells in S phase
typically ranged from 3% to 5%, whereas 91%—-94% of the
cells had a G; DNA content. Cells began to move into S
phase by 12 h and reached a maximum of 54% = 11% by
24 h after subculturing (Fig. 1A). FLT uptake also increased
steadily at times later than 6 h and by 24 h reached nearly
4-fold the levels in growth-arrested cells (Fig. 1B). FLT
uptake correlated well (r2 = 0.91) with the increase in the
percentage of cellsin S phase (Fig. 1C). For these compar-
isons, FLT uptake per 10° cells was expressed relative to the
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activity in the culture medium containing H-FLT, as de-
scribed in the Materials and Methods.

Levels of the cell cycleregulated enzyme TK; were
hypothesized to determine FL T retention in cells, and so we
also measured TK, activity in A549 cells as a function of
time after subculturing. TK, activity averaged 124 pmol
phosphorylated TdR/30 min/mg of protein in growth-ar-
rested cells. The first obviousincrease occurred after 10 hin
fresh medium and reached a maximum by 24 h, averaging
1,875 *+ 235 pmol phosphorylated TdR/30 min/mg of pro-
tein, a 15-fold increase compared with growth-arrested cells
(Fig. 2A). Interestingly, the increase in enzyme activity at
10 h preceded any obvious upswing in S phase fraction,
which did not occur until 12-14 h. FLT uptake and TK;
activity correlated well (r2 = 0.63; Fig. 2B).

A549 Cells with Altered Expression of p53

A549 cells, transfected with the gene for HPV type 16 E6
protein that abrogates p53 function (designated A549-EG6),
were compared with cells transfected with vector only
(A549-LXSN). A549 cells contain wild-type p53, have a
normal G, checkpoint response, and are delayed in the cell
cycle by radiation (27). Transfection with the gene for the
E6 protein eliminates radiation-induced G, delay because
the cells lack normal p53 function. We first compared
nonirradiated A549-LXSN and A549-E6 by subculturing
8-d-old plateau-phase culture into fresh medium and mea-
suring changes in S phase fraction, FLT uptake, and TK;
enzyme activity over the next 28 h. We observed changes
similar to those in parental A549 cells: an increase in S
phase fraction by 12 h and maximum values at 24 h,
followed by a decline as cells moved semisynchronously
from S phase into G,/M (Fig. 3A). The uptake of FLT
versus time was similar for nonirradiated A549-LXSN and
A549-E6 (Fig. 3B), although the values tended to be higher
in the E6-transfected cells, particularly at times between 16
and 24 h. When the vector-only and E6-transfected cells
were compared with parental A549, FLT uptake tended to
be dlightly higher in both transfected cell lines, when uptake
was expressed relative to activity in the culture medium
(compare Figs. 1B and 3B). For nonirradiated A549-E6 and
A549-L XSN, the correlation between FLT uptake and the
percentage of cellsin S phase (r2 = 0.77 for A549-LXSN;
r2 = 0.94 for Ab49-E6) was better than the correlation
between FLT uptake and TK; activity (r2 = 0.45 for A549-
LXSN; r2 = 0. 86 for A549-E6).

When 8-d-old, growth-arrested cultures of A549-E6 and
AB49-L XSN were irradiated with 10 Gy ¥Cs ~y-rays im-
mediately before being subcultured into fresh medium, the
expected delay of cells moving into S phase was seenin the
vector-only (LXSN) transfected cells (Fig. 4A). However,
the E6 transfectants were not delayed by radiation and
entered the cell cycle, with S phase fractions increasing
from 3% to 5% in the growth-arrested cells to 40%-50%
within 20—24 h after subculturing (Fig. 4A). Only after 44 h
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did the S phase fraction began to increase in irradiated
LXSN controls with normal p53 function.

The time course of increase in FLT uptake (Fig. 4B)
paralleled that of increase in S phase fraction in irradiated
AB49-E6 cells. FLT uptake showed essentially no change
between 0 and 28 h in A549-LXSN cells, which remained
growth arrested because of the radiation treatment. The
failure of irradiated A549-LXSN cells to begin cycling or
take up more FLT after subculturing into fresh medium was,
as expected, accompanied by unchanged TK, activity,
which remained at the low levels characteristic of growth-
arrested cells (Fig. 4C). In the radiation-resistant A549-E6
cells, the highest TK; activities were seen 28 h after irradi-
ation and subculturing (Fig. 4C). The difference in TK;
activity between A549-E6 and A549-LXSN cells at 28 h
(9.2-fold) was even greater than predicted by the greater
FLT uptake in the E6 transfectants compared with vector-
only LXSN controls (4.3-fold).

Comparison of *H-FLT and “C-DG

We aso are interested in how FLT compares with 8F-
FDG for monitoring changes in cell proliferation. Labeled
FLT detects changes in proliferation that are underreported
by the glucose metabolism tracer *C-DG, a surrogate for
BE-FDG (Table 1). This experiment was similar to those
described above for A549 cells, except that 6-d-old rather
than 8-d-old growth-arrested cultures were used. Parallel
series of cultures were labeled with *C-DG for comparison
with 3H-FLT. Placing growth-arrested A549 cellsinto fresh
medium increased DG uptake no more than 1.8 times, far
less than the increase seen in FLT uptake (6.4 times) when
alarge portion of cells move into S phase at 20 h.

DISCUSSION

Our efforts to characterize 8F-FLT for imaging tumor
cell proliferation were preceded by efforts of many other
investigators to quantify tumor growth with PET. For a
review, see the article by Leskinen-Kallio (4). Several PET
centers are imaging cell proliferation with the DNA precur-
sor 1C-thymidine, but interpretation of images is challeng-
ing. Labeled metabolites of thymidine must be accounted
for by rapid high-performance liquid chromatography of
plasma, and investigators must apply mathematic models to
interpret the images (5,7).

The imaging research group at the University of Wash-
ington has pioneered development of 8F-FLT for imaging
cell proliferation. FLT, structuraly similar to the anti-AIDS
drug azidothymidine, is believed to be retained in virus-free
cells because of specific phosphorylation by the cell cycle—
regulated enzyme, cytosolic TK; (15,18). This enzyme nor-
mally functions in the nucleoside salvage pathway to con-
vert thymidine to thymidine monophosphate, a necessary
first step before its incorporation into DNA. FLT is a poor
substrate for mitochondrial TK, (18), making it a specific
marker for cells that express high levels of TK;, even
though only a small amount of FLT is incorporated into
DNA (15). Thus, the metabolic trapping of 8F-FLT by
phosphorylation with little further processing has been hy-
pothesized as analogous to the trapping of 8F-FDG that is
due to phosphorylation by hexokinase.

The correlation of TK; enzyme activity with cell prolif-
eration and cell cycle stage is well established for both
nonmalignant cells and tumor cells (21). TK enzyme activ-
ity is typically low in the Gy/G; stage of the cell cycle,
increases in S phase, and in some cells also remains high
through mitosis. Activity drops sharply as cells reenter G,
phase after cell division (21). Serum levels of TK, presum-
ably released by cell lysis accompanying tumor expansion,
have been used as a marker of tumor burden, tumor aggres-
siveness, or prognosis in patients with leukemias and lym-
phomas and selected solid tumors including those of the
breast and prostate (30—34). Correlations of prognosis with
cytosolic TK,; measured in tumor samples also have been
reported (35). These observations, coupled with data show-
ing that FLT is a far better substrate for TK, than for TK,,
suggested that FLT might be a specific tracer of prolifera-
tion with a defined mechanism of trapping in cells.

The results reported in this article support the hypothesis
that TK activity is an important determinant of FLT uptake
and retention in cells. We studied A549 lung carcinoma
cells because they become markedly growth arrested (only
3%-5% of cellsin DNA synthesis) when they reach a high
density in culture with no medium change. These growth-
arrested cells move semisynchronoudly into the cell cycle
when subcultured into fresh medium, with the maximum
percentage of the cellsin DNA synthesis (S phase) at 24 h
(54% = 11%). Comparing the changes in the percentage of

TABLE 1
Comparison of Uptake of 3H-FLT and '*C-DG in Growth-Arrested Cells
and in Cells Subcultured in Fresh Medium for 6 or 20 Hours

SH-FLT (37.0 kBg/mL)

14G-DG (18.5 kBg/mL)

% S Uptake ratio (relative Uptake ratio (relative
Cell type Growth state phase dpm/108 cells to plateau cells) dpm/108 cells to plateau cells)
A549 8-d-old, unfed, plateau 4 1,640 + 39 5,244 = 16 1
Lung carcinoma  6-h in fresh medium 4 1,808 = 81 1.1 6,688 = 23 1.3
20-h in fresh medium 32 10,430 * 264 6.4 9,366 + 166 1.8
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cellsin S phase and in 3H-FLT uptake as a function of time
after subculturing (Fig. 1) confirmed a close association
between these 2 measurements but also showed that FLT
uptake increased by 10 h, before the increase in the propor-
tion of cellsin DNA synthesis. This relationship, in which
FLT uptake precedes cell cycle progression, would be ex-
pected if FLT uptake depended on activation of TK;, asthe
activity of this enzyme begins to increase before S phase, in
late G, (21). The time course of changes in TK; activity
(Fig. 2A) also demonstrated increased activity just before
cells began to move into S phase (Fig. 1A). Overal, FLT
uptake correlated well with TK; activity (r?> = 0.63), as
shown in Figure 2B, and also with S phase (r2 = 0.91;
Fig. 1C).

A more rigorous test of the relationship between cell
cycle progression, FLT uptake, and expression of TK; ac-
tivity came from the experiments in which we prevented the
normal movement of growth-arrested A549 cells into active
growth by irradiating them just before subculturing. A549
cells have normal p53 function (28), a condition necessary
for radiation-induced growth arrest in the G, phase of the
cell cycle. We aso examined the effect of abrogating p53
function in A549 cells by stably transfecting them with
HPV type 16 protein E6, a manipulation shown to eliminate
postradiation G; arrest in this lung carcinoma cell line (27).
Nonirradiated, growth-arrested control (A549-LXSN) and
E6-transfected (A549-E6) cells behaved similarly to paren-
tal A549 cells when subcultured into fresh medium; that is,
they showed increases in S phase fraction, FLT uptake, and
TK, activity as a function of time (Fig. 3). Radiation pro-
duced the expected growth delay in vector-only control cells
(A549-LXSN) having normal p53 function, that is, no in-
crease in S phase fraction up to 24 h after subculturing (Fig.
4A). This failure to proliferate was accompanied by sus-
tained low levels of FLT uptake and TK; activity, charac-
teristic of growth-arrested cells (Fig. 4). The expected in-
crease in all 3 parameters was seen in the E6 transfectants
when placed into fresh medium (Fig. 4); these cells escape
the radiation-induced G, block in the cell cycle because they
lack normal p53 surveillance mechanisms.

Rapid growth isahallmark of aggressive tumors, but high
TK, levels may be associated with other facets of tumor
aggressiveness. The inherent high mutation rate in tumor
cells and the complex control of TK; activity (20,21) sug-
gest that in more aggressive tumors, TK, levels may not be
tightly coupled with cell cycle stage. Thus TK;-dependent
FLT uptake may report tumor aggressiveness as well as cell
proliferation. For example, mutated tumor cells may express
TK, in the Gy/G; stage of the cell cycle when enzyme
activity normally is low (36) and overexpression of TK;
MRNA (37) eliminates cell cycle—specific regulation of TK
activity. In addition, the postmitotic degradation of TK;
protein, implicated in the rapid decline of enzyme activity in
G; immediately after cell division, can be eliminated by
mutations affecting the final 40 amino acids of the enzyme
chain without eliminating enzyme function (38). Findly,
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TK, activity may be up to 5 times higher in actively grow-
ing tumor cells than in exponentially growing nontrans-
formed cells (39).

1BF-FDG has been more widely used than any other PET
tracer, and so it islogical that researchers would investigate
how well it correlates with tumor growth or reports changes
in cell proliferation. Work with animal tumors and cultured
cells suggested that labeled thymidine is a better indicator of
cell proliferation. Nonetheless, 18F-FDG uptake is strongly
correlated with number of viable cells (40). Our compari-
sons of C-DG, a surrogate for 8F-FDG, with SH-FLT
support the hypothesis that specific tracers of the DNA
synthetic pathway such as *C-TdR, ¥F-FMAU, and 3H- or
BE-FLT give a more accurate picture of the time course of
changes in cell proliferation or response to cytotoxic agents
than do glucose analogs.

CONCLUSION

Radiolabeled FLT is atracer of cell proliferation with an
identified mechanism of cell trapping and little catabolic
metabolism to labeled metabolites of small molecular
weight. Much of FLT concentration in cells can be ex-
plained by the activity of the proliferation-dependent en-
zyme TK. However, other factors, such as transporter mech-
anisms for thymidine analogs, need to be considered.
Further studies with experimental tumors in vivo and con-
sideration of the role of nucleoside transporters in seques-
tration of FLT are needed to validate 8F-FLT as areliable
tracer of tumor growth rate in humans.
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