
Abstract. The proliferation status of tumor cells can be
imaged using [18F]fluorothymidine ([18F]FLT), which is
trapped by cell cycle-dependent thymidine kinase 1 (TK1).
Targeting of heat shock protein 90 (HSP90) disrupts multiple
client proteins, leading to heterogeneous cell-cycle
phenotypes. To investigate whether [18F]FLT uptake reflects
the growth arrest caused by various mechanisms of HSP90
inhibition, we used HCT116 cells that were arrested at
G0/G1 phase, and Hep3B cells at G2/M phase, by the HSP90
inhibitor 17-AAG. In HCT116 cells, 17-AAG did not induce
significant changes in [18F]FLT uptake despite the decreased
expression of TK1, cyclin A, and cyclin B. The mRNA level
of 5’3’-deoxynucleotidase 1 (NT5C), which antagonizes TK1
by de-phosphorylating [18F]FLT monophosphate, was also
decreased in 17-AAG-treated HCT116 cells by 55.3±18.1%
compared to vehicle-treated cells. In Hep3B cells, 17-AAG
treatment did not induce TK1 expression, TK1 activity nor
[18F]FLT uptake. Nucleoside transporter activity in the
plasma membrane was unchanged in both cell lines. These
results showed that a HSP90 inhibitor exerts multifaceted
effects on [18F]FLT uptake before inducing cell death in a
cell-cycle-independent manner. Therefore, the use of
[18F]FLT-positron emission tomography for monitoring
treatment by HSP90 inhibitor would be more appropriate
when tumor cell death is induced after growth arrest.

Early monitoring of the therapeutic response in individual
patients can facilitate selection of those likely to benefit from
treatment and eventually contribute to tailored therapy. Cell
proliferation is an attractive biological process as an indicator

of therapeutic response, because it eventually reflects tumor
growth (1, 2). Currently, immunohistochemical analysis of
cell proliferation requires invasive biopsy, which is difficult
to perform repeatedly, does not reflect tumor heterogeneity
and lacks analytical validity (3). [18F]Fluorothymidine
([18F]FLT) is a promising tracer for positron emission
tomography (PET) for non-invasive imaging of proliferation
status preceded by a reduction in tumor size (4). A search in
August 2015 of clinicaltrials.gov using the keywords “FLT”,
“PET” and “cancer” returned 61 ongoing or recently
completed studies involving [18F]FLT PET evaluation. 

The primary factor mediating [18F]FLT uptake and
retention in tumors in response to proliferation status is
thymidine kinase 1 (TK1) (5, 6). TK1 enzyme can salvage
nucleotide biosynthesis and phosphorylate [18F]FLT which
is then trapped inside the cell. TK1 is dramatically activated
at the transcriptional level at late G1-S phase when it shows
maximal catalytic efficiency (7). TK1 catalytic activity is
reduced during G2/M phase and TK1 protein levels are very
low upon mitotic exit until the G1 phase of the next cycle.
Drug-induced changes in TK1 activity is usually correlated
with [18F]FLT uptake. Decreased TK1 activity during
gefitinib-induced G0/G1-phase arrest is accompanied by
reduced [18F]FLT uptake (8), whereas increased TK1 activity
during 5-FU–induced S-phase arrest (9) or anti-tubulin-
agent-induced G2/M arrest (10) were correlated with
enhanced [18F]FLT uptake. Other mediators that determine
intracellular [18F]FLT uptake include equilibrative
nucleoside transporter 1 (ENT1) which mediates intracellular
transport, and 5’3’-deoxyribonucleotidase 1 (NT5C), which
dephosphorylates FLT monophosphate to FLT, thus
antagonizing phosphorylation by TK1 (6, 11, 12). Therefore,
therapy-induced early changes in [18F]FLT uptake in tumors
can be influenced by pharmacodynamic effects on these
mediators, which vary according to the tumor subtype.

Targeted heat shock protein 90 (HSP90) inhibition is
regarded as an effective strategy for cancer treatment (13).
Several compounds, such as ganetespib, are currently
undergoing evaluation in human trials (14). 17-Allylamino-17-
demethoxygeldanamycin (17-AAG) is a prototypical HSP90
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inhibitor, and the extensive preclinical characterization of this
compound has delivered critical proof-of-concept evidence for
subsequent HSP90 inhibitors (15). Many oncogenes are HSP90
clients, for example, human epidermal growth factor receptor
2, mutant epidermal growth factor receptor, and anaplastic
lymphoma kinase (13). HSP90 is involved in various cellular
processes and its inhibition can generate complex cellular
phenotypes. The heterogeneous phenotypes resulting from
suppression of cellular proliferation include arrest in G1, G2+M
or a combination thereof, depending on cellular genotype or
drug dosage (16). Therefore, cell cycle-dependent events
caused by HSP90 inhibitors should be examined with this
consideration in mind. 

Previous studies have evaluated the cellular response to
HSP90 inhibitors using [18F]FLT utilized tumor spheroid
models of MCF7, BT474, U87MG and HCT116 cells (17,
18). Evaluation was performed after 3 days treatment with the
NVP-AUY 922 HSP90 inhibitor and showed a dose-
dependent decrease in [18F]FLT uptake together with a
significant reduction in spheroid growth (17). Considering
that an imaging study is usually performed before the tumor
mass decreases (19), it is required to evaluate the early
changes of [18F]FLT uptake in response to HSP90 inhibitor
treatment and to determine whether [18F]FLT uptake is
affected by tumor type or drug dose. Moreover, the influence
of cell type-dependent heterogeneous growth arrest
mechanisms on [18F]FLT uptake is unclear. In this study, we
aimed to evaluate the 17-AAG-induced changes in [3H]FLT
uptake that occur prior to significant cell death in HCT116
and Hep3B cells, each arrested at different phases of the cell
cycle and analyze the corresponding mechanisms of [3H]FLT
uptake regulation.

Materials and Methods
Materials. 17-AAG was provided by LegoChemBio (Daejeon,
Korea). Anti-TK1 antibody was purchased from Abnova (Walnut,
CA, USA) and other antibodies from Cell Signaling Technology
(Danvers, MA, USA). Other reagents were purchased from Sigma–
Aldrich (St. Louis, MO, USA).

Cell culture and preparation. HCT116 (human colorectal
carcinoma) and Hep3B (human hepatocellular carcinoma) cells
were obtained from the American Type Culture Collection
(Manassas, VA, USA) and Korea Cell Line Bank (Seoul, Korea),
respectively. Cells were maintained in RPMI-1640 containing
10% fetal bovine serum, 10 U/ml penicillin and 10 μg/ml
streptomycin at 37˚C in a humidified atmosphere with 5% CO2.
Viable cell number was calculated by trypan blue exclusion assay.
Cell lysates were prepared as described previously and protein
content was determined using the Bio-Rad protein assay
(Hercules, CA, USA) (20). 

3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-etrazolium (MTS) assay. Cells were plated at a
density of 2×103 per well in 96-well plates, incubated for 24 h and

then treated with 17-AAG for 72 h. Cell viability was examined
using 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazoliu (MTS) (Promega, Madison, WI, USA)
according to the manufacturer’s instructions. Three independent
experiments were performed, each in triplicate. 

Flow cytometric analysis. Cells treated with vehicle or 17-AAG
were trypsinized, fixed in 70% ethanol, stained with propidium
iodide and subjected to flow cytometry analysis (Becton Dickinson,
San Jose, CA, USA). Data obtained from the Particle Analysis
System were processed using the ModFit LT software (Verity
Software House). All experiments were independently repeated
three times.

[3H]FLT uptake assay. Twenty-four hours after seeding 3×105 cells
per well in six-well plates, exponentially growing cells were treated
with 17-AAG for 24 h. Then, culture medium was removed and
replaced with fresh 1 ml medium containing [methyl-3H]FLT 
(9.5 Ci/mmol) (Moravek Biochemical, Brea, CA, USA) for 2 h
(0.001 μCi/ml medium). The radioactivities in cells and
supernatants were measured using a liquid scintillation counter
(Perkin-Elmer, Waltham, MA, USA). An aliquot of the cell fraction
was used for enumerating cells. [3H]FLT uptake was calculated as
100×CPMcell/(CPMcell + CPMsup) per 1×105 viable cells. All
experiments were independently repeated five times.

Immunoblot analysis. SDS-polyacrylamide gel electrophoresis and
immunoblot analysis were performed as described previously (21).
Multiple analyses were performed using different sets of samples.
Changes in expression level normalized to β-actin level were
determined by scanning densitometry of immunoblots using a
Universal Hood II (Bio-Rad, Hercules, CA) and the Quantity One
software.

Measurement of TK1 activity. TK1 activity was measured as
described previously (17). The slope of the time-activity curve was
used to calculate the number of picomoles of phosphorylated
thymidine generated per min per microgram protein (pmol/min/µg).
All experiments were repeated independently four times.

ENT1 activity in the plasma membrane. ENT1 activity was measured
by equilibrium binding of 3H-S-(p-nitrobenzyl)-6-thioinosine
([3H]NBTI) (37 TBq/mmol, Moravek Biochemicals, Brea, CA, USA),
as described previously (20, 21). Preliminary analysis estimated the
Kd and Vmax values for [3H]NBTI binding in HCT116 cells (21).
Cells were trypsinized, counted and incubated with 3.75 nM
[3H]NBTI with or without 20 μM S-(4-nitrobenzyl)-6-thioguanosine
in 400 μl medium for 1 h under gentle rocking to measure specific
binding. After washing with Na+-containing buffer, cells were re-
suspended in lysis buffer. The radioactivities of lysates were then
measured using a liquid scintillation counter (Perkin-Elmer).

Reverse transcription-quantitative polymerase chain reaction
(qPCR). Total RNA was isolated using the TRIzol reagent
(Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s
instructions. Aliquots (2 μg) were reverse-transcribed in mixtures
containing AMV-reverse transcriptase, OligodT, dNTP and RNasin
(Promega). The resulting cDNAs were used for real-time PCR analysis
with Solaris qPCR Gene Expression Master Mix and specific primers
for human 5’3’-deoxyribonucleotidase1 (NM_014595) and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH, NM_002046)
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(Dharmacon Inc., Lafayette, CO, USA) using a LightCycler 480
System (Roche, Indianapolis, IN, USA) according to the
manufacturer’s instructions. All experiments were repeated four times
independently.

Statistical analysis. Data were expressed as means and standard
deviation (SD). p<0.05 was considered to indicate statistical
significance. Comparisons of two groups were performed using
Student’s t-test and the Friedman test. All statistical analyses were
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Figure 1. The phenotypes of growth inhibition induced by 17-AAG in HCT116 and Hep3B cells. (A) HCT116 and (B) Hep3B cells were treated with
17-AAG doses of 0, 0.1, 0.3, 1, 3, 10, 30, or 100 μM for 3 days and cell viability was measured by MTS assay analysis. Data are expressed as
means±SD (n=3). Cells were treated with vehicle or 17-AAG at 1 μM in HCT116 cells (C) or at 100 μM in Hep3B cells (D) for 36 h and analyzed
by flow cytometry. Representative results (left) and fractions of cells at G0/G1 phase (middle) and G2/M phase (right) are shown. Data are expressed
as means±SD (n=3). Asterisk indicates p<0.05 compared to cells treated with vehicle at corresponding time points.



conducted using IBM SPSS Statistics for Windows software (v19.0;
SPSS Inc., IBM Corp., Somers, NY, USA). 

Results

17-AAG–induced viability and growth arrest in HCT116 and
Hep3B cells. To investigate the early effects of 17-AAG on
[3H]FLT uptake under different types of cell-cycle arrest, we used
the HCT116 and Hep3B cell lines which are known to exhibit
representative phenotype for cell cycle arrest at G0/G1 and G2/M
phase by 17-AAG, respectively (16, 22). We confirmed a dose-
dependent inhibition of cell growth and time-dependent changes
in growth status to determine the optimal conditions for
subsequent assays. Treatment with 17-AAG for 72 h decreased
significantly the viability in both cell lines (p<0.05). The growth
of HCT116 cells treated with 0.3-30 μM 17-AAG was 50%
lower than that of vehicle-treated cells (Figure 1A). Hep3B cells
were more resistant to 17-AAG than HCT116 cells, as evidenced
by a 50% growth delay at up to 30 μM (Figure 1B). 17-AAG
was used at a dose of 1 μM for HCT116 cells and 10 μM for
Hep3B cells in subsequent experiments. 

Next, the time-dependent changes in cell cycle distribution
were examined following 17-AAG treatment. The cell
fraction in S-phase was decreased beginning at 18 h of 
17-AAG treatment in both cell lines. The majority of
HCT116 cells treated with 17-AAG were accumulated in
G0/G1 phase while Hep3B cells accumulated mostly in G2/M
phase at 24 h (Figure 1C and D). 

17-AAG-induced changes in [3H]FLT uptake. Dose-
dependent changes in [3H]FLT uptake were analyzed but the

changes in cellular [3H]FLT uptake capacity (the percentage
[3H]FLT uptake per 1×105 cells) induced by 17-AAG were
not statistically significant both in HCT116 and Hep3B cells
(Figure 2).

17-AAG-induced changes in TK1 expression and activity. To
investigate why [3H]FLT uptake was unaffected despite
growth arrest, TK1 expression was measured which is
considered the gold standard of FLT uptake assessment. 17-
AAG treatment significantly decreased the protein levels of
TK1, cyclin A and cyclin B in HCT116 cells (Figure 3A).
The decrease in TK1 expression was observed between 18
h to 36 h of treatment and was correlated with G0/G1 phase
arrest (Figure 1C). In Hep3B cells, TK1, cyclin A and cyclin
B expression was not significantly affected by 17-AAG
treatment (Figure 3B). This suggests that the transcriptional
machinery inducing TK1 and cyclin A during S-phase was
impaired by 17-AAG in Hep3B cells. The possibility of
post-translational modification-induced changes in TK1
activity was also tested but TK1 activity was not affected
by 17-AAG treatment (Figure 3C). We verified a 17-AAG-
induced inhibition of HSP90 by the reciprocal induction of
HSP70 expression from 6 to 36 h in both cell lines (Figure
3A and B) (23). 

The impact of 17-AAG treatment on nucleoside transporter
and 5’3’-deoxyribonucleotidase 1 activities. To further
elucidate the reason 17-AAG had no effect on [3H]FLT
uptake by cytostatic HCT116 cells, we examined the cellular
uptake and metabolic machinery for [3H]FLT. ENT1 is the
main transporter of FLT into the intracellular space. The
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Figure 2. Effect of 17-AAG on [3H]FLT uptake. (A) HCT116 cells were treated with 17-AAG at 0, 0.1, 0.3, or 1 μM and (B) Heb3B cells with 1, 3,
or 10 μM for 24 h. Cells were then further incubated with [3H]FLT for 2 h in fresh medium and uptake was analyzed as a percentage of [3H]FLT
uptake per 1×105 cells. Data are expressed as means±SD (n=5). 



number of [3H]NBTI binding sites per cell which reflects the
ENT1 activity, was 31,895±16,037 and 32,188±18,832 at 
24 h in vehicle- and 1 μM 17-AAG–treated HCT116 cells,
respectively (Figure 4A). Changes in ENT1 activity
following 17-AAG treatment were not significantly different
in HCT116 (Figure 4A) and Hep3B cells compared to
control cells (data not shown). 5-FU is a positive regulator
of ENT1 activity and was used as control (9).

5’3’-Deoxyribonucleotidase1 dephosphorylates FLT
monophosphate to FLT and promotes FLT excretion from cells
in competition with TK1 activity (6, 12). The mRNA level of
5’3’-deoxyribonucleotidase1 was reported to be negatively
correlated with [3H]FLT uptake (24). In-house quantitative
analysis revealed that treatment of 1 μM 17-AAG in HCT116
cells decreased the mRNA levels of 5’3’-deoxyribonucleotidase1
by 44.7% at 24 h (p<0.05) (Figure 4B).

Discussion

Studies in [3H]FLT uptake have demonstrated its correlation
with the cell’s proliferative status, as assessed by the cell
fraction in S-phase or the Ki67 index (25, 26), but also
suggested the need for proper interpretation based on the
retention mechanism (27). In this study, the [3H]FLT uptake
was used to examine whether it could reflect the cytostatic
effects of 17-AAG treatment. Since treatment with 17-AAG
decreased TK1 expression, but also the expression of 5’3’-
deoxyribonucleotidase1 during G0/G1 arrest in HCT116

cells, the effects of 17-AAG on [3H]FLT uptake may lead to
no net change in [3H]FLT uptake. 17-AAG–induced G2/M
arrest in Hep3B cells did not affect TK1 expression and
activity, ENT1 activity nor [3H]FLT uptake. These results
showed that 17-AAG may induce cell-specific and
heterogeneous effects on the regulators of [3H]FLT uptake
independent of growth arrest. 

Suppression of proliferation is a common effect of HSP90
inhibitors but the underlying mechanisms are diverse because
HSP90 is involved in multiple cellular pathways (13-16). We
found that 17-AAG exerted heterogeneous effects on TK1
and 5’3’-deoxyribonucleotidase1 in two cell lines that exhibit
representative cell-cycle arrest at G0/G1 phase or G2/M
phase by 17-AAG. These cell models were based on a
previous report of altered cell-cycle profiles resulting from
HSP90 inhibition in a genetically diverse cancer cell panel
(16, 22). Lyman et al. demonstrated that a lower dose of 17-
AAG results in G1-phase accumulation due to disruption of
client proteins, such as CDK2, CDK4/6 and cyclin D, which
function during the G1/S transition. Accumulation of G0/G1-
phase was also observed in this study using HCT116 cells.
The p53 status is another determinant of M-phase
accumulation (16), since mutant p53 is a target of HSP90.
Application of an HSP90 inhibitor can destabilize the mutant
p53 leading to subsequent loss of p21 activity. The lack of
checkpoint surveillance at the G1/S and G2/M transitions
leads to inappropriate entry to M-phase. Because Heb3B
cells are deficient in p53 (28), their cell-cycle arrest
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Figure 3. Changes in TK1 expression during 17-AAG-induced growth arrest. TK1, Cyclin A, and cyclin B protein levels were analyzed in (A) HCT116
and (B) Hep3B cells treated with vehicle or 17-AAG for 0, 6, 18, 24 or 36 h. HSP70 induction was used as the positive control to verify 17-AAG-
induced inhibition of HSP90. (C) TK1 activity was measured in Hep3B cells following treatment with vehicle or 10 μM 17-AAG for 24 h. Data are
expressed as means±SD (n=4).



phenotype may resemble that of a p53-mutant cell line. In
addition, the decrease in cdc2 caused by 17-AAG leads to
the functional loss of cdc2–cyclin B complex and G2/M-
phase arrest in Hep3B cells (22). 

5’3’-Deoxynucleotidase1 catabolically antagonizes TK1
for regulation of the deoxythymidine versus deoxythymidine
monophosphate pool in the cytosol (29). Although TK1 has
been investigated most extensively as an S-phase-specific
salvage enzyme, the biochemical pathway of 5’3’-
deoxyribonucleotidase1 is poorly understood. In this study,
we found for the first time that 17-AAG treatment decreased
the mRNA levels of 5’3’-deoxynucleotidase1 in HCT116
cells. Our previous study demonstrated that the mRNA levels
of 5’3’-deoxynucleotidase1 were negatively correlated with
[3H]FLT uptake across 20 asynchronously growing lung and
colon cancer cell lines (24). Therefore, the decrease in 5’3’-
deoxynucleotidase1 expression by 17-AAG treatment could
contribute to the increase in [3H]FLT uptake. However, the
concomitant decrease in TK1 expression by 17-AAG
treatment may result in decreased [3H]FLT uptake which
may antagonize the effect of 5’3’-deoxynucleotidase1 and
may lead to no net change in [3H]FLT uptake. 

TK1 expression and activity is regulated at the
transcriptional and post-transcriptional level during the cell
cycle (30, 31). Transcription of TK1 is dramatically activated
during late G1-S phase. Excess TK1 can be deactivated by
cdc2 kinase phosphorylation during G2/M phases and
subsequently degraded by the anaphase promoting
complex/cyclosome (APC/C) in mitosis. In our study, TK1
protein levels were reduced by 17-AAG in HCT116 cells

accompanied by cell cycle arrest at G0/G1 phase. On the
contrary, 17-AAG treatment of Hep3B cells did not cause
accumulation of TK1 protein nor changes in TK1 activity,
despite cellular arrest at G2/M phase. This was unexpected
based on our previous report that an anti-tubulin agent
increased TK1 expression and cellular [3H]FLT uptake
during G2/M phase arrest (10). TK1 may fail to be
transcriptionally activated during G1-S phase due to HSP90
inhibition but in p53-mutant cells, like Hep3B, absence of
G1-phase checkpoint surveillance may cause an abnormal
progression to G2/M phase independent of TK1 induction
and eventually cell death. Not only 17-AAG treatment didn’t
altered TK1 activity but it did not affect cellular [3H]FLT
uptake as well. 

In conclusion, our study showed that 17-AAG-induced
cell-cycle arrest was accompanied by concomitant decrease
in the expression of two antagonizing enzymes, TK1 and
5’3’-deoxynucleotidase1, in HCT116 cells. However, p53-
mutant Hep3B cells underwent abnormal progression to
G2/M phase without TK1 induction. These heterogeneous
events failed to affect [3H]FLT uptake in relation to
proliferation status. Thus, evaluation of tumor response to
HSP90 inhibitors using [18F]FLT PET could be more
appropriate once tumor cell death is induced after growth
arrest.
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Figure 4. The effect of 17-AAG on ENT1 and 5’3’-deoxynucleotidase1 in HCT116 cells. (A) HCT116 cells were treated with 0, 0.1, or 1 μM 17-
AAG for 24 h and incubated with [3H]NBTI; ENT1-specific [3H]NBTI binding was then measured. 5-Fluorouracil was used as the positive control
for ENT1 activity. (B) HCT116 cells treated with vehicle or 1 μM 17-AAG for 24 h were subjected to determination of 5’3’-deoxynucleotidase1
mRNA level by reverse transcription-real time PCR. Data are expressed as means±SD (n=4). Asterisk indicates p<0.05 compared to cells treated
with vehicle only.
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