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a  b  s  t  r  a  c  t

The  incidence  of thyroid  cancer  is  up to  3 folds  higher  in  women  than  in men,  suggesting  that  estrogenic
effects  may  be  involved  in  the  pathogenesis  of  this  malignancy.  Here,  we  explore  whether  or  not  human
thyroid  cancer  cell  growth  can  be  curbed  by a novel  isoflavone  derivative  generated  in  our laboratory,  the
N-t-Boc-hexylenediamine  derivative  of  7-(O)-carboxymethyl  daidzein  (cD-tboc).  With  the exception  of
the  follicular  cancer  cell line  WRO, estrogen  receptor  (ER)�  mRNA  was  only  marginally  expressed  in cell
lines derived  from  papillary  (NPA),  follicular  (MRO),  anaplastic  thyroid  carcinoma  (ARO)  such  that  the
expression  of  estrogen  receptor  (ER)  �mRNA  was  more  abundant  than  that of  ER�  mRNA  in  these  cell
types.  Estradiol-17� (E2;  0.03–300  nmol/l)  per  se  increased  proliferation  in  all four  cell-types.  The  ER�-
specific  agonist  DPN  increased  [3H]-thymidine  incorporation  in  all four  thyroid  cancer  cell  lines,  whereas
the  ER�-specific  agonist  PPT  increased  growth  only  in  NPA  and  WRO.  By  contrast,  cD-tboc,  derived  from
the  weak  estrogen  daidzein,  did  not  cause  cell  growth  and  dose-dependently  diminished  cell  growth  in

all  four  cell  lines  via  apoptosis  and  not  necrosis,  as  detected  by the  release  of  histone-DNA  fragments.  The
cytotoxic  growth  inhibitory  effect  of  cD-tboc  in  these  cells  was modulated  by E2  and  the general  caspase
inhibitor  Z-VAD-FMK,  and  the  magnitude  of this  salvage  was  cell  type-and  dose-dependent.  When  nude
mice carrying  ARO  thyroid  xenografts  were  treated  with  cD-tboc,  tumor  volume  decreased  significantly,
and  no  apparent  toxicity  was  observed.  These  results  suggest  that  cD-tboc  may  be a  promising  agent  for
therapy  of  thyroid  carcinoma  either  alone  or in combination  with  existing  cytotoxic  drugs.

© 2011 Elsevier Ltd. All rights reserved.
. Introduction

The prevalence of thyroid cancer is on the rise and is 2–3 folds
igher in women than in men, suggesting that estrogenic effects

ay  be involved in the pathogenesis of this malignancy [1–4].

urthermore, there is an age related, gender-dependent difference
n the rate of thyroid cancer which is highly consistent with a role
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for endogenous estrogens in thyroid cancer, as female to male
incidence rates are roughly equal in children, increasing sharply to
∼3 by puberty. This gap is maintained until menopause, declining
thereof gradually to ∼1.5 by the age of 65 [3–5]. Indeed, older men
appear to be more susceptible to aggressive thyroid cancer than
age-matched women  [6]. Tested in a number of studies, contra-
ceptives or hormone replacement therapy appear not to confer
increased risk for differentiated thyroid cancer [7].  However,
other exogenous estrogen-mimetic compounds may  still play a
modulating role in human thyroid cancer growth: in a multiethnic
population-based case-control study of thyroid cancer conducted
in the San Francisco Bay Area, consumption of phytoestrogen-rich

soy-based foods and alfalfa sprouts was associated with reduced
risk of thyroid cancer. In particular, the isoflavones daidzein and
genistein and the ligand, secoisolariciresinol appeared to confer sig-
nificant reduction in the risk for thyroid cancer [8].  Apart from these

dx.doi.org/10.1016/j.jsbmb.2011.04.009
http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
mailto:stern@tasmc.health.gov.il
dx.doi.org/10.1016/j.jsbmb.2011.04.009
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utative effects of circulating endogenous estrogens and exogenous
ood-derived estrogenic modulators, the thyroid gland itself may  be
apable of converting androgens to estrogens, as suggested by the
xpression of aromatase mRNA and protein in cancerous and non-
ancerous human thyroid tissue [9].  Intra-thyroidal aromatization
s potentially possible not only through the utilization of circulat-
ng testosterone and androstenedione, but also of the much more
bundant dehydroepiandrosterone (DHEA) and its sulfated adrenal
erivative DHEA-S. Because steroid sulfatase activity appears to
e widespread in primate tissues [10], thyroid aromatase can
otentially generate estradiol-17� (E2) from testosterone which is

ndirectly derived from sulfated dehydroepiandrosterone (DHEA-
). Finally, both normal and tumorous thyroid tissue express
strogen receptors [11–16].  Although both major isoforms of the
strogen receptor (ER), ER� and ER� are reportedly expressed in
hyroid cancer cells/tissue [17–19],  their functional role in cell
rowth presently remains a matter of debate. Several types of
hyroid cancer cell lines were formerly shown to display a clear
rowth response to E2, although, at the present time, the proposed
echanisms through which these effects are exerted are incon-

istent among the various reports [20–22].  Based on experimental
odel in Pten−/− mice, a recent study suggests that ER� activation

ontributes to the increased susceptibility of females to thyroid
roliferative disorders and neoplastic transformation partially via
strogenic control of p27 degradation [23]. In contrast, earlier
bservations that tamoxifen antagonizes proliferation and of ER-
egative metastatic follicular and anaplastic thyroid cancer cells
24–26] suggested that estrogen receptor modulators can exert
on-ER� or non-classical ER-mediated effects in thyroid-derived
ancer cells. Our group has ongoing interest in the potential utiliza-
ion of modified isoflavones as negative modulators of cancer cell
urvival. This interest originally stemmed from observations that
he isoflavones biochanin A, genistein and daidzein at concentra-
ions ranging from 0.1 to 20 �mol/l can act as weak estrogens and
timulate cell growth and at concentrations > 20 �mol/l inhibit cell
rowth of various cancer cell lines [27]. We  reasoned that possibly,
urther modification of one or more of these common plant-
erived compounds can result in agents with yet greater cytotoxic
ffect in cancer. Initially, 6-carboxymethyl-derivative of genistein
as shown to have selective-estrogen receptor modulator (SERM)

ike activities [27,28] and display mixed estrogen-mimetic and
strogen antagonist effects in normal vascular, bone and uterine
ells and in breast cancer MCF-7 cells. More recently, in an attempt
o enhance the antiproliferative activities of these compounds, a
ew strategy has been applied by which carboxy alkyl chains of

soflavone derivatives are lengthened by linking them covalently
o N-tert-butoxycarbonyl-1,6-diamino-hexane. In this format, the
-tert-butoxycarbonyl (N-t-Boc) moiety serves as a metabolically

table group, and the long alkyl chain on the isoflavone molecule
ay  provide steric hindrance when and if the molecule is bound to

 membrane and/or nuclear receptor. Using this general approach,
everal analogs of the original synthetic carboxymethyl derivatives
ere generated, one of which, 5-(27)-pentyl-carbamic acid tert-

utyl ester (N-t-Boc-7-(O)-carboxymethyl daidzein [cD-tboc]),
howed particular promise in terms of cytotoxicity in colon
nd ovarian cancer cell lines. Moreover, cD-tboc showed anti-
strogenic activity as it suppressed (at 0.3 �mol/l) the stimulatory
ffect on DNA synthesis exerted in these cells by estradiol-17� (E2;
0 nmol/l). One particularly appealing property of this compound
as that it had little inhibitory effect in normal vascular smooth
uscle cells and appeared harmless in preliminary in vivo exper-

ments, in terms of animal weight and survival [27]. In the present

tudy we assessed the response of four established human thyroid
ancer cell lines to E2 and agonists and examined the possibility
hat cD-tboc may  act as an anti-cancer agent on human thyroid
ancer cells in vitro and in vivo in tumor xenografts.
 & Molecular Biology 126 (2011) 95– 103

2.  Materials and methods

2.1. Reagents and chemicals

All reagents were of analytical grade. Chemicals, steroids and
PPT were purchased from Sigma (St. Louis, MI). DPN was  pur-
chased from Tocris Bioscience (Bristol, UK). ICI was  purchased
from Tokris biochemicals. Methyl-[3H]-thymidine (5 Ci/mmol)
was obtained from New England Nuclear (Boston, MA). Anti-
Pax 8 (S-20), anti TTF-1 (F-12) and blocking peptide were from
Santa-Cruz (Santa-Cruz, CA). Donkey anti-rabbit peroxidase and
ECL reagents from Amersham (GE Healthcare, Buckinghamshire,
UK). 5-(25)-Pentyl-carbamic acid tert-butyl ester (N-t-Boc-7-(O)-
carboxymethyl daidzein [cD-tboc]) was  prepared as described [27].

2.2. Cells

We used four well-established and extensively studied human
thyroid carcinoma cell lines, kindly provided by Dr. G.J.F. Juillard
(University of California at Los Angeles, Los Angeles, CA): MRO  87-
1 and WRO  (follicular); NPA (papillary); and ARO 81-1 (anaplastic).
These cell lines have TSH receptors but may  have post-receptor
defects [29,30]. Cells were cultured in RPMI-1640 medium, 10%
charcoal-stripped FCS and antibiotics, grown to sub-confluence and
then treated with various hormones or agents as indicated. Regard-
ing the RT-PCR amplification of TTF-1 and PAX8, the method of
preparation of benign human thyroid cells from tissue obtained at
thyroidectomy from patients with benign colloid nodules, has been
previously described in detail [30,31].

2.3. Preparation of total RNA

Total RNA from cancer cells was extracted using the TRIzol
reagent (Gibco Life Technologies, Invitogen, Paisley, UK), according
to the manufacturer’s instructions and then subjected to reverse
transcription (RT) using the Advantage RT for polymerase chain
reaction (PCR) kit (Clonetech, Mountainview, CA, USA). Extracted
RNA was  then reverse transcribed using the RevertAidTM first
Strand cDNA synthesis kit from Fermentas Life Science (St. Leon-
Rot, Germany).

2.4. Semi-quantitative RT PCR amplification of TTF-1 and PAX8

Semi-quantitative RT PCR amplification of TTF-1and PAX8
was performed as previously described [28]. Oligonucleotide
primers for human TTF-1 and PAX8 mRNA amplification were
as follows: TTF-1 5′ (sense) ATGTCGATGAGTCCAAAGCACA and
TTF-1 3′ (antisense) ACCTGCGCCTGCGAGAAGAGCA; PAX8 5′

(sense) GGGGACTACAAACGCCAGAAC, and PAX8 3′ (antisense)
CGGAGCTAGATAAAGAGGAAG; cyclophillin 5′ (sense) TCCTAAAG-
CATACGGGTCCTGGCAT, and cyclophillin 3′ (antisense) CGCTC-
CATGGCCTCCACAATATTCA. The expected human TTF-1 product
from a cDNA template is 519 bp and the PAX8 product is 705 bp.
The amplification reaction was  carried out for 30 cycles. Each cycle
consisted of 94 ◦C for 20 s, 64 ◦C for 30 s and 72 ◦C for 60 s. The last
cycle was  followed by a final 10 min  elongation at 72 ◦C. Cyclophilin
served as a house keeping gene. The PCR products were resolved
on 2% E-gels (Invitrogen, Paisley, UK).

2.5. Real Time RT-PCR amplification

ER mRNA expression was quantified with an ABI 7700 Real Time

PCR System using specific primer probe sets obtained from Applied
Biosystems (Foster City, CA). Each Real Time PCR contained 12.5 �l
TaqMan Universal PCR Master Mix, 1.25 �l. Assays-on demand
Gene Expression Assay Mix  for either ER� (HS00174860M1) or
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R� (HS00230957M1), 2.5 �l nuclease free water, and 9 �l cDNA.
ndogenous controls (RNAse P) were run in triplicate to assure
epeatability.

.6. RNA interference (siRNA)

siRNA was used to block ER� and ER�.  ER� siRNA, ER� siRNA
nd the non-targeting siRNA (negative control) were obtained from
harmacon (Lafayette, CO, USA).

ARO cells were seeded in 12-well plates, 2.8 × 105 cells/well,
nd were incubated in 1 ml  normal growth medium containing
erum, without antibiotics, overnight to allow cells to attach to the
lates. The cells were then transfected with 100 nmol/l of siRNA
sing DharmaFECT (Lafayette, CO, USA), according to the manufac-
urer’s instructions. Cells were incubated at 37 ◦C in a CO2 incubator
or 48 h. After incubation, cells were treated with different con-
entrations of cDtboc for 24 h. At the end of treatment, cells were
arvested for DNA synthesis analysis.

Knock down of ER� and ER� were determined by Real Time PCR
s described.

.7. Protein extract preparation

PBS washed thyroid cancer cells were washed, collected and
ysed in lysis buffer (4 ◦C) [PBS (7.4), 1% Triton X-100, 0.1% SDS
nd “Complete” Proteinase Inhibitor Cocktail (Roche, Mannheim,
ermany)]. Mild glass–glass hand homogenization (10 strokes
n ice) and centrifugation [10,000 × g, 19 min, 4 ◦C] followed as
escribed [22–33].  Protein was quantified by the method of Brad-
ord [34] using bovine serum albumin (BSA) as a standard.

.8. Western Blot analysis

Proteins were fractionated by SDS–PAGE and transferred from
he SDS–polyacrylamide gel to a nitrocellulose membrane (Protean
itrocellulose 85, S&S, Dassel, Germany Schleicher & Schuell). The
embranes were then blocked with 20 mM Tris, pH 7.6, 137 mM
aCl, containing 0.1% Tween 20 and 2% BSA (TBS-T) for 60 min  at

oom temperature. The membranes were then washed and incu-
ated with either the antibody alone or antibody preincubated with

ts blocking peptide S-20 (5 min, at 100× for anti PAX8 hybridiza-
ions, according to the manufacturer’s instructions (Santa Cruz))
n 1% BSA/TBS-T (binding buffer) for 60 min. The membranes were
ncubated for 1 hr with either anti-TTF1 (F-12 at a 1:250 dilution
n binding buffer) or anti-PAX8 (S-20 at 1:250 dilution in binding
uffer). Followed by extensive washing in TBS-T, the membranes
ere incubated 60 min  with donkey anti-goat IgG-HPR conjugate

1:20,000 in 1% BSA/TBS-T) for 60 min. Subsequently, the mem-
ranes were washed extensively with 1% BSA/TBS-T and the protein
ands were then visualized by ECL plus.

.9. Assessment of DNA synthesis

Cells were grown until sub-confluence, using conditions previ-
usly described [27,28,35] and then treated with various hormones
r agents for 24 h as indicated. At the end of incubation, [3H]-
hymidine was added for 2 h. Cells were then treated with 10%
ce-cold trichloroacetic (TCA) for 5 min  and washed twice with 5%
CA and then with cold ethanol. The cellular layer was dissolved in
.3 ml  of 0.3 M NaOH and aliquots were taken for counting radioac-
ivity and [3H]-thymidine incorporation into DNA was calculated.
.10. Assessment of cell proliferation

Cells were grown until sub-confluence, as previously described
24,25,32], and then treated with various compounds for 24 h as
 & Molecular Biology 126 (2011) 95– 103 97

indicated. At the end of incubation, cell proliferation was assayed
using the cell proliferation kit based on XTT colorimetric assay of
Biological Industries (Kibbutz Beit Haemek, Israel).

2.11. Assessment of cell death and detection of apoptosis and
necrosis

Cells were grown until sub-confluence, as previously described
[32] and then treated with various compounds for 24 h as indi-
cated. At the end of incubation, photometric enzyme-immunoassay
for the quantitative in vitro determination of cytoplasmic histone-
associated-DNA-fragments (mono-and oligo-nucleosomes) after
induced cell death was assayed using Cell Death Detection ELISA
plus kit from Roche kit Molecular Biochemicals. This is a “sand-
wich” assay constructed to identify DNA fragments through the
use of two  antibodies, one against histones and the second directed
against DNA. Necrosis was also assayed at the end of the incubation
by measuring lactic dehydrogense (LDH) activity released to the
culture medium from the cytoplasm of disintegrating cells using
standard commercial LDH assay (Advia Centaur, Siemens).

2.12. Assessment of creatine kinase specific activity

Cells were grown until sub-confluence, as previously described
[27,35]. Cells were treated for 24 h with the various hormones
as specified, and were then collected and homogenized in an
extraction buffer. Supernatant extracts were then obtained by
centrifugation of homogenates at 14,000 × g for 5 min  at 4 ◦C in
an Eppendorf micro centrifuge. Creatine kinase activity (CK) was
assayed by a coupled spectrophotometric assay [27,35]. For this
assay, protein was then determined by Coomasie blue dye binding
using BSA as the standard.

2.13. Xenograft studies

Twenty female CD1 nude mice (8 weeks old) were inoculated sc
with ARO thyroid carcinoma cells (0.5 × 106/mouse). Ten days later,
when the tumors became palpable, the mice were randomized into
two groups, receiving intravenously, through the tail vein, every
other day either cD-tboc (0.3 mg/mouse/48 h dissolved in 0.1 ml  of
vehicle) (Neowater, Do-Coop Technologies Ltd., Israel) or vehicle.
During treatment body weight was recorded to monitor toxicity of
the treatment, and the tumors were measured every other day with
an external caliper. Tumor volume was  calculated using the formula
length × width × height × �/6. Statistical significance was assessed
using Student’s t test, and differences were considered significant
at p < 0.05. All animals were handled according to the policies set
by the Veterinary Animal Services, Weizmann Institute of Science
and all procedures were approved by the Institutional Animal Care
and Use Committee, Weizmann Institute of Science.

2.14. Statistical analysis

Differences between the mean values obtained from the exper-
imental and the control groups were evaluated by analysis of
variance (ANOVA). A p value less than 0.05, was considered sig-
nificant.

3. Results

3.1. Validation of the thyroid nature of lines used in the current
study
Two common unique transcription factors associated with thy-
roid cells are the thyroid transcription factor 1 (TTF-1) as well as the
PAX8 transcription factor. Their expression at the messenger RNA
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Fig. 1. Effect of increasing concentration of estradiol-17� (E2) on DNA synthesis in
cultured human thyroid cancer cell lines. Cells were treated for 24 h with vehicle or

was markedly attenuated (Fig. 3, Supplementary data).
Fig. 4b shows the parallel effects of cD-tboc on cell prolifer-

ation as assessed by the XTT assay. Finally, Fig. 5 depicts actual

Fig. 2. The effects of estradiol-17� (E2), DPN and PPT on DNA synthesis in cul-
8 D. Somjen et al. / Journal of Steroid Bioche

evel was compared to primary human goiter cells which served
s control. Transcripts of 519 bp and 705 bp corresponding to TTF1
nd PAX8 were visualized in the thyroid cancer cells as well as
n the positive control (Supplementary information, Fig. 1A), but
ot in cultured primary human vascular smooth muscle cells or
uman adipocytes. As a further step in this validation, protein levels
f these transcription factors were also assessed by Western blot
nalysis (Fig. 1B, Supplementary information) and found present
n all 3 human thyroid cell lines. When the blocking peptide S-
0 was added to the incubations, the protein band corresponding
o PAX8 disappeared, thus indicating that they were specific for
his protein. Accordingly, these 3 cell lines are of human thyroid
rigin.

.2. Expression of ER˛ and ER  ̌ in human thyroid cancer cells

Cells were grown in culture and characterized in terms of
he expression of mRNAs for ER� and ER� by Real Time PCR.
R� was only marginally and not consistently expressed in the
hree cell lines examined in this study, except for the WRO  cells
hich expressed abundantly. On the other hand, all four cell lines

xpressed ER�.  Hence, there was higher abundance of ER� rel-
tive to ER�,  due to very low expression of ER� mRNA in NPA
nd MRO  and practically undetectable expression in ARO (data not
hown), except for WRO. The ratio of ER� to ER� was > 1000:1,
28:1, 7.7:1 and 1.06:1 in ARO, MRO, NPA and WRO  cells,
espectively.

.3. Effect of E2 and specific ER˛  and ERˇ  agonists on human
hyroid cancer cell line proliferation

E2 elicited a dose-related increase in DNA synthesis in NPA, MRO
nd ARO cells as assessed by [3H]-thymidine incorporation, peaking
t ∼150–200% of baseline levels (Fig. 1). Of particular importance
s the finding that stimulation of proliferation occurs even at low
oncentrations of E2, at the level of ambient E2 concentrations in
dult females (0.3–3 nmol/l). This contrasts with previous reports,
ostly in other thyroid cancer cell lines, that 10–100 nmol/l of E2
as required for a proliferative response. Depicted in Fig. 2 is the
ifferential response pattern of the various thyroid cancer types
o selective ER activation. ARO and MRO  cells responded only to
he ER� selective agonist DPN whereas NPA and WRO  responded
o both DPN and PPT ER� selective agonist. Raloxifene (Ral), pre-
ominantly an ER� antagonist, blocked the stimulatory effect of
2 and PPT on [3H]-thymidine incorporation, but had no effect on
PN-induced DNA synthesis (Fig. 3a). Similar results were obtained
hen the specific activity of CK was analyzed (Fig. 3b).

.4. Effect cD-tboc on human thyroid cancer cell growth and
urvival in vitro

Fig. 4a illustrates the effect imparted by different concentrations
f cD-tboc on DNA synthesis in cultured NPA, MRO, ARO and WRO
ells. As shown, cD-tboc at submicromolar to micromolar concen-
rations inhibited [3H]-thymidine incorporation by 50–85%, with
he largest effect seen in NPA and MRO  cells and somewhat lesser,
hough still unequivocal inhibition observed in the anaplastic ARO
nd in WRO  cells. In preliminary experiments, the inhibitory effect
f cD-tboc on cell proliferation could be blocked by the specific
R� antagonist, PTHPP. For example, in WRO  cells, cD-tboc caused
46 ± 14% (p < 0.05) reduction in basal DNA synthesis, which was
locked by PTHPP [150 nmol/l] (+11 ± 15% compared with baseline
3H]-thymidine incorporation (p = ns), but not by the ER� antag-
nist MMP  (150 nmol/l); −44 ± 24; p < 0.05 compared with basal
NA synthesis). Additionally, we knocked down ER� expression in
RO cells using ER� siRNA, which reduced ER� expression in these
E2  (0.3–300 nmol/l). Results are expressed as the mean of % of control cultures ± SEM
(n  = 5). *p < 0.05; **p < 0.01. Basal [3H]-thymidine incorporation into DNA was, in
ARO, 12,830 + 1156 dpm/well; in MRO  14,288 + 2978 and in NPA 10,653 + 1210.

cells by 98.6%. In these cells, the growth inhibitory effect of cD-tboc
tured human thyroid cancer cell lines. Cells were treated for 24 h with vehicle or
E2  (30 nmol/l) or DPN (420 nmol/l) or PPT (390 nmol/l). Results are expressed as the
mean of % of control cultures ± SEM (n = 5). *p < 0.05. Basal [3H]-thymidine incor-
poration into DNA in ARO was 8040 + 503 dpm/well; in MRO 6349 + 503, in NPA
7325 + 532 and in WRO  8080 + 920.
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Fig. 3. The effects of raloxifene (Ral) on E2-, DPN- and PPT-induced changes on DNA
synthesis (A) and creatine kinase specific activity (CK) (B) in cultured human thy-
roid cancer cell lines. Cells were treated for 24 h with vehicle or E2 (30 nmol/l) or
DPN (420 nmol/l) or PPT (390 nmol/l) with and without raloxifene (Ral) (3 �mol/l).
Results are expressed as the mean of % of control cultures ± SEM (n = 5). *p < 0.05.
Basal [3H]-thymidine incorporation into DNA was  in ARO 7536 + 220 dpm/well;
in  MRO  10,439 + 3888 and in NPA 7115 + 967. The basal specific activity of
C
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Fig. 4. Effect of cD-tboc on DNA synthesis (A) and on cell replication in cultured
human thyroid cancer cell lines as measured by the XTT assay (B) in cultured human
thyroid cancer cell lines. Cells were treated for 24 h with vehicle or cD-tboc (31.2,
312  and 3120 nmol/l). Results are presented relative to the control mean [3H]-
thymidine incorporation or relative to the mean absorbance of the control samples
at a wavelength of 490 nm (after subtraction of non-specific absorbance mea-
sured at 650 nm), which is referred to as 100%, and are expressed as means ± SEM
(n  = 5). *p < 0.05; **p  < 0.01. Basal [3H]-thymidine incorporation into DNA was in

cD-tboc, the inhibition of cell growth was  significantly atten-
uated, thus indicating that cD-tboc-induced apoptosis was not
an epiphenomenon, but rather one mechanism through which
this compounds retards thyroid cancer cell growth (Table 2).

Table 1a
Modulation of DNA synthesis by cD-tboc in the absence or presence of estradiol-17�
in  ARO, MRO  and NPA thyroid cancer cell lines.

Cells/compound ARO MRO NPA

Control 100 ± 3 100 ± 4 100 ± 14
E2  153 ± 11 151 ± 10* 196 ± 21**

cD-tboc 57 ± 3# 51 ± 16# 58 ± 9#

E2 + cD-tboc 103 ± 9 126 ± 25 101 ± 13
K  was  31 ± 0.3 nmol/min/mg protein in ARO; 21 ± 0.1 in MRO  and 27 ± 0.05
n  NPA.

hotographs of control and treated cells of the four thyroid cancer
ell types responding to this compound. Shown photographs were
btained following 24 h of culture with vehicle control (c) as well as
ith the highest concentrations of applied cD-tboc (3000 nmol/l),
arked as tboc a, b, c and d respectively.

.5. Effect of cD-tboc on the proliferative and creatine kinase
pecific activities of E2 in thyroid cancer cells

Whereas E2 (30 nmol/l), significantly increased [3H]-thymidine
ncorporation and CK specific activity in all three thyroid cancer
ell lines (p < 0.01; Tables 1a and 1b), the stimulatory effect on DNA
ynthesis and CK specific activity by E2 (30 nmol/l) in these cells
as suppressed to basal levels in the presence of 0.3 �mol/l of cD-

boc (Tables 1a and 1b).

.6. cD-tboc induces thyroid cancer cell death through the
nduction of apoptosis and not through necrosis
Measured by the Roche apoptosis assay, which, using a dou-
le antibody “sandwich” approach detects complexes containing
oth histone and DNA, cD-tboc elicited a ∼4–20-fold increase
ARO 10,356 + 550; in MRO  16,700 + 1058, in NPA 8625 + 1450 and in WRO  14,375
+  1575 dpm/well.

in DNA fragmentation typical of apoptosis, in a dose- and cell-
type specific manner (Fig. 6). Furthermore, when the general
apoptosis inhibitor Z-VAD-FMK (1 nmol/l) was  added along with
cD-tboc was  used at 0.3 �mol/l and E2 at 30 nmol/l. Results are means ± SD and
expressed as the % of control of DNA synthesis in these cells.

* p < 0.05 E2 vs. control in ARO and MRO cells.
# p < 0.05 cD-tboc vs. control.
** p < 0.01 E2 vs. control in NPO cells.
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ig. 5. Microscopic appearance of cD-tboc treated and untreated NPA (A), MRO  (B),
D-tboc  (3000 nmol/l) or its control vehicle for 24 h and are shown at 20× magnific
inally, thyroid cancer cell growth arrest was not the result of
ecrosis, since released LDH, a marker of cell necrosis, was not
odified in any of the cell types responsive to cD-tboc (data

ot shown).

able 1b
odulation of CK activity by cD-tboc in the absence or presence of estradiol-17� in

RO, MRO  and NPA thyroid cancer cell lines.

Cells/compound ARO MRO  NPA

Control 100 ± 5 100 ± 12 100 ± 3
E2  240 ± 27** 260 ± 20** 180 ± 15**

cD-tboc 67 ± 2# 57 ± 18# 60 ± 15#

E2 + cD-tboc 99 ± 10 108 ± 15 109 ± 10

D-tboc was  used at 0.3 �mol/l and E2 at 30 nmol/l. Results are means ± SD and
xpressed as % of control of CK activity in these cells.
# p < 0.05 cDtboc vs. control.
** p < 0.01 E2 vs. control.

able 2
odulation of the inhibitory effect by cD-tboc on DNA synthesis in thyroid cancer

ells  by the general apoptosis inhibitor Z-VADFK.

Cells/compound ARO MRO  NPA

Control 100 ± 8 100 ± 6 100 ± 6
Z-VADFK 79 ± 4* 118 ± 10 75 ± 16
cD-tboc 20 ± 5## 33 ± 24# 21 ± 14##

Z-VADFK + cD-tboc 50 ± 10** 65 ± 22 64 ± 15**

esults are means ± SD and expressed as % of control of DNA synthesis in these cells.
D-tboc was used at 3 �mol/l and Z-VADFK at 1 nmol/l.

* p < 0.05, Z-VADFK vs. control in ARO cells.
# p < 0.05, cD-tboc vs. control in MRO  cells.
** p < 0.01, Z-VADFK + cD-tboc vs. control in ARO and NPA cells.
C) and WRO  (D) cells in culture. The photographs are of unstained cells exposed to

3.7. Effect of cD-tboc on ARO xenografts

Within 10 days of inoculation, 16 of the originally inoculated

mice developed palpable tumors, at which time the measurement
of tumor dimensions with calipers was  initiated. Tumor growth
in the group receiving cD-tboc (n = 9) was inhibited by >50% as

Fig. 6. Effect of cD-tboc on apoptotic cell death in cultured human thyroid cancer
cell  lines as assessed by the detection histone-DNA fragments. Cells were treated
for  24 h with vehicle or cD-tboc (31.2, 312 or 3120 nmol/l). Results are mean val-
ues of treated relative to control cultures ± SEM (n = 5). *p < 0.05; **p < 0.01; ***
p  < 0.001.
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Fig. 7. Effect of cD-tboc on tumor volume in nude mice inoculated subcuta-
neously with ARO cells. ARO cells were prepared in culture and then inoculated
(5  × 105 cells/mouse) into nude mice. Tumors were palpable within 10 days at which
time they were randomized into a control group (n = 7) receiving vehicle or the
treatment group (n = 9) receiving cD-tboc (0.3 mg/mouse/48 h). The average tumor
volume in each group on the day of tumor measurement relative to treatment day 1
is  indicated on the y-axis and referred to as relative tumor volume. Values are given
in  relative tumor volume as mean ± SEM. *p < 0.006 control vs. cD-tboc treated mice
o
d

c
F
c

4

h
c
a
c
m
l
r
o
O
c
t
s
s
a
H
s
P
g
a
i
C
N
a
b
[
a
a
i
i
s
r

n  day 11 of the experiment; **p  < 0.044 vehicle control vs. cD-tboc treated mice on
ay 18, the end of the experiment.

ompared to the tumor volume of vehicle-treated mice (n = 7;
ig. 7). No weight reduction or death was seen in mice treated with
D-tBoc.

. Discussion

The key finding in the present study is that a novel N-t-Boc-
exylenediamine derivative of the 7-(O)-carboxymethyl daidzein,
D-tboc (Fig. 2, Supplementary data), can function as a potent
nti-cancer agent in four different cell lines of human thyroid can-
er in vitro. Further, tested in vivo, cD-tboc is also shown here to
arkedly retard the progression of xenografts of the ARO type, a cell

ine originally derived from anaplastic thyroid carcinoma. These
esults extend our previous experience with cD-tboc in colon and
varian cancer cell lines [27] to human thyroid cancer cell types.
ur study also underscores, but was not designed to resolve the
omplexity of the interactions between estrogenic compounds and
he growth and survival of human thyroid cancer cells in vitro, con-
istent with earlier reports [20–22].  E2 per se dose-dependently
timulated cell growth in all three lines of human thyroid cancer,
s assessed by [3H]-thymidine incorporation and the XTT assay.
owever, we were unable to correlate this effect of E2 with one

pecific type of ER. In NPA cells, the specific ER� and ER� agonists
PT and DPN, respectively, each elicited similar increases in cell
rowth, but in MRO  and ARO cells only the ER� agonist DPN was
ble to stimulate DNA synthesis (Figs. 2 and 3a). Of note is the find-
ng that the selective ER� agonist PPT was also unable to increase
K activity in MRO  and ARO cells, although it did raise CK activity in
PA cells (Fig. 3b). Clearly, the effects of PPT on both DNA synthesis
nd CK activity were then ER�-specific as they were fully blocked
y raloxifene, which, in turn, was unable to block the increases in

3H]-thymidine incorporation and CK activity elicited by the ER�
gonist DPN in NPA cells. Yet raloxifene per se, a presumed ER�
ntagonist or, acting in vivo as a mixed ER� agonist–antagonist,

n itself increased both DNA synthesis and CK activity not only
n NPA cells, but also in MRO  and ARO cells in which the ER�
elective agonist PPT had no such effects. These differences in the
esponse to the predominantly ER�-related compounds cannot be
 & Molecular Biology 126 (2011) 95– 103 101

explained by ER� mRNA expression in NPA, MRO  or ARO cells,
which was  extremely low in all three cell types. The results should
be examined on the background of previous reports on how estro-
gens may  affect thyroid cancer cell growth, survival or cell cycle.
Although E2 per se appears to possess pro-growth and/or survival
effects in former studies, attempts to clarify E2’s mode of action
or the effects of other estrogen-related compounds yielded vari-
able results. In the human thyroid carcinoma cell line HTC-TSHr,
E2 increased cell proliferation through increase in cyclin D1 in a
MEK-dependent manner, which could be blocked by the general
ER antagonist ICI 182780 [19]. It was  reported [19–21] that only
activation of ER�,  but not ER�,  increased cell growth in KAT5, a
thyroid papillary cancer cell line, and ARO, the same anaplastic
thyroid cancer cell line used in the present study. The latter find-
ing is discordant with our observation that the ER� agonist DPN
stimulated cell growth in all three tested cell lines, including ARO.
An important aspect of Zeng’s study [21,22] was that the estro-
genic effects in thyroid cancer cells were associated with increase
in Bcl-2 and decrease in Bax, thus suggesting that E2 was  operating
through an anti-apoptotic pathway. Further support for antiapop-
totic effects of E2 was recently provided by the findings that E2
lowered mitochondrial Bax in papillary cancer cells, followed by
decreased release of cytochrome C and/or apoptosis-inducing fac-
tor (AIF) from the mitochondria to the cytosol [21]. In contrast to
these presumed ER�-mediated effects, however, E2, genistein and
4-hydroxytamoxifen were recently shown to induce proliferation
in human WRO, FRO and ARO cancer cell lines, in the absence of ER�,
ER� transactivation or ER� translocation to the nucleus [24]. Still,
in this case, MAPK activation and increased cyclin D1 expression
were involved through activation of GRP30, a seven transmem-
brane receptor G-protein coupled orphan receptor linked to specific
estrogen binding and rapid estrogen-mediated activation of adeny-
late cyclase [27]. The growth-curbing effects of cD-tboc in NPA,
MRO, ARO and WRO  cells in the present study are reminiscent
of the effects of this compound in other cancer cell lines in vitro,
including colon (320DM), ovarian (MLS and A2780) and adrenal
(H295R) carcinoma, in that they are seen in cancer types which
preferentially express mRNA for ER� relative to ER� [27]. In addi-
tion, in the thyroid cancer cells tested herein, cD-tboc showed at
least some anti-estrogen effects in that it was capable of inhibiting
both the proliferative effect of E2 and E2-stimulated CK activity.
Further, in parallel to our previous findings in MLS  ovarian can-
cer and 320DM colon cancer cells, the cytotoxic effect of cD-tboc
appeared to be accounted for, at least in part, by induction of apo-
ptosis. Not only did cD-tboc induce a marked and dose-dependent
increase in DNA fragmentation (Fig. 6) in all three cell lines, but
its cytotoxic effects could be reversed by ZVAD-FK (see Table 2),
the general inhibitor of caspase-dependent apoptosis. Although E2
itself is generally thought to exert anti-apoptotic effects in various
estrogen-receptor expressing cancer types [35], estrogen-related
metabolites can actually exert the opposite effect. For example, a
recent report indicated that 2-methoxyestradiol, an endogenous
metabolite of E2, induced caspase-dependent apoptosis in five out
of six different human anaplastic thyroid carcinoma cell lines [36].
Daidzein, the parent compound of cD-tboc, was previously shown
to act as an ER agonist, with a greater affinity for the ER� isoform
than the ER� isoform [37,38] and to induce apoptosis in prostate
cancer [39]. Daidzein displays 100-fold greater sensitivity for acti-
vating transcription in transfected cells via ER� compared to ER�
[40]. Also consistent with the importance of ER� in daidzein’s
actions is the report that daidzein can activate a pro-apoptotic cas-
cade involving the cleavage of caspase-3 in human cervix epitheloid

carcinoma cells cancer cells in an ER�-dependent manner [41]. The
pro-apoptotic, anticancer effects of cD-tboc in the predominantly
ER� expressing thyroid cancer lines the present report are there-
fore consistent with putative interaction of this new compound
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ith ER�.  However, a model by which cD-tboc simply activates
R� to induce programmed cell death in NPA, MRO and ARO cells
s difficult to accept, since the ER� selective agonist DPN actually
ncreased DNA synthesis in the same cell types. Alternative mech-
nisms must be therefore contemplated such as the possibilities
hat cD-tboc functions as an ER� antagonist, merely utilizes ER�
s an anchor for some ER-unrelated effect, activates estrogen or
hytoestrogen membrane receptors [42] or even operates through
R-independent pathways. Finally, the possibility of extra- or intra-
hyroidal metabolism of cD-tboc to some other metabolite which
s responsible for the observed growth curbing effect in this study
annot be excluded.

In conclusion, we have shown that thyroid human cancer cell
ines originally derived from papillary, follicular and anaplastic
arcinoma express greater abundance of ER� relative to ER� and
isplay increased DNA synthesis in response to estrogenic agonists.
D-tboc, a novel synthetic derivative of the phytoestrogen daidzein
an arrest growth and induce apoptosis in thyroid cancer cells.
hese effects translate to retardation of xenografts of the anaplastic
hyroid cancer cell line ARO in vivo. The results offer a novel tool for
urther testing as a means to curb presently anaplastic and incur-
ble forms of thyroid cancer and should draw more research efforts
o ER-related strategies in thyroid cancer. Studies are underway to
etter characterize the mechanisms enabling cD-tboc to elicit such
rofound effects on thyroid cancer in vitro and in vivo.

ppendix A. Supplementary data

Supplementary data associated with this article can be found, in
he online version, at doi:10.1016/j.jsbmb.2011.04.009.
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