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The ubiquitin–proteasome pathway has been identified as a po-
tential molecular target for cancer therapy. In this study, we
investigated the effect of the proteasome inhibitor bortezomib
on anaplastic thyroid carcinoma (ATC) characterized by com-
plete refractoriness to multimodal therapeutic approaches.
Methods: The ATC cell lines C643 and SW1736 were treated
with bortezomib (1 nM to 1 mM) for 12–72 h. Thereafter, growth
inhibition was analyzed by thymidine uptake experiments and
determination of the viable cell number. Apoptosis was mea-
sured and a cell cycle analysis was done. Using gene chip
analysis and the real-time quantitative PCR system, we mea-
sured transcriptional changes. The activity of the nuclear factor
(NF)-kB and p53 signal transduction pathways was monitored
using the reporter constructs pNF-kB-TA-Luc and pp53-TA-Luc
in the luciferase activity assay. Uptake measurements using 3H-
FDG, 14C-aminoisobutyric acid, and Na125iodide were per-
formed to investigate metabolic changes and iodide symporter
activity in vitro. Moreover, the 18F-FDG uptake was evaluated in
ATC tumor–bearing nude mice 1 or 2 d after treatment with
bortezomib. Results: Bortezomib induced growth inhibition,
apoptosis, and G2–M cell cycle arrest associated with upregu-
lation of p21CIP1/WAF1 expression in SW1736 and C643 cells.
Moreover, the glucose metabolism and aminoisobutyric acid
uptake significantly decreased in vitro in both of the ATC cell
lines in vivo only in SW1736 tumors at 2 d after the bortezomib
treatment. The transcriptional profile in bortezomib-treated
SW1736 and C643 cells revealed increased expression of genes
involved in stress response, apoptosis, regulation of the cell cycle,
and differentiation. Using real-time quantitative PCR for the quan-
tification of gene expression, we additionally noticed upregulation
of the tumor necrosis factor–related apoptosis-inducing ligand
and the thyroid-specific transcription factors Pax8 and TTF-1,
leading to expression of the thyroid-specific target genes
thyroglobulin, sodium iodide symporter, thyroperoxidase, and
thyroid-stimulating hormone receptor and to a moderate accu-
mulation of iodide in ATC cells. Conclusion: On the basis of our
data, bortezomib represents a promising antineoplastic agent

for the treatment of ATC. To improve the clinical outcome, fur-
ther investigation into the potential of bortezomib therapy of
thyroid cancer is clearly warranted.
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Thyroid carcinomas mostly appear as well-differentiated
papillary and follicular tumors that are successfully treated
by thyroidectomy, radioiodide therapy, and thyroid-stimulat-
ing hormone (TSH)–suppressive L-thyroxine medication.
Occasionally, however, some patients develop more aggres-
sive disease with local recurrence and distant metastasis due
to dedifferentiation of the tumor, which is associated with
a decrease or even loss of thyroid-specific gene expression
and the inability to take up radioiodide (1). The prognosis is
even worse for anaplastic thyroid carcinoma (ATC), which
completely lacks thyroid-specific gene expression (2) and is
not accessible to any therapeutic regimes (3). Because the
overall median survival of patients with ATC is limited, there
is a need for new therapeutic strategies for the treatment of
these tumors.

As a major component for the degradation of proteins
involved in cell survival, proliferation, and regulation of
apoptosis and transcription, the ubiquitin–proteasome pathway
has been identified as a potential molecular target for cancer
therapy (4). Proteasome inhibitors have been shown to inter-
fere with key steps of tumor cell regulation, leading to the
inhibition of proliferation and death of neoplastic cells both
in vitro and in vivo (5). Accordingly, the proteasome inhibitor
bortezomib (PS-341, Velcade; Janssen-Cilag) provides strong
antiproliferative effects in a variety of hematologic and solid
cancer cells (6,7) and has marked clinical activity even in the
setting of relapsed refractory multiple myeloma (8).

In the attempt to use proteasome inhibition for the
treatment of undifferentiated thyroid tumors, we investi-
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gated the cellular response of the ATC cell lines SW1736
and C643 after exposure to bortezomib and applied com-
bined gene expression profiling and real-time quantitative
PCR (qPCR) to characterize the corresponding molecular
pathways. Here, we show that in these cells bortezomib
induced apoptosis, cell cycle arrest, changes in metabolism,
and upregulation of genes involved in thyroid-specific func-
tional activity.

MATERIALS AND METHODS

Cell Cultures and Treatment
The ATC cell lines SW1736 and C643 were cultured in RPMI

1640 medium (Gibco) supplemented with 10% fetal calf serum at
37�C in an atmosphere of 95% air and 5% CO2. For the experi-
ments, SW1736 and C643 cells were seeded in 6-well plates (cell
cycle analysis, cell uptake measurements), in 12-well plates (apo-
ptosis measurement), or in tissue culture flasks (RNA extraction) and
cultured until 70% confluence was reached. Thereafter, the cells were
treated with 10-fold dilutions (10 nM, 100 nM, and 1 mM) of borte-
zomib for 12, 24, 48, and 72 h, respectively, before experimental
procedures were performed. The viable cell number was determined
in a Vi-CELL XR Cell Viability Analyzer (Beckmann Coulter).

Total RNA Extraction
The cells were lysed in Trizol (Invitrogen), and the RNA was

purified by chloroform extraction and centrifugation, followed by
isopropanol precipitation for 10 min at room temperature. The quality
and the concentration of the RNA dissolved in diethylpyrocarbonate–
H2O was photometrically determined by the 280-to-260 ratio in the
Nano Drop ND 100 (Peqlab).

Real-Time qPCR
After digestion of the RNA with RQ1 RNase-Free DNase I

(Promega), reverse transcription of 2 mg of RNA was performed
using the high-capacity RNA–to–complementary DNA kit (Life
Technologies) as described by the manufacturer. The real-time
qPCR of samples (n 5 2) was performed on the Step One Plus
qPCR system (Life Technologies) using the TaqMan Fast Univ PCR
Master Mix and the TaqMan gene expression assays (Life Tech-
nologies) Hs01121172_m1 (p21CIP/WAF1), Hs00153349_m1
(p53), Hs00247591_m1 (Pax8), Hs00201121_m1 (TTF-1),
Hs00794359_m1 (thyroglobulin), Hs01053846_m1 (thyroid-
stimulating hormone receptor [TSHr]), Hs00892519_m1 (thyro-
peroxidase), Hs00166567_m1 (iodide symporter [NIS]),
Hs00234355_m1 (tumor necrosis factor[TNF]–related apopto-
sis-inducing ligand [TRAIL]), and Hs01043166_m1 (TRAIL
receptor DR5/TRAIL-R2) as specific probes and glyceraldehyde
3-phosphate dehydrogenase (GAPDH) (Hs99999905_m1) as an
endogenous control. The relative quantification of transcription
was determined using the formula 2-DDCt (9).

Measurement of Apoptosis
Apoptosis was measured by the Caspase-Glo 3/7 assay (Prom-

ega) as recommended by the manufacturer. For modulation, the
cells were lysed with Luciferase Cell Culture Lysis Reagent (200
mL/well; Promega). Thereafter, the lysate was centrifuged at
12,000g for 15 s, and 50 mL of supernatant were incubated with
50 mL of Caspase-Glo Reagent (Promega) for 1 h at room temper-
ature before the caspase activity was quantified in the luminometer.

Cell Cycle Analysis
SW1736 and C643 cells were washed twice with phosphate-

buffered saline (PBS), trypsinized, and centrifuged in culture medium.
The cell pellet was resuspended in PBS and diluted 10-fold in 70%
ethanol overnight. After being washed and centrifuged in PBS, the
pellet was resuspended in 0.5 mL of 2.1% citric acid/0.5%
polysorbate 20, and 3 mL of 7.1% Na2HPO4/0.5% 49,6-diamidino-2-
phenylindole solution (10 mg of 49,6-diamidino-2-phenylindole in
28.57 mL of H2O) was added for fluorescence-activated cell sorting
analysis.

Thymidine Incorporation into DNA
The cells were pulsed for 2 h with 74 kBq of methyl-3H-

thymidine (American Radiolabeled Chemicals; specific activity,
370 GBq [10 Ci]/mmol) per milliliter of medium and 0.05 mM
cold thymidine. After the cells had been washed 3 times with
ice-cold PBS, lysis was initially performed with 0.5 mL of 0.5 M
perchloric acid using a cell scraper. After 30 min on ice, the lysate
was stirred in a vortex mixer and centrifuged at 1,500g for 5 min at
0�C. The supernatant (acid-soluble fraction) was removed, and the
pellet (acid-insoluble fraction) was lysed in 0.5 mL of 0.3N NaOH.
The radioactivity in 300-mL aliquots of the acid-insoluble fraction
was quantified by scintillation counting.

3H-FDG Uptake
The uptake experiments were performed in glucose-free RPMI

1640 medium. After preincubation for 30 min, 37 kBq of 2-fluoro-
2-deoxy-D-glucose, [5,6-3H] (ART 0105 [37 MBq (1 mCi)/mL];
specific radioactivity, 740 GBq [20 Ci/mmol]; radioactive concen-
tration, 36,963 kBq [999 mCi]/vial), per milliliter of medium and
cold FDG (final concentration, 0.1 mM) were added. After in-
cubation for 10 min, the cells were washed twice with ice-cold PBS.
The lysis was done in 0.5 mL 0.3N NaOH. The radioactivity in
300-mL aliquots was quantified by scintillation counting.

Iodide Uptake and Efflux
The iodide uptake was determined as described previously (10).

Briefly, ATC cells were incubated with 74 kBq of Na125I (Amersham
Buchler; specific activity, 625.3 MBq/mg; radioactive concentration,
3.7 GBq/mL; radiochemical purity, 99.3%) per well for 1 h. The
cells were washed twice with ice-cold PBS and lysed with 0.3N
NaOH on ice. Thereafter, the radioactivity in the lysates was mea-
sured using a Cobra II g-Counter (Packard). For modulation, the cells
were incubated with or without TSH (50 mU/mL) for 4 h before Na125I
was added. To determine the iodide efflux, the Na125I-containing
medium was exchanged after 1 h by nonradioactive medium, and
the cells were incubated again for 20 min and prepared for the
measurement of radioactivity as described.

Animal Studies
Female BALB/c (nu/nu) mice (age, 6 wk) were supplied by

Charles River Laboratories. All animal studies were performed
in compliance with the national laws relating to the conduct of
animal experimentation. After inoculation of cell suspensions (4 ·
106 cells per animal) into the thigh of the mice, tumor growth was
measured using calipers. 18F-FDG PET was performed when the
tumors reached diameters of 7–13 mm (8–10 wk after transplan-
tation). The animals (weight, 18–23 g) were studied before and at
2 d after treatment with bortezomib (2.25 mg/m2), with no statis-
tically significant difference in size of tumors before and after
treatment. Before PET, the animals were kept fasting for 4 h.
The animals were kept in an inhalation narcosis with sevorane
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(0.5 volume-%) and oxygen (flow, 500 mL/min) during the PET
examination. The plasma glucose level of the animals was deter-
mined using a blood glucose sensor electrode (MediSense), reveal-
ing values between 78 and 145 mg/dL. A transmission scan was
obtained for 10 min before tracer administration with 2 rotating
germanium pin sources to obtain cross sections for attenuation cor-
rection. After the acquisition of transmission data for attenuation
correction, 6 MBq of 18F-FDG in 0.3 mL were administered into
the tail vein, and PET data were acquired for 1 h in list mode on
a Siemens Inveon scanner using a matrix of 256 · 256 (pixel size,
0.3882 · 0.3882 · 0.796 mm). Thereafter, images were recon-
structed at definite times after tracer administration (2 · 15, 8 ·
30, 5 · 60, 4 · 120, 2 · 210, and 7 · 300 s). The images were
reconstructed iteratively using the space-alternating generalized
expectation maximization method (16 subsets, 4 iterations), ap-
plying a median root before correction, and were converted to
standardized uptake value (SUV) images on the basis of the
formula SUV 5 tissue concentration (Bq/g)/(injected dose
[Bq]/body weight [g]). The individual tumor SUV was calcu-
lated for each study as the mean of the last 2 time frames from
50 to 60 min after injection.

Statistical Analysis
Data were analyzed using the paired 2-tailed Student t test, and

significance was assumed at a P value of less than 0.05.

RESULTS

Effect of Bortezomib on Proliferation and Cell Cycle

After incubation with increasing concentrations of bortezomib
for 12, 24, and 48 h, a time- and dose-dependent growth
inhibition of SW1736 and C643 cells was measured by
3H-thymidine uptake (Fig.1) and determination of the cell
number (Supplemental Fig. 1; supplemental materials are
available online only at http://jnm.snmjournals.org). In
SW1736 cells (Fig. 1A) treated with 1 mM bortezomib,
a decrease of the 3H-thymidine uptake between 81% and
96% was measured. The same concentration reduced the
proliferation of C643 cells between 76% and 95% (Fig.
1B). In addition, the fraction of viable cells was reduced
to 25% and 6.5% for SW1736 (Supplemental Fig. 1A) and
C643 (Supplemental Fig. 1B), respectively. The growth in-
hibitory effect of bortezomib was associated with cell cycle
arrest (Table 1) and upregulation of the cyclin-dependent
kinase inhibitor p21CIP1/WAF1 (Fig. 2). In cells treated
with 100 nM bortezomib, an up to 2-fold accumulation

in the G2–M phase and a decrease of both the G1 phase
cell fraction by 21% (SW1736) and 45% (C643) and the S
phase cell fraction by 25% (SW1736) and 17% (C643)
was observed (Table 1). Simultaneously, a more than 11-
fold and 5.5-fold increased p21CIP1/WAF1 transcription
was measured in SW1736 and C643 cells (Fig. 2), respec-
tively. Previous studies have shown that in thyroid carci-
noma cells, bortezomib inhibits the activity of nuclear
factor (NF)-kB (11), which has been implicated in tumor
development (12). Instead, we measured an up to 9.6-fold
(P # 0.05) and up to 3.7-fold (P # 0.05) increase of
NF-kB activity in SW1736 (Supplemental Fig. 2A) and
C643 cells (Supplemental Fig. 2B), respectively, after the
treatment with 100 nM bortezomib. In contrast, neither p53
transcription (Fig. 2) nor p53 activity (Supplemental Fig. 2)
was measured using qPCR and the reporter gene assay.

Induction of Apoptosis

Although induction of p21CIP1/WAF1 expression and G2–M
phase arrest are implicated in resistance to apoptosis (13),
we detected a concentration-dependent increase of the ap-
optotic cell fraction in both cell lines using the annexin V/
propidium iodide assay (Supplemental Fig. 3) and the mea-
surement of the caspase-3 and caspase-7 activity (Fig. 3). In
SW1736 cells, an up to 27-fold increase of caspase-3 and
caspase-7 activity was measured 24 h after the treatment
with bortezomib (Fig. 3A) (P # 0.01). In C643 cells, an up
to 15-fold increase of the caspase-3 and caspase-7 activity
was observed at 48 h after exposure to the proteasome
inhibitor (Fig. 3B) (P # 0.01). We also found a significant
increase of annexin V–labeled SW1736 cells at 24 and 48 h,
whereas annexin V–labeled C643 cells were detected only
at 48 h after exposure to bortezomib (Supplemental Fig. 3).
Simultaneously, a 19- and 10-fold increased expression of
TRAIL and a 2.1- and 2.6-fold increased expression of the
TRAIL receptor DR5/TRAIL R-2 were measured by qPCR
in SW1736 and in C643 cells (Fig. 3C) exposed to 100 nM
bortezomib for 24 h. The expression pattern obtained by the
gene chip analysis, however, differed between the ATC cell
lines. C643 cells provided increased expression of the
growth-arrest and DNA damage–inducible a-transcripts and
the growth-arrest and DNA damage–inducible (GADD)34
(Supplemental Table 1), which is induced in certain cell
lines and correlates with p53-independent apoptosis after

FIGURE 1. Proliferation of SW1736 (A) and
C643 (B) cells was evaluated by 3H-thymi-

dine incorporation in presence of 0.05 mM

cold thymidine into acid-insoluble cell frac-

tion after exposure to bortezomib (10 nM,
100 nM, and 1 mM) graded for 12, 24, and

48 h. Specific activity (pmol) of each sample

was calculated and normalized to 105 cells.
Data represent mean values and SD of trip-

licate samples.
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ionizing radiation (14). In contrast, in SW1736 cells, the tran-
scripts of the death-associated protein kinase3, the growth
arrest and DNA damage–inducible b-protein, the TRAIL
receptor DR4/TRAIL-R1 and the Fas-associated factor
(FAF)1 were upregulated (Supplemental Table 2). When
exposed to 10 nM bortezomib, SW1736 cells predomi-
nantly provided increased expression of members of the
TNF superfamily and the TNF receptor member 6 (Supple-
mental Table 3).

Determination of Metabolic Changes

Uptake studies performed to evaluate the effect of
bortezomib on the metabolism of the ATC cells revealed
a dose- and time-dependent decrease in tracer uptake (Fig. 4).
The 3H-FDG accumulation declined to 1.5% in SW1736
(Fig. 4A) and to 3.4% in C643 (Fig. 4B) cells. Similarly,
the 3H-aminoisobutyric acid uptake decreased to 1.7% in
SW1736 (Supplemental Fig. 4A) and 2.2% in C463 (Supple-
mental Fig. 4B) cells.

After transplantation of SW1736 and C643 tumor cells in
nude mice in vivo, studies of 18F-FDG uptake were done
using PET before and at 1 and 2 d after bortezomib therapy
(Fig. 5; Supplemental Fig. 5). No significant changes were
seen on day 1 for either tumor. However, a significant de-
crease (45%) of tracer uptake (P , 0.05) was observed for
SW1736 tumors on day 2 after therapy.

Transcriptional Profile of Bortezomib-Treated
ATC Cells

A summary of bortezomib-induced transcriptional changes
in SW1736 and C643 cells is presented in Supplemental
Tables 1, 2, and 3. Besides the induction of both proapoptotic
and antiapoptotic protein transcripts of components of the
ubiquitin–proteasome pathway—most notably the ubiquitin-
conjugating enzyme E2H and ubiquitin-specific proteases—
transcripts implicated in growth signaling and survival
cascades were upregulated. These include the insulin-like
growth factor 1 and 2, serine–threonine protein kinase, ser-
ine–threonine kinase 17b, tyrosine kinase transcripts, protein
kinase and proteinase inhibitors in C643 cells (Supplemental
Table 1), and the insulin-like growth factor receptors 2 and 1
in SW1736 cells (Supplemental Table 2). In addition, in both
cell lines bortezomib induced a significant increase of heat

TABLE 1
Bortezomib Induces G2–M Phase Arrest in ATC Cell Lines

Phase

Cell line Concentration (nM) G1 S G2–M

SW1736

12 h 0 47.97 6 0.78 36.77 6 1.07 15.20 6 0.29
100 38.28 6 1.43 32.90 6 1.45 28.51 6 0.42

24 h 0 42.83 6 1.5 34.77 6 0.35 22.31 6 1.02

100 34.94 6 2.02 38.68 6 3.35 26.38 6 1.33
48 h 0 50.16 6 1.42 31.44 6 1.4 18.40 6 0.02

100 48.25 6 0.78 23.42 6 0.75 28.33 6 0.03

C643

12 h 0 49.57 6 0.03 31.25 6 0.21 19.17 6 0.18
100 27.36 6 0.13 33.70 6 1.29 38.94 6 1.42

24 h 0 35.90 6 1.06 40.71 6 0.59 23.39 6 1.66

100 22.14 6 0.03 33.97 6 0.34 43.89 6 0.37

48 h 0 58.27 6 1.94 29.32 6 0.39 12.41 6 1.55
100 46.09 6 0.72 27.50 6 1.33 26.41 6 0.35

Cell cycle analysis of SW1736 and C643 cells incubated without (0 nM) or with bortezomib (100 nM) for indicated times was performed

using fluorescence-activated cell sorting analysis. Data represent percentage of cells in G1, S, and G2–M phases, indicated as mean

values of triplicate samples and SD.

FIGURE 2. Transcription of p21CIP/WAF1 and p53 in SW1736 and
C643 cells exposed to graded bortezomib concentrations for 24 h

was determined by qPCR using p21CIP/WAF1- or p53-specific probe

and GAPDH-specific probe as endogenous control. Values repre-
sent relative quantification of bortezomib-treated vs. untreated

cells.
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shock protein (hsp) transcripts, including the hsp-70, hsp-90,
hsp-40, and hsp-27 families. Interestingly, the transcriptional
profile of the ATC cells differed with respect to the expres-
sion of thyroid-specific transcription factors because in
SW1736 cells treated with 10 nM bortezomib, but not in
C643 cells, TTF-2 expression was initiated and transcription
of Pax8 and Pax8 isoforms was increased (Supplemental
Table 3).

Induction of Thyroid-Specific Gene Expression

In ATC expression of thyroid-specific genes and of the
transcription factor TTF-1 is completely absent (15). The fact
that increased Pax8 transcription was detected by the gene
chip analysis, at least in bortezomib-treated SW1736 cells
(Supplemental Table 3), prompted us to use qPCR for the
investigation of thyroid-specific gene expression in the ATC
cell lines. In fact, after incubation with 100 nM bortezomib
for 24 h, a more than 4,500- and 711-fold increase of Pax8
transcription and a 5- and a 3.4-fold induction of TTF-1
transcription were measured in SW1736 (Fig. 6A) and
C643 (Fig. 6B) cells, respectively. In addition, significant
changes in thyroid-specific gene expression occurred, lead-
ing to a more than 30-fold increase of the thyroglobulin
expression and an up to 5- and up to 7.5-fold increase of
thyroperoxidase expression and an up to 38- and 10.9-fold
upregulation of the TSHr expression in SW1736 (Fig. 6A)
and C643 cells (Fig. 6B), respectively. Because Pax8 and
TTF-1 interact and synergistically activate transcription of

thyroglobulin and thyroperoxidase (16,17), these data pro-
vide evidence for their functional activity. The transcription
of NIS was most affected by proteasome inhibition, ranging
from 23- to 184-fold in SW1736 and 63- to 826-fold in C643
cells; the induction of NIS expression was achieved by the
incubation with 100 nM and 1 mM bortezomib. Iodide up-
take experiments performed to investigate functional activity
of NIS revealed a 4.5-fold increase of iodide uptake (P #
0.01) in C643 cells exposed to 100 nM bortezomib for 72 h;
this increase was followed by an efflux of more than 90%
radioactivity within 20 min (Fig. 7B, P # 0.05). In SW1736
cells (Fig. 7A), a 1.6-fold increase of iodide accumulation
was achieved (P # 0.01), followed by an efflux of less than
43% of the intracellular radioactivity (P# 0.01), pointing to
functional activity of the thyroperoxidase and presence of
thyroglobulin. Because NIS activity is affected by TSH (18),
and TSHr expression was initiated on bortezomib treatment
(Fig. 6), we performed iodide uptake experiments in the pres-
ence of TSH. However, in none of the ATC cell lines was an
augmentation of iodide accumulation achieved by the addition
of TSH (data not shown).

DISCUSSION

This study demonstrated an antiproliferative effect of
bortezomib on the ATC cell lines SW1736 and C643 involving
the induction of cell cycle arrest and apoptosis and changes in
metabolism and gene expression. Bortezomib induced
a dose- and time-dependent growth inhibition, which was

FIGURE 3. Determination of apoptosis in SW1736 (A) and C643 (B) cells treated with increasing bortezomib concentrations for 12, 24, and

48 h. Caspase-3 and caspase-7 activity was measured by Caspase-Glo 3/7 assay (Promega). Data evaluated by luminescence (RLU) and

normalization to 105 cells represent mean values and SD of triplicate samples. Expression of TRAIL and DR5/TRAIL-R2 in SW1736 and C643
cells (C) exposed to bortezomib for 24 h was quantified by qPCR using TRAIL- and DR5/TRAIL-R2 probe and GAPDH probe as endogenous

control. Values represent relative quantification of bortezomib-treated vs. untreated cells. **P # 0.01.

FIGURE 4. Uptake of 3H-FDG in SW1736

(A) and C643 (B) cells after exposure to dif-

ferent doses of bortezomib for 12–48 h. ATC
cell lines were incubated with 37 kBq of 3H-

FDG and 0.1 mM cold FDG for 10 min, and

radioactivity in lysates was quantified by

scintillation counting. Specific activity (pmol)
of each sample was calculated and normal-

ized to 105 cells. Data represent mean val-

ues and SD of triplicate samples.
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associated with an increased G2–M phase cell fraction. Given
the essential role of p21CIP1/WAF1 in the regulation and main-
tenance of G2–M phase arrest in response to anticancer drugs
(19,20), it is not surprising that we measured a significant
upregulation of p21CIP1/WAF1 expression in both cell lines.
Although the induction of p21CIP1/WAF1 expression and

G2–M phase arrest has been demonstrated to impede cas-
pase-3–mediated apoptosis in MCF7 cells (13), we mea-
sured an increase of the caspase-3 and caspase-7 activity
in the ATC cells. In addition, the transcriptional profile
revealed an increased expression of the TNF superfamily
members including TNF superfamily 10 (TRAIL) and of
the TRAIL receptor DR4/TRAIL-R1 in SW1736 cells.
Using qPCR for investigation of gene expression, we
detected the upregulation of TRAIL expression and, al-
though to a lesser extent, of DR5/TRAIL-R2 expression
in both cell lines. Although a caspase-3–independent ap-
optotic pathway cannot definitively be excluded, we sug-
gest that in ATC cells activation of the caspase-3 pathway
is initiated through the interaction of TRAIL with the
specific receptors DR5/TRAIL-R2 or DR4/TRAIL-R1
as already observed for follicular thyroid (21) and renal
carcinoma (22).
The determination of metabolic changes after therapeutic

intervention has been proven to be valuable for the assessment
of early therapy effects (23). Using 3H-aminoisobutyric acid and
3H-FDG as tracer, we observed a significantly decreased glucose
metabolism and amino acid uptake in both bortezomib-treated
ATC cell lines. However, in vivo only SW1736 tumors
responded with a decrease of the 18F-FDG uptake on day 2 after

treatment. Given that we did not observe any differences in
growth and size of the ATC tumors or in the plasma glucose
levels of the mice, we assume that the tumor perfusion—
and, therefore, the drug availability—differed in SW1736
and C643 tumors. Besides differences in perfusion, addi-
tional factors might have contributed to the different effect
of bortezomib on the 18F-FDG uptake in SW1736 and C643
tumors. Generally, we observed a more pronounced response
of SW1736 cells to proteasome inhibition in vitro with
respect to gene expression (including that of p21CIP/WAF1),
differentiation, and induction of apoptosis. Moreover, differ-
ences in the tumor environment recruitment of benign cells
such as fibroblasts, immune cells, and endothelial cells and
the secretion of protecting factors may additionally affect
tumor response to therapeutic agents.

NF-kB has been shown to play an important role in the
anticancer activity of proteasome inhibitors. On the basis of
the stabilization of IkB, the inhibitor of the NF-kB, protea-
some inhibition prevents nuclear translocation and transcrip-
tional activity of NF-kB in different tumor cells including
medullary thyroid carcinoma cells (5,11). Our results instead
demonstrated an increased NF-kB activity in SW1736 and
C643 cells. This discrepancy might be explained by different
experimental approaches used for the investigation of NF-kB
activity. Furthermore, tumor cells often differ in sensitivity and
response to therapeutic agents even when they originate
from the same tumor entity (24,25). Thus, although borte-
zomib mediates similar effects on apoptosis and cell cycle
in carcinoma cell lines, the NF-kB signaling pathway might
be differently affected in ATC cells. More importantly, we

FIGURE 6. Quantification of thyroid-spe-
cific gene expression in SW1736 (A) and

C643 (B) cells after bortezomib treatment

for 24 h. Values represent relative quantifi-

cation of bortezomib-treated vs. untreated
cells evaluated by qPCR using Pax8-, TTF-

1-, NIS-, thyroglobulin-, thyroperoxidase-,

and TSHr-specific probes. GAPDH was

used as endogenous control.

FIGURE 5. (A) Changes (in percentage of

pretreatment value in same animal) in 18F-

FDG uptake (maximum SUV) before and 1

and 2 d after therapy with bortezomib in
animals bearing SW1736 and C643 tumors

in right thigh (mean and SEM, n 5 4). (B)

Coronal and transaxial slices of the

SW1736 tumor–bearing animal before ther-
apy (left) and 2 d after therapy (right). *P #

0.05.
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and others (8,26) suggest that NF-kB inhibition may not be
the sole mediator of the anticancer activity of bortezomib.
Our gene chip analysis demonstrated a specific coordinated
pattern of transcriptional changes in bortezomib-treated
ATC cells similar to that already observed for multiple
myeloma cells (8). Besides the upregulation of genes in-
volved in apoptosis, cell cycle, and growth signaling, we
noticed a significant increase of hsp transcripts in both ATC
cell lines. Especially, inductions of the hsp-70, hsp-90, hsp-
40, and hsp-27 families were the most pronounced
responses to bortezomib, likely reflecting a stress response
to the therapeutic agent, and are consistent with the well-
documented role of these molecular chaperones in conferring
protection against therapeutic agents (27). Furthermore,
bortezomib triggered transcription of components of the
proteasome–ubiquitin pathway, including the proteasome
26s subunits in C643 cells and enzymes involved in ubiq-
uitination in both ATC cells. Obviously, tumor cells attempt
to compensate for the loss of proteasome activity by syn-
thesizing new proteasomes. Although these cytoprotective
responses are insufficient to rescue ATC cells from apopto-
sis, they indicate that proteasome activity is required for
cell survival. In SW1736 cells, bortezomib also induced
the upregulation of FAF1, which is involved in protein
degradation (28), negative regulation of NF-kB activity
(29), chaperone activity of hsps (30), and induction of ap-
optosis (31). Therefore, FAF1 might be considered an im-
portant factor in therapeutic response to the treatment with
bortezomib.
Finally, we demonstrated that bortezomib upregulates

transcription of Pax8, TTF-1, and thyroid-specific target
genes in the ATC cells. In addition, we measured an increased
uptake of radioiodide in both cell lines, which, however,
washed out of C643 cells within 20 min to more than 90%
but less than 43% of SW1736 cells. These data implicate that
bortezomib initiates a redifferentiation process in both cell
lines, restoring to a low to moderate extent the functional
activity of NIS. The intracellular accumulation of iodide
additionally depends on the coupling to tyrosine residues of
thyroglobulin by thyroperoxidase. The fact that SW1736 cells
concentrated iodide to a moderate extent whereas C643 cells
failed to do so implies that the ATC cells differed with respect
to expression and functional activity of thyroperoxidase and
thyroglobulin.

CONCLUSION

The present study showed that bortezomib provides
strong antitumor effects, including cycle arrest, apoptosis,
and changes in metabolism in ATC. In patients, the
maximal concentration for bortezomib is around 112 ng/
mL, with a half-life of 9–15 h. In our cell experiments, we
used concentrations between 4 and 400 ng/mL. Therefore,
our experimental procedures underlying the in vitro and in
vivo data correspond to the clinical situation. We also ob-
served that the upregulation of thyroid-specific gene ex-
pression restores to some extent the capacity of iodide
accumulation in ATC cells. However, the effectiveness of
radioiodide therapy critically depends on the local concen-
tration and the biologic half-life of the isotope in the tumor.
To achieve therapeutically useful absorbed doses in vivo,
a longer exposure with low doses of bortezomib may result
in a more pronounced redifferentiation and higher iodide
uptake as has been observed in patients with non–iodide-
concentrating differentiated thyroid carcinoma after long-
term treatment with retinoic acid (32). Thus, combining bor-
tezomib with agents that additionally affect metabolism, sen-
sitivity, and redifferentiation of ATC cells could improve the
clinical outcome. For instance, in thyroid carcinoma cells,
the histone deacetylase inhibitor MS-275 was shown to en-
hance the functional activity of NIS (25), and the combina-
tion of histone acetylase inhibitors and proteasome inhibitors
synergistically enhanced TRAIL-mediated apoptosis (33).
Thus, bortezomib may be considered a promising therapeutic
agent for the treatment of anaplastic thyroid carcinoma in the
setting of a combination therapy, but further investigation is
clearly warranted to improve clinical outcome.
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