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Fig. 6. (A) Time course of establishing the DNA-protective state after conditioned medium transfer. Control PT cells (open
bar) were incubated for 1 h with the medium conditioned overnight on primary thyrocytes (PT) cultures (100%). Data were
pooled from two independent experiments. Similar results were obtained for BJ fibroblasts as recipient cells (data not
shown). Asterisk depicts a significant difference from the control cells (p < 0.01) for all experimental points. (B) DNA

damage in PT and BJ cells exposed to | Gy of y-rays by Comet assay. Cells were collected i

ly after irradiali

Open bars correspond to homo-CM; filled bars correspond to hetero-CM. Data were pooled from three independent exper-

iments and are shown as the mean + SE. *p < 0.001.

these data, cells were preincubated with CM for | h in further
experiments,

To verify DDD after hetero-CM transfer, an alternative
method of DNA damage detection, the DNA Comet assay,
was used, Olive tail moment, the Comet assay parameter
for assessing DNA integrity, was found to be significantly de-
creased in the cells incubated 1 h with hetero-CM compared
with that in the cells exposed to homo-CM (Fig. 6B).

Passible nature of soluble factors protecting from
radiation-induced DNA damage

To elucidate the basic properties of the soluble factor(s),
we examined the sensitivity of CM 1o heat inactivation and
proteolytic digestion.

The number of y-H2AX foci increased significantly in the
cells exposed to heat-treated hetero-CM compared with those
receiving noninactivated medium before irradiation (Fig. 7A).
The initial DDD effect of hetero-CM was reduced after heat
inactivation to such an extent that significance of difference
with the effect of regular (non-heat-inactivated) homo-CM
was Jost. The reduction was strong enough to assume that sol-
uble factors involved in DNA protection are thermolabile.

Hetero-CM treated with trypsin beads displayed a partial
but significant reduction of its DNA-protective potential, im-
plying that at least some of the factors causing DDD may be
peptides (Fig. 7B).

Effect of conditioned medium transfer in various normal
human cell lines

To examine whether DDD effect could be likewise ob-
served in normal human epithelial and mesenchymal cells
other than PT and BJ, CM transfer experiments were done us-

ing HMEC, MRC-5, and W1-38 fetal lung fibroblasts, and the
endothelial cell strain HUV-EC-C.

The DDD in PT cells was observed after the transfer of me-
dium conditioned on either of two fibroblast cell lines, MRC-
5 and WI-38, which was similar to BJ-conditioned medium
effect. On the contrary, no DNA protection in PT was seen
when CM was collected from HUV-EC-C cells (Fig. 8A).
The BJ fibroblasts displayed DDD after medium transfer
from HMEC cultures and even greater degree of DNA pro-
tection was registered when medium was conditioned on
HUV-EC-C cells (Fig. 8B). The DDD in HUV-EC-C cells
was established by the medium conditioned on BJ fibroblasts
but not on PT or HMEC (Fig. 8C), being in a perfect recipro-
cal agreement with the effects of HUV-EC-C~conditioned
medium in PT (Fig. 8A), BJ (Fig. 8B), and HMEC
(Fig. 8D) cells. Medium conditioned on PT reciprocally
evoked DDD in MRC-5 and WI-38 fibroblasts, and also
BJ-conditioned medium led 1o DDD in epithelial HMEC
cells (Fig. 8D). In these experiments the effects of fresh het-
erologous cell medium were tested in each pair of cells as
a compulsory control. In none of the combinations was any
significant influence of the fresh medium on the extent of ra-
diation-induced DNA damage in recipient cells found (data
not shown).

Conditioned medium transfer between normal fibroblasts
and human cancer cell lines

The effects of CM transfer were also examined using BJ
fibroblasts and several human cancer cell lines. Unlike me-
dium conditioned on normal thyrocytes and mammary epi-
thelial cells, CM from any of cancer cells did not produce
DDD in BJ. Furthermore there was a moderate but significant
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Fig. 7. Effects of heating and proteolytic treatment of conditioned medium on the number of y-H2AX foci in irradiated
cells (1 Gy). (A) Medium conditioned on primary thyrocytes (PT) and BJ cultures was incubated at 37°C or 56°C. (B)
Unsupplemented Dulbecco’s modified Eagle's medium (DMEM) conditioned ovemnight on BJ cells was treated with
BSA or TPCK-trypsin coupled 1o agarose beads and transferred to recipient PT cells. For the control, untreated DMEM
conditioned on PT (left open bar, 100%) or BI cells (right open bar) was used. Similar results were obtained for the medium
conditioned on PT and transferred to BJ cells (data not shown). In (A) and (B) asterisk depicts values that are statistically
significant (*p < 0.001, **p < 0,05); recipient cells are indicated above each graph. The numbers of foci in the cells pre-
incubated with appropriately treated fresh unconditioned media (abbreviated as Fr.) did not differ from those found in the
cells that received homo-CM. Data are shown as the mean + SE.

increase in the number of y-H2AX foci in irradiated fibro-
blasts (Fig. 9A). In wm, CM collected from BJ cells did
not change the extent of radiation-induced DNA damage in
any cancer cell line tested (Fig. 9B).

DISCUSSION

The rationale of this study was to explore whether interac-
tions between normal epithelial and mesenchymal cells could
modulate the extent of radiation-induced DNA damage in
one or both types of cells. At first we found that the kinetics

of y-H2AX foci formation and loss in irradiated primary thy-
rocyte/fibroblast co-cultures was not different from that ob-
served in individual cultures. Temporal changes in the
number of foci corresponded well with the results of previous
investigations in DNA repair-proficient human cells (17, 18)
and were consistent with unaltered DNA repair. Therefore
observations of the decreased number of foci in irradiated
co-cultures were suggestive of a possible cross-talk between
two types of cells resulting in DNA protection.

In confluent cultures, cells can interact using several
mechanisms, including GJIC. Involvement of this type of
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MRC-5 PT
d y-H2AX foci in various normal cells after conditioned medium (CM)
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transfer from other normal cell cultures. Recipient cells are indicated above each graph, cells used for medium conditioning
are shown below the horizontal axis. Data were pooled from two or three independent experiments and are shown as the
mean + SE. Asterisk depicts values that are significantly different (p < 0.001) from that obtained for the medium condi-

tioned on homologous cells (100%).

cell-to-cell communication in radiation response has been
demonstrated in a number of studies. Its role is important at
low radiation doses in both exposed (19) and bystander cells
(20, 21) in which GJIC increase radiation-induced damage.
At higher doses GJIC may have a protective effect in cultured
human (22) and rat (23) cells. In line with the latter observa-
tions, the DNA-protective influence of functional GJIC was
observed in our experiments. When GJIC was inhibited,
DNA damage increased. However the extent of changes
produced by lindane, a GJIC blocker, in irradiated individual
cell cultures and co-cultures did not suppont a possible
DNA-protective role of GJIIC in epithelial-mesenchymal
cell cooperation,

Further experiments with conditioned medium transfer
provided evidence of the involvement of paracrine soluble
factors in the DNA-protective effect. Surprisingly the effect
was found to take place very rapidly. The DDD was observed
even after minutes of cell pre-exposure to hetero-CM before
irradiation. Such short-term incubation rules out changes in
gene expression and puts forward other, perhaps biochemical

or functional, alterations of the cell state as a major mecha-
nism of the protective effect, at least in its initial phase.
Described so far in the literature, radiation effects in cell co-
cultures are long term and represent mostly cell survival as
the endpoint (1-5). During days of incubation, changes in
gene expression induced by paracrine cytokines and growth
factors that may affect cell clonogenicity or viability are likely
to occur, In this regard, the rapid augmentation of cellular po-
tential to protect DNA from radiation after hetero-CM transfer
seems to use a different strategy; instead it bears a
resemblance to the action of radioprotectors that exen their
protective role by preventing the formation of reactive spe-
cies, scavenging radiation-induced radicals, stabilizing target
biologic molecules, or reinforcing damage repair (24).
Taking into account the rapid establishment of the DNA-
protected state, unaltered kinetics of DNA repair and the de-
creased level of radiation-induced DNA damage in the comet
assay, one may speculate that facilitated ROS trapping could
be the underlying mechanism. Of note, the DDD effect of
conditioned medium amounted to 35% to 50% of the total
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Fig. 9. The relative number of radiation-induced y-H2AX foci in normal fibroblasts and epithelial cancer cells after recip-
rocal conditioned medium transfer. (A) Medium conditioned ovemight on confl cul of c ponding cells (indi-
cated below horizontal axis) was transferred to BJ fibroblasts, Irradiation with | Gy of y-rays was done | h later. Medium
conditioned on primary thyrocytes (PT) cells was used as a control; “"Fresh™ indicates unconditioned medium used for
culturing cancer cells. Asterisks depict values that are significantly different (*p < 0.001, **p < 0.05) from that obtained
for the medium conditioned on BJ cells (100%). (B) Medium conditioned on BJ fibroblasts was transferred to recipient cells
(indicated below the horizontal axis). Open bars indicale results obtained after the transfer of medium conditioned on ho-
mologous cells (100%), filled bars, on BT fibroblasts. (a, b) Data were pooled from two independent experiments and are

shown as the mean + SE.

DSB number for the cell combinations tested. This may im-
ply that inactivation of ROS is restricted to certain types of
those; but what kinds of species are neutralized, and through
which processes, remain to be determined. In particular it
would be necessary to elucidate the relationship of the
DNA-protective effect with the intracellular antioxidant sys-
tem, especially with the nuclear redox state,

The experiments that showed that soluble factors eliciting
DDD were thermolabile and sensitive to proteolytic digestion
point to the peptide nature of at least some of them. It is at-
tractive to hypothesize that certain cytokines acting in a para-

Epithelial cells
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Fibroblast

crine manner can initiate a cascade of signals resulting in the
DNA-protective effect. Some growth factors and cytokines,
such as hepatocyte growth factor/scatter factor (HGF/SF)
(25) and transforming growth factor—§ (26), have been
shown to induce rapid changes in cell signaling machinery
within minutes after addition to the culture medium. Interest-
ingly the above cytokines (25, 26) as well as epidermal
growth factor (27), vascular endothelial growth factor (28),
platelet-derived growth factor (29), and integrins interacting
with extracellular matrix (30, 31) can also generate reactive
oxygen species that mediate corresponding biologic effects.
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Fig. 10. A proposed network of interactions between different types of cells in a tissue of parenchymal organ which pro-
tects DNA from relatively high, clinically relevant doses of radiation, Major components of the DNA-protective effect are
gap junction intercellular communication and soluble factors produced by epithelial and mesenchymal cells that recipro-
cally affect counterpart cells in a paracrine manner. The occurrence of soluble protective factors (A, B, C, D) assumes the
existence of sensors in responding cells (A, B,, C,, D,). Such network may be operating in the permanently turned on back-
ground mode and represent a part of innate system protecting DNA of normal cells from genotoxic agents.
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Whether such or similar oxidative signals may trigger cellular
antioxidant defense system during a short time remains to be
established in further investigations. At the moment it is dif-
ficult to sort among possible mechanisms of the effect and to
identify candidate protective factors, as more extensive ex-
perimental evidence is required to narrow the range of possi-
ble networks.

Another important point of our findings was the reproduc-
ibility of the DNA-protective effect of hetero-CM. Both pri-
mary thyrocytes and mammary epithelial cells on one hand,
and several lines of diploid fibroblasts on the other, were re-
ciprocally effective against genotoxic effect of radiation.
Such consistency might be indicative of the universality of
the DNA-protective effect of normal epithelial/stromal cell
interaction. Yet not all types of mesenchymal cells could pro-
tect DNA in epithelial cells. For example, soluble factors de-
rived from endotheliocytes did not adapt primary thyrocytes
and mammary epithelial cells to radiation exposure and, in
tum, DNA in these cells could not be protected by the me-
dium conditioned on primary thyrocytes or HMEC cells.
By contrast, DNA of endothelial cells was protected by fibro-
blast-derived factors in a reciprocal manner. Perhaps factors
eliciting the DDD are cell-type specific, as recapitulated in
Fig. 10.

It is also worth noting that there was no DNA protection
when the effect of conditioned medium transfer was exam-
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ined in the cancer cells/normal fibroblasts systems. Cancer
cells are known to undergo dramatic changes in the spectrum
of expressed genes and in metabolism as compared with their
normal counterpants. Perhaps some of such changes may re-
sult in the loss of ability to produce factors protecting DNA in
stromal cells and, vice versa, to sense or react on paracring
protective factors. Several previous studies have demon-
strated that genetic alterations in tumor-associated stromal
cells may be a frequent event in human cancers (32-34).
The lack of protective signals from transformed epithelium
may contribute to facilitated mutagenesis of stromal cells
and may be part of the mechanism by which a permissive t-
mor microenvironment is formed.

As a whole, our results demonstrate that normal epithelial
cells display the principal difference from cancer cells and re-
ciprocally protect fibroblasts from DNA damage. Different
types of normal mesenchymal cells can also protect each
other from DNA damage, presumably through soluble fac-
tors. We believe this propensity may be used for protection
of DNA in normal tissues surrounding the tumor during radi-
ation therapy or in other circumstances involving anticipated
radiation exposure. Provided that the effect described in the
present work is explored in greater details and major factors
causing it are identified, targeted pharmacologic approaches
to selective protection of normal cell from genotoxic stress
might become possible.
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Nuclear factor ¥B (NF-xB), as an antiapoplotic factor, cru-
cially affects the out of being one of
the major culprits of resistance to chemotherapy. In tl:ul

firmed by cell survival assay; Western blotting for poly (ADP-
ribose) polymerase, caspase 3, X-linked inhibitor of apoptosis,
and survivin; and flow eytometry for annexin V. Furthermore,
wealsod strate for the first time that the combined treat-

study, we investigated whether dehydroxymethylepoxyq
nomicin (DHMEQ), a novel NF-«B inhibitor, can enhance an-
titumor activities of taxanes in mpluhc thyroid cancer
(ATC) cells. T induced NF-xB activation in ATC cells,
which could ise the therap ‘4' nﬂecl. ofun d.rup.
However, DHMEQ, by inhibiting the of
NF-xB, d the DNA hi.nding oapaclt.iea of
NF-xB and lowered the levels of nuclear NF-xB p Com-
pared with single treatment (either taxane or ‘DIIMEQ) the

combined treatment strongly potentiated apop , con-

ment showed significantly greater inhibitory effect on tumor
growth in a nude mice xenograft model. These findings sug-
gest that taxanes are able to induce NF-«xB activation in ATC
cells, which could attenuate antitumor activities of the drugs,
but inhibition of NF-xB by DHMEQ creates a chemosensitive
environment and greatly enh tosis in t treated
ATCm]hhv!bnmdmvimMDmeum
attractive therapeutic strategy to enhance the response to tax-
anes in ATCs. (Endocrinology 149: 5357-5385, 2008)

UCLEAR FACTOR B (NF-«B), named because it was
first found to be a nucleoprotein able to bind to the
enhancer region of the Igk light chain gene, controls the
expression of numerous gene products that play crucial roles
in cell survival, angiogenesis, and carcinogenesis. In normal
cells, NF-«B is strictly regulated, whereas in cancer cells, it is
often constitutively activated to a high level (1). More im-
portantly, NF-B activation in cancer cells has been proven
in many studies to be one of the major culprits of resistance
to chemotherapy (2, 3). NF-B is typically a heterodimeric
complex composed of Rel family proteins p50 and p65. It
usually resides in the cytoplasm in an inactive form due to
its association with its inhibitor IxB. A number of extracel-
lular signals can lead to NF-«B activation through the phos-
phorylation and degradation of IkB. Then liberated NF-xB
translocates to the nucleus, binds to specific promoters, and
regulates target gene expression.

First Published Online July 24, 2008
Abbreviations: ATC, Anaplastic thyroid cancer; DHMEQ, dehy-
d:ox}meﬁylepuxqu:\onudn DMSO dimethylsulfoxide; FITC, fluo-
IxB,

ibitor of NF-xB; NF-xB, nuclear factor-«B;
P}\RP poly (J\DP ribose) pﬂl

rase; TBST, Tris-buffered saline/0.1%
Tween 20; WST, water-soluble tetrazolium salt; XIAP, X-linked inhibitor
of apoptosis.

Endacrinology is published monthly by The Endocrine Society (hitp://
www.endo-society.org), the foremost professional society serving the
endocrine community,

Taxanes (including docetaxel and paclitaxel) break the
equilibrium of microtubule polymerization by preventing
tubulin depolymerization during mitosis, thus impairing cell
proliferation in tumors. Taxanes have been used for several
malignant tumors in clinics. Because no effective systemic
treatment has been established for anaplastic thyroid cancer
(ATC), taxanes could be a promising candidate. In fact, pac-
litaxel has been confirmed to be effective in ATC cells in vitro
(4). However, it has been reported that taxanes also induce
NF-xB activation in different types of malignant cells (5-10).
Along with other reasons of intrinsic or acquired chemo-
therapy resistance to taxanes, such as -tubulin mutations,
different B-tubulin isotypes or multidrug resistance gene
expression, this taxanes-induced NF-«B activation also at-
tenuates the antitumor effect of the drugs and contributes to
chemotherapy resistance (11).

NF-«B inhibitors have been considered as an appealing
and target-oriented approach to deal with chemoresistant
issue. A number of NF-xB inhibitors have been reported to
be effective. Most of them, including curcumin (5, 12),
genistein (13-15), parthenolide (16-18), BAY 11-7085 (9), and
PS-1145 (6), act as [«B kinase (IKK) inhibitors. Dehydroxym-
ethylepoxyquinomicin (DHMEQ), a NF-xB inhibitor de-
signed from the structure of an antibiotic epoxyquinomicin
C, inhibits NF-xB nuclear translocation (19, 20) as well as
SN50 (21). It has been shown that DHMEQ is nontoxic and
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effective for ATC cells both in vitro and in vive (22). As
pointed out, DHMEQ inhibits NF-«B activity and up-reg-
ulates proapoptotic signaling in ATC cells, whereas nor-
mal thyroid epithelium cells are relatively resistant to the
drug (22).

To our knowledge, there has been no study investigating
the effect of docetaxel on ATC cells using an animal model.
Docetaxel has been generally reported to be more effective
and also less toxic than paclitaxel. Here we demonstrate that
docetaxel is effective for ATC cells in vitro and in vivo. Fur-
thermore, in a combined regimen, DHMEQ could greatly
optimize the therapeutic effects of taxanes in ATC cells.

Materials and Methods
Reagents

Racemic DHMEQ was dissolved in dimethylsulfoxide (DMSO)
(Wako Chemicals, Osaka, Japan) at a stock concentration of 10 mg/ml
and then stored at —20 C. Docetaxel and paclitaxel (Wako Chemicals)
were dissolved in DMSO at a stock concentration of 1 ma for in vitro
experiments, and for in vive experiments, docetaxel was dissolved at 20

Meng et al. * Combination of DHMEQ and Taxanes in ATC

mg/ml. SN50 was purchased from Calbiochem (San Diego, CA). An-
tibodies were obtained from the following sources: anti-p50 polyclonal,
péS polyclonal, survivin pol and f-actin monodlonal from Santa
Cruz Biotechnology (Santa CA) and anti-IxBa polyclonal, X-linked
inhibitor of apoptosis (XIAP) polyclonal, poly (ADP-ribose) polymerase
[FARI’) pollyclﬂuL cleaved caspase 3 polyclonal, antirabbit IgG, and
d secondary antibod-

ies from Cel.l Signaling Ted'mnhgy (Bweﬂy, MA).

Cell culture

Human ATC cell lines ARO and FRO were initially provided by Dr.
James A. Fagin (University of Cincinnati, College of Medicine, Cincin-
nati, OH). KTC-2 cells were from Dr, Kurebayashi (Kawasaki Medical
School, Kurashiki, Japan) (23). All cells were grown in RPMI 1640 (Sigma
Chemical Co., 5t. Louis, MO) supplemented with 5% fetal bovine serum
and 1% (wt/vol) penicillin/streptomycin (Sigma) in a 5% CO, humid-
ified atmosphere at 37 C.

Cell survival assay

Cell s {100 pal, 3000 cells per well) were added to each well
of a 96- plate and incubated for 24 h before treatment. Solutions
containing various concentrations of taxanes and/or DHMEQ or SN50

ARO Docetaxal FRO Docetaxel ARQ Paclitaxel FRO Paclitaxel
120, 120. 1204
* [ control [Jcontrol CJcontrol [ Jcontrol
Bl 2nM B 20M 2 2nM == 2nM
100 EZZA 4nM 100. EZZ34nM 100 EZA40M 100 EZZA4nM
LI 10nM [IID 10nM o lg:n :g":
frrr »‘?’H n
#80 EZ2400M ¢ 59 2 I ®80
gso 360 gso geh 60
3 ] % f-
a0 © 40 Cadl 8"0
20 20 204 | .- FE 3 20
0 0 77 IS 77 a
24 hours 24 hours 24 hours 24 hours
ARO DHMEQ FRO DHMEQ ARO 3Drugs FRO 3Drugs
) control [ conirol
120 " 120 [ control 120 = Docetaxel 4nM 120, i Docetaxel AnM
= 2pg/ml ) 2ug/mi Paclitaxel 4nM Paclitaxel 4nM
100 -‘ 100 ZZZduomi 100 [IID OHMEQ 10pgml  100) [ DHMEQ 10pg/mi
ot o“"’","l [T 10pg/m! 2] Docetaxel+DHMEQ o DocataxeHOHMEQ
| -+ | E=3 Padiitaxel+DHMEQ
BB 20ugm 4 g 222 20pgimi # 60 EZ3 Paclitaxel+DHMEQ Fo | 5
g 60 2 60 g
] k-1
o o
3 40 40
20 20
0 ol

24 hours 24 hours
andior DHMEQ on ATC cells. Viabilities of FRO and ARO cells exposed to indicated concentrations of

24 hours
ic effect of
docetaxel, paclitaxel, andior DHMEQ for 24 h were determined by WST assay as described in Materials and Methods. Bars represent the mean +
8D of four wells. Similar results were obtained in at least three independent experimentas.

Fig. 1. Cytot
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were added to each well in 11 ul medium, with four wells used for each
concentration. In the control wells, DMSO was added, and the final
concentration of DMSO in any well did not exceed 0.2%. After incuba-
tion, a water-soluble tetrazolium salt (WST)-based assay was imple-
mented as follows: first, old medium was aspirated, then 50 ul fresh
RPMI 1640 was added, and finally 5 ul CKK-8 solution (Dojindo, Osaka,
Japan) was added to each well and incubated for 60 min at 37 C. ODs
were measured at 450 nm in a microplate reader ImmunoMini NJ-2300
(System Instruments, Tokyo, Japan).

Preparation of cell extracts

For total cell extracts, adherent cells were washed twice with ice-cold
PBS, scraped with a rubber policeman, collected in 1 ml PBS, and cen-
trifuged for 3 min at 1000 rpm at 4 C. The pellet was then resuspended
in 100 ul lysis buffer [20 mm Tris-HCI (pH 7.5), 1 mm EDTA, 150 ma
NaCl, 0.5% Triton X-100, 50 mm NaF, 10 mm sodium pyrophosphate, 1
mm sodium orthovanadate, and 2 mm phenylmethylsulfonyl fluoride)
containing g::m inhibitor cocktail (Roche Diagnostics, 1, Swit-
zerland), After incubation for 20 min on ice, the lysate was centrifuged
for 15 min at 14,000 rpm. The supernatant was stored at —80 C until use.
Nuclear extracts were prepared according to the method of Andrews
and Faller (24) with some modifications. In brief, attached cells were
harvested, washed with ice-cold PBS, mr‘mded in 400 pl buffer A [10
mu HEPES (pH 7.9), 10 mm KCl, 1.5 mm 2, 0.5 mu dithiothreitol,
0.5 mm phenylmethylsulfonyl fluoride, and 0.1% Nonidet P-40] and
incubated on ice for 20 min. Nuclei were pelleted by centrifugation for
5 min at 14,000 rpm, resuspended in 40 pl buffer C [20 mm HEPES (pH
7.9), 420 my NaCl, 1.5 mm MgCl,, 1 mu dithiothreitol, 0.2 ma EDTA,
0.5 mum phenylmethylsulfonyl fluoride, and 20% glycerol], incubated on
ice for 20 min, and centri for 15 min at 14,000 rpm at 4 C. The
supemnatant was also stored at —80 C. Protein concentrations were
determined with a bicinchoninic acid assay reagent kit (Sigma).

DNA-binding assay

The multiwell colorimetric assay for active NF-xB was performed as
described previously (25, 26). Briefly, equal amounts of nuclear extracts
were incubated in a 96-well plate coated with immobilized oligonucle-

FiG. 2. Combined effects were also observed in cells with
wild-type p53 or in cells treated with SN50. Viability of
indicated cells to 4 nM docetaxel andbor 10 pg/ml
DHMEQ or 50 pg/ml SN50 for 24 h were determined by
WST assay as described in Materials and Methods. Bars
represent the mean and s of four wells. Similar results
were obtained in at least three independent experi A
P < 0.05 vs. other groups.
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otide containing a NF-«B consensus binding site. NF-xB binding to the
target oligonucleotide was detected with primary antibody specific to
bunit and h dish peroxid jugated secondary anti-
y. For quantification of activity, ODs were measured at 450 nm using

a microplate reader ImmunoMini NJ-2300.

Western blotting

Equal amounts of protein were separated by SDS-PAGE in 10 or 15%
Eolyacry]amide gels. Proteins were transferred onto nitrocellulose mem-
ranes (Pall Corp., Ann Arbor, MI) by semidry blotting. Membranes
were blocked with Tris-buffered saline /0.1% Tween 20 contain-
ing 1% nonfat dry milk for 60 min at room temperature. After washing
three times with TBST, membranes were incubated with appropriately
diluted primary antibodies at 4 C overnight. After washing three times
with TBST, the blots were incubated with h dish peroxidase-con-
jugated species-specific secondary antibody for 1 h at room tempera
and then again washed three times. Then the compl were visuali
in an LAS-3000 imaging system (FUJIFILM, Tokyo, Japan) by using the
enhanced chemiluminescence reagents (Nacalai Tesque, Kyoto, Japan).

Flow cytometry analysis with the annexin V/propidium
iodide staining

Adherent cells were harvested by gr&lsmmmn and 4 % 10° cells
were double stained with fluorescein isothiocyanate (FITC)-conjugated

in V and propidium iodide for 15 min at room temperature in a

Ca®*-enriched binding buffer (Apoptosis Detection Kit; Wako Chemi-
cals) and then analyzed on a Fag%mtage SE System flow cytometer
(BD Biosciences, San Jose, CA), FITC and propidium iodide emissions
were detected in FL-1 and FL-3 channels, ively. Analysis was
done with CellQuest software (BD Biosciences).

In vivo xenograft model

All procedures involving animal experiments and their care in this
study were conducted in accordance with the principles and procedures
outlined in the Guide for the Care and Use of Laboratory Animals at

1101 KTC-2
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90+
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50+
40+
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Cell number, %
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Nagasaki University. FRO cells (5 % 10%) resuspended in RPMI 1640
were injected sc into both flanks of 6-wk-old male BALB/c nu/nu mice
(CLEA Japan, Tokyo, Japan), six animals per group. Then they were
randomly assigned into four groups. The tumor sizes were measured
each alternate day with calipers, and tumor volumes were calculated
according to the formula a? X b X 0.4, where a is the smallest tumor
diameter and b is the diameter perpendicular to a. DHMEQ, diluted in
mem(nmll},wummdipnud ose of 6 mg/ for 14 d,
beginning from d 5 after tumor implantation. diluted in the
same way, wasm,ecledlpatidnsenmegfkgmd 5and 12 Combined
treated mice were given both drugs. Control group mice received vehicle
injections only. For two more weeks, tumor size was monitored, and
body weight, feeding behavior, and motor activity of each animal were
used as indicators of general health.

Statistical analysis

All data are expressed as the mean = sp. Differences between grou
were examined for statistical significance w:lh one-way ANOVA fol-
lowed by Tukey's post test. A P value not exc g 0.05 was consi 1
statistically significant.

Results
Cytotoxic effect of taxanes and/or DHMEQ on ATC cells

Because both paclitaxel and DHMEQ have been reported
to have cytotoxic effects on ATC cells, whereas normal thy-
rocytes exhibit significantly lower sensitivity to them (4, 22),
in the current experiment, we first determined the proper
concentrations of the drugs to use. FRO and ARO cells
were treated with different concentrations of docetaxel,
paclitaxel, and/or DHMEQ for 24 h, and then a cell sur-
vival assay was done. Survival rates of ATC cells showed
an inverse relationship to the dosage of any drug (Fig. 1).
For in vitro experiments, concentrations of taxanes and
DHMEQ were determined as 4 nm and 10 ug/ml, respec-
tively. As shownin Fig. 1, the combined treatment strongly
enhanced the growth-inhibitory effect compared with sin-
gle treatment (Fig. 1).

Combined effects were also observed in cells with wild-type
p83 or in cells treated with SN50

Because both ARO and FRO cells harbor a TP53 mutation,
we used KTC-2 cells also derived from ATC but having no
TP53 mutation (our unpublished data) to check the effect of
the mutational status of TP53. As shown in Fig. 2, the com-
bined treatment also showed significant enhancement com-
pared with single treatment. We next used SN50, another
NF-xB inhibitor, to confirm the effect of the combination.
Although SN50 was shown to inhibit nuclear translocation of
NF-kB, nuclear factor of activated T cells and activator pro-
tein 1 at a high concentration (210 pg/ml) (27), lower doses
of SN50 (37.5 pg/ml) selectively inhibited NF-«B transloca-
tion (28). In both ARO and FRO cells, the combined treatment
(docetaxel and SN50) similarly enhanced growth inhibition
(Fig. 2), suggesting that inhibition of NF-xB activation in-
duces a taxane-sensitive environment in ATC cells. Note that
the effect of SN50 was smaller than that of DHMEQ. This is
probably due to prolonged c-Jun N-terminal kinase activa-
tion by DHMEQ, whereas SN50 did not activate c-Jun N-
terminal kinase signaling. We have reported this in a pre-
vious paper (22).
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Fio. 3. Taxanes induce NF-xB activation, and DHMEQ inhibits the
effect. A, DNA-binding assay. FRO cells were preincubated with or
without 10 pg/ml DHMEQ for 1 h and then treated with 4 nu do-
cetaxel for 24 h. Nuclear extracts were prepared, and DNA-binding
assays were done as described in Materials and Methods. Bars rep-
resent the mean * sp of three wells. Similar results were obtained in
three independent experiments. B, Western blotting. FRO cells were
treated with 4 nM docetaxel and/or 10 ug/ml DHMEQ for the indicated
times, and then total cell lysates (for IxBa) or nuclear protein extracts
(for p60 and p65) were examined using the u:ld.lcatﬂd |:|rmm.l]|I anti-
bodies, Similar results were obtained in three i experi-

ments. C, Western blotting. The indicated cells were treated with 4
nM™ taxanes andbor lﬂuw'm]DIﬂEQ for4 h, nndthennm:!u.rprﬂem
extracts were d for i i subunit of NF-«xB by Western
blotting. Similar results were cobtained in three independent
experiments.
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Effects of taxanes and DHMEQ on NF-xB in ATC cells

To examine the effects of taxanes on NF-xB signaling in
ATC cells, we performed a DNA-binding assay using nuclear
extracts from drug-treated FRO cells, which have already
been reported to a high level of constitutively active
NF-«B (29). The cells were treated with docetaxel for 24 h,
and during this time course, the binding activity of nuclear
p65 was gradually increased (Fig. 3A). However, if the cells
were pretreated with DHMEQ for 1 h and then exposed to
docetaxel, the level of p65 was suppressed, especially during
the first 8 h (Fig. 3A). We also checked IxBa expression
after the treatment. Consistent with our previous data (22),
DHMEQ treatment decreased IxBa protein level. NF-«B is
known to bind the I«B promoter and activate its synthesis,
and therefore the inhibition of NF-xB by DHMEQ probably
suppressed de novo synthesis of I«Ba. Presumably, for the
same reason, IxBa expression after treatment with docetaxel
was not dramatically reduced (Fig. 3B). On the other hand,
nuclear p50 and pé5 levels were clearly suppressed by
DHMEQ treatment at 4 h but recovered at 24 h, mostly
consistent with the result of DNA-binding assay (Fig. 3, A
and B). The amount of nuclear p50 and p65 was slightly
increased in the paclitaxel as well as docetaxel group but
decreased in the DHMEQ and combination treatment groups
inboth ARO and FRO cells (Fig. 3C). These results confirmed
not only the phenomenon of taxane-induced NF-«B activa-
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tion but also that DHMEQ can inhibit the effect, just as
DHMEQ has been reported to prevent unstimulated, TNF-
a-induced or chemotherapeutic agent-induced accumula-
tion of NF-«B subunits in cancer cell lines (20, 22, 30-32).

Both taxanes and DHMEQ can induce apoptosis

Because cleavages of caspase 3 (a key executioner of ap-
optosis) and PARP (a main cleavage target of caspase 3) are
characteristic indices of apoptosis, we examined their
changes by Western blotting. After treatment with taxanes or
DHMEQ for 24 h, any agent induced cleavage of PARP (p89)
and caspase 3 (p19 and p17) (Fig. 4, A and B), consistent with
previous reports (22, 33-36). The cleaved PARP and caspase
3 levels were further increased by the combined treatment,
suggesting that more ATC cells underwent apoptosis (Fig. 4,
A and B). During the 24-h time course of the treatment with
docetaxel, the level of cleaved PARP and caspase 3 was
gradually and slowly increased up to 24 h (Fig. 4C). On the
other hand, pretreatment with DHMEQ for 1 h caused both
cleavages much earlier and even stronger (Fig. 4C).

Synergistic apoptosis detected by flow cytometry

To further confirm the effects of combined treatment on
apoptosis, the cells were treated with the drugs for 16 hand
then double stained with FITC-conjugated annexin V and
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B-actin e S “—— —
Fic. 4. Effect of taxanes and DHMEQ on
PARP cleavage and caspase 3 activation. A B
and B, Indicated cells were treated with the Paclitaxel o M = 0w
indicated drugs for 24 h (4 nM taxanes andlor Docalaxel - I
10 pg/ml DHMEQ), and whole-cell lysates DHMEQ . R G A
were examined by Western blotting for PARP
{A) and caspase 3 (B). C, FRO cells were pre- -
incubated with or without 10 ug/ml DHMEQ rrio | et P = e
for 1 h and then treated with 4 nu docetaxel Caspased p17
for the indicated times. Whole-cell lysates B-actin S S S —
were examined by Western blotting for PARP
and caspase 3. A-C, p-Actin was used as a Caspased p19 . -,
loading control. Similar results were obtained ARO Caspam? p17 .
in at least three independent experiment B-actin — —— — — —
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propidium iodide. Although either drug slightly induced  stitutive high levels and taxanes-induced XIAP and survivin

apoptosis, combined treatment synergistically increased ap-  expressions can be successfully suppressed by DHMEQ, con-

optosis (Fig. 5). sistent with our previous reports (4, 22) and papers from
others (31, 38).

Western blotting of antiapoptotic factors

XIAP and survivin, belonging to the human inhibitors of : ; ;

apoptosis (IAP) faily, are target genes regulated by NE-vB, T RO TR
and they are overexpressed in many cancers (1, 37). We tested

whether taxanes and/or DHMEQ modulate the expression of Toexplore the effects of the combined treatment in vivo, we
these antiapoptotic gene products. Besides high basal levels ~ used an animal xenograft model inoculated with FRO cells.
of XIAP and survivin in ATC cell lines, taxanes further in- As shown in Fig, 7, treatment with either drug was able to
creased their levels (Fig. 6). However, when treated with delay tumor growth, but the effect of the combined treatment
DHMEQ), their levels were markedly reduced to even less ~ with DHMEQ and docetaxel was far greater, with three lo-
than basal level (Fig. 6). These data indicate that both con-  cations (in two mice) remarkably having no apparent tumor.
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Fic. 6. Effect of taxanes and DHMEQ on antiapoptotic factors. In-
dicated cells were treated with 4 nM taxanes andlor 10 ug/ml DHMEQ
for 24 h, and whole-cell lysates were ined by Western blotting for
XIAP (A) and survivin (B). B-Actin was used as a loading control.
Similar results were obtained in at least three independent
experiments.

During the course of the therapy, no changes in behavior and
body weight were observed.

Discussion

Although taxanes have been shown to possess powerful
cell-killing abilities in a variety of cancer cells including ATC
(4), they have also been repaorted to induce NF-«B activation
in several types of malignant cells, including breast (5,17, 18),
ovarian (9, 12), prostate (13, 16), pancreatic (8, 14), gastric (7),
and lung (39) cancers. The present data showed that taxanes

Fic. 7. Effect of docetaxel and DHMEQ 1000
in FRO tumor xenograft model. FRO cells
(5 % 10% were implanted as described in
Materials and Methods. DHMEQ was in-
jected ip at a dose of 6 mgked for 14 d,
beginning on d 5 after tumor implanta-
tion. Docetaxel was injected ip at a dose
of 5 mg/kg ond 5and 12. Combined treat-
ment mice were given both drugs. Con-
trol group mice received vehicle injec-
tions only. In control groups, tumors did Tumor

not appear at three locations (in two implantation
mice) until d 32, Data are presented as T

the mean * 5D of 12 tumaors (in six mice).

* P < 0.06 va. any other group. 0

1

Tumor volume (mm3

== combine
~&= DHMEQ
1200 =4 Docetaxel
== control

Docetaxel Docetaxel
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induced NF-xB activation in ATC cells as well. NF-xB acti-
vation mediates survival signals that counteract apoptosis
and could greatly compromise the therapeutic effect of tax-
anes. Adjuvant attempts to inhibit NF-xB and increase the
therapeutic efficacies of taxanes have been reported for all of
the above mentioned cancer cell lines. However, there have
been no reports regarding a NF-xB inhibitor in an adjuvant
setting with taxanes for ATC cells. We demonstrated in the
current study that although taxanes induced NF-«B activa-
tion in ATC cells, DHMEQ could effectively inhibit the trans-
location of NF-xB, suppress antiapoptotic factors, and
greatly enhance apoptosis. We also showed for the first time
that a combination of DHMEQ and docetaxel was much
more effective in the inhibition of tumor growth than
monotreatment in nude mice xenograft models.

As a selective NF-xB inhibitor, DHMEQ is able to decrease
transcription of many antiapoptotic genes and then lower the
threshold of triggering apoptosis. Therefore, when used in
combination with subtoxic concentrations of chemothera-
peutic drugs, DHMEQ could create a chemosensitizing en-
vironment in various cancers. This is especially beneficial
for tumors with intrinsic or acquired drug resistance (3).
Consistent with our findings, several studies of applying
DHMEQ in the armamentarium of anticancer therapeutics
have been carried out, and synergistic effects were shown
(32, 38, 40-42). Ruan et al. (40) used low concentrations of
DHMEQ (1.0 or 5.0 pg/ml) to enhance the sensitivity of two
head and neck squamous cell carcinoma cell lines to cisplatin,
and synergistic cytotoxic effects were observed. Poma et al.
(32) used DHMEQ as a sensitizing agent in hepatic cancer.
DHMEQ (5.0 pg/ml) also exhibited synergy with cisplatin,
decreasing the levels of prosurvival genes and IL-6 produc-
tion. Horie ef al. (41) used DHMEQ (5.0 pg/ml) in combi-
nation with fludarabine to treat chronic lymphocytic leuke-
mia. DHMEQ abrogated both constitutive and induced
NF-B activities and enhanced fludarabine-induced apopto-

|

DHMEQ

0 2 4 6 B8 1 12 14 18 18 20 2 24 26 28 30 R M

Day
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dampening the effect of taxanes. DHMEQ blocks taxanes-induced
NF-xB activation, and together ml.h its own cell-killing effect, cancer
cell apoptosis is greatly enh

sis. Besides, the combination of DHMEQ (10 pg/ml) and
interferon-y has been reported to synergistically inhibit renal
cancer cells” proliferation (38). Very recently, Jazirehi et al.
(42) tested combinations of DHMEQ with several chemo-
therapeutic drugs in non-Hodgkin’s lymphoma. The wild-
type cells were pretreated with DHMEQ (10 pg/ml),
whereas the rituximab-resistant clones were pretreated with
a higher concentration of DHMEQ (20 pg/ml). All cells were
then incubated with subtoxic concentrations of paclitaxel,
adriamycin, cisplatin, vincristine, and etoposide and then
subjected to DNA fragmentation assay to measure apoptosis.
DHMEQ chemosensitized both types of cells, suggesting that
DHMEQ successfully reversed the cells from chemoresistant
to chemosensitive.

Based on our and others’ findings, we are led to propose
a mechanistic scheme, as shown in Fig. 8, elucidating the
enhanced induction of apoptosis by DHMEQ and taxanes. In
ATC cells, dual effects of taxanes exist: they bind to micro-
tubules, impair mitosis, and induce apoptosis. However, at
the same time, they can also induce NF-«xB activation, leading
to cell survival. DHMEQ can block the nuclear transloca-
tion of NF-xB and promote apoptosis. By this mechanism,
DHMEQ can presumably modulate the balance between
pro- and antiapoptotic signals and enhance taxanes-in-
duced apoptosis synergistically.

Collectively, we presented in vitro and for the first time in
vivo evidence showing that DHMEQ could abrogate NF-xB
activation induced by the chemotherapeutic agent taxanes
and create a more favorable proapoptotic environment, lead-
ing to enhancement of the killing effect in the combined
regimen. NF-«B inhibitor SN50 also showed enhanced effects
in combination with radiotherapy, perhaps through the same
mechanism (29). Thus, DHMEQ, as an effective NF-«B in-
hibitor, could be applicable in several combination regimens.

In clinical practices, combined treatment is commonly con-
sidered to achieve better therapeutic outcome. However,
sometimes it may cause adverse side effects and systemic
toxicities, which can be devastating for advanced-stage can-
cer patients. DHMEQ, being an antibiotic derivative, has
very few side effects as shown in many in vivo experiments

Meng ¢t al. * Combination of DHMEQ and Taxanes in ATC

(30, 33, 34, 43-47), and we also reported that normal thyroid
epithelial cells are resistant to DHMEQ (22). Thus, as the
combination decreases the dosage of taxanes, it can circum-
vent the unwanted toxicity of taxanes, and above all thera-
peutic effects increase. It would be promising that the mo-
lecular target-oriented coadministration of DHMEQ and
taxanes will emerge as an attractive therapeutic strategy for
ATC patients.
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Micro RNAs (miRNAs) are non-coding small RNAs and constitute a
novel class of negative gene regulators that are found in both plants
and animals. Several miRNAs play crucial roles in cancer cell growth.
To identify miRNAs specifically deregulated in anaplastic thyroid
cancer (ATC) cells, we performed a comprehensive analysis of miRNA
expressions in ARO cells and primary thyrocytes using miRNA
microarrays. MiRNAs in a miR-17-92 cluster were overexpressed in
ARO cells. We confirmed the overexpression of those miRNAs by
Northern blot analysis in ARD and FRO cells. In 3 of 6 clinical ATC
samples, miR-17-3p and miR-17-5p were robustly overexpressed in
cancer lesions compared to adjacent normal tissue. To investigate
the functional role of these miRNAs in ATC cells, ARD and FRO cells
were transfected with miRNA inhibitors, antisense oligonucleotides
containing locked nucleic acids. Suppression of miR-17-3p caused

92-1) and located in intron 3 of the Cl3orf25 gene, is overex-
pressed in lung cancer and B-cell lymphoma ™" Enforced
expression of truncated clusters comprising miR-17-5p~19h
(miR-17-19b), the vertebrate-specific portion of the miR-17-92
cluster, accelerated tumor development in a mouse B-cell
lymphoma model, suggesting oncogenic function of miR-17-
19b. On the other hand, O'Donnell eral. have reported that
expression of oncogenic E2F1 is negatively regulated by
miR-17-5p and miR-20a, members of the cluster, implying that
they act as a tumor suppressors.''!) Thus, the function of the
cluster is still controversial.

In thyroid cancer, overexpression of several miRNAs has
been reported. He eral. have reported that three miRNAs
(miR-221, miR-222, and miR-146) are overexpressed in papillary

complete growth arrest, presumably due to casy ac
resulting In apoptosis. MIR-17-5p or miR-19a inhibitor also induced

thyroid carci (PTC) and regulate KIT expression.""¥ Another

group has also shown that miR-221, miR-222 and miR-181b are

strong growth reduction, but only miR-17-5p inhibitor led to
senescence. On the other hand, miR-18a inhibitor only mod Iy

in PTC, and inhibition of miR-221 by antisense
led to attenuation of cell growth.""? In follicular

F
li wicleotid

attenuated the cell growth. Thus, we have darified functional
differences among the members of the cluster in ATC cells. In
conclusion, these findings suggest that the miR-17.92 cluster plays
an important role in certain types of ATCs and could be a novel
target for ATC treatment. (Cancer 5S¢/ 2008; 99: 1147-1154)

Micm RNAs (miRNAs) are non-coding, single-stranded
small RNAs and constitute a novel class of gene
regulators that are found in both plants and animals."’ Mature
miRNAs, ranging from 18 to 25 nucleotides in length, pro-
cessed by two-step cleavage involving Drosha and Dicer are
thought to negatively regulate messenger RNA (mRNA). The
mature miRNA binds to target mRNA and induces its cleavage
or translational repression depending on the degree of
complementarity.® Although hundreds of miRNAs have been
already cloned, only a small number of them have been
characterized.

Recently, several miRNAs have been reported to be involved
in cell proliferation or apoptosis in various types of cancers.”*!
MiR-15a and miR-16 induce apoptosis by targeting BCL2, and
these miRNAs are frequently deleted or underexp d in
chronic lymphocytic leukemia.” Let-7 expression is reduced
in lung cancer with poor prognosis,' and inversely correlates
with expression of RAS protein, snggesling a possible
mechanism for cancer cell proliferation.”’ Compared to these
underexpressed miRNAs, miR-21 has an antispoplotic function
and is overexpressed in glioblastoma. Knockdown of miR-21 in
glioblastoma cells induced caspase activation, resulting in
apoptotic cell death.™ Thus, miRNAs can act as both tumor
suppressor and oncogene.

The miR-17-92 cluster, composed of seven miRNAs (miR-17-5p,
miR-17-3p, miR-18a, miR-19a, miR-20a, miR-19b, and miR-

dol: 10.1111/j.1349-7006.2008.00800.5
0 2008 Japanese Cancer Agsociation

thyroid cancers (FTC), miR-197 and miR-346 are significantly
overexpressed.'¥ [n vitro overexpression of either miRNA
induced cell proliferation, whereas inhibition led to growth arrest.
Very recently, Visone er al. have reported that significant decrease
in miR-30d, miR-125b, miR-26a, and miR-30a-5p was detected
in human anaplastic thyroid cancers (ACT).\"*

ATC are highly aggressive and fatal tumors with less than 8
months of mean survival after diagnosis.'® Various treatment
patterns including radiation and chemotherapy have been tried
in ATC, but they are mostly unsuccessful.''” Therefore, the iden-
tification of miRNAs involved in proliferation or apoptosis in
ATC cells has important therapeutic implications and may lead
1o establishment of a novel therapy for ATC. In the present
study, we show that the miR-17-92 cluster, which is overex-
pressed in ARO and FRO cells, has a crucial role in cell growth
and survival. These findings suggest that the miR-17-92 cluster
might be a novel target for ATC treatment.

Materials and Methods

Cell culture. We used ATC cell lines ARO, FRO," and KTC-
2 (derived from anaplastic transformed PTC);"" PTC cell lines
NPA and TPC-1;%" FTC cell line WRO;?" and PT. All cells
used in this study were of human origin. ARO, FRO, NPA, and
WRO were kindly provided by Dr G. Juillard (University of
California, Los Angeles, CA, USA). TPC-1 and KTC-2 were
kindly provided by Dr Sato (Cancer Institute, Kanazawa University,
Kanazawa, Japan) and Dr Kurcbayashi (Kawasaki Medical
School, Kurashiki, Japan), respectively. All cells (except PT)
were maintained in RPMI-1640 medium supplemented with 5%

Ta whem d should be d. E-mail: mitsu@nagasaki-u.ac jp
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fetal bovine serum (FBS) and penicillin/streptomycin at 37°C in
a humidified atmosphere with 5% CO,. PT were isolated from
thyroid tissues obtained during subtotal thyroidectomy in patients
with Graves' disease and cultured as described previously.? All
experiments were performed after obtaining hospital ethical
commitiee approval. Informed consent was obtained from each
individual,

MiRNA microarray. Small RNAs (~200 nt) were extracted
from ARO cells and PT using a mirVana miRNA Isolation Kit
(Ambion, Austin, TX, USA). Five micrograms of the small
RNAs were subjected to Custom microRNA Array Analysis Service
(hitp://www.hssnet.co.jp/e/2/2_4_5_1.lml) (Hokkaido System
Science, Sapporo, Japan). The array contained 313 oligonucleotide
probes for mature miRNA.

Northern blot analysis. Total RNA was extracted from cells
using ISOGEN reagent (Nippon Gene, Tokyo, Japan). Ten
micrograms of total RNA were separated on 15% denaturing
polyacrylamide gel and electrotransferred onto Nylon Membrane
Positively Charged (Roche Diagnostics, Basel, Switzerland).
Oligonucleotides complementary to mature miRNAs were labeled
with digoxigenin by terminal transferase-mediated 3’ end-labeling
and used as probes, The sequences of oligonucleotides were as
follows: miR-17-5p, 5'-actacctgcactgtaageactitg-3'; miR-17-3p,
5'-acaagtgccticactgeagt-3'; miR-18a, 5'-tatctgeactagatgeaccitad’;
miR-19a, 54 3, miR-19b, 5"c pgaltt-
geaca-3; miR-20a, S-ctacc:gcac:amagc;cma-}: miR-92-1,
5'-cnggcc§ggncuglgmta-3'; miR-21, §'-tcaacatcagictgataageta-
3’} let-7, 5™-gaggaglagguiglatagu-3"; miR-106a, 5’-getaccigeactglaag-
cactiit-3; miR-106b, 5-atctgeactgicageacttta-3"; SS-rRNA, §'-
ttagcticcgagaicagacga-3". The membrane was then hybridized
with hybridization mixture (0.25 M Na,HPO, [pH 7.2], | mM
ethylenediamine tetraacetic acid (EDTA), 1% bovine serum
albumin, 7% sodium dodecyl sulfate (SDS), 15% formamide,
and the labeled probes) overnight at 43 or 45°C. After
hybndization, the membrane was washed with wash mixture
(20 mM Na,HPO, [pH 7.2], | mM EDTA, 1% SDS) followed
by the washing buffer (0.1 M maleic acid, 0.15 M NaCl, 0.3%
Tween-20). After blocking with 1% Blocking Reagent (Roche
Diagnostics), the hybridized membrane was incubated with
alkaline phosphatase-conjugated anti-DIG antibody (Roche
Diagnostics), The membrane was then washed with the washing
buffer. After equilibration with the detection buffer (0.1 M Tris-
HCI [pH 9.5], 0.1 M NaCl), the membrane was incubated with
the chemiluminescent substrate CDP Star (Roche Diagnostics).
Detection was performed using a LAS3000 imaging system
(Fujifilm, Tokyo, Japan). After detection, the membrane was
stripped and used for re-hybridization a few times.

Real-time iption-polymerase chain reaction (RT-PCR).
The quantitative real-time RT-PCR for miRNA was performed
using the TagMan MicroRNA Assay System (Applied Biosystems,
Foster City, CA, USA). Briefly, 10 ng of total RNA was reverse
transcribed using a looped RT primer which is specific for cach
miRNA. The following amplification was performed using a
corresponding TagMan MicroRNA Assay Mix (Applied Biosystems)
in a Thermal Cycler Dice Real-time System (Takara Bio, Ohtsu,
Japan). The cycle threshold value, which was determined using
second derivative, was used to calculate the nonmalized expression
of the indicated miRNAs using Q-Gene software *¥

RMA isolation from human ATC samples. Human ATC tissues
and adjacent normal thyroid tissues were dissected from six
formalin-fixed paraffin-embedded (FFPE) surgically resected
samples. Total RNA was extracted using RecoverAll Total
Nucleic Acid Isolation Kit for FFPE (Ambion) according to the
manufacturer’s protocol. Briefly, lissues were collected in
microcentrifuge tubes from sections thicker than 20 pm and
deparaffinized with 100% xylene followed by washing twice
with 100% ethanol. Each sample was then digested with
protease at 50°C for 3 h. For RNA isolation, sample solution

1148

was passed through the filter cantridge provided by manufacturer,
and then DNase treatment was performed on the filter at room
temperature for 30 min. After washing several times with washing
solution, total RNA was eluted with heated nuclease free water.

Oligonucleotide transfection for suppression of endogenous miRNA.
Locked nucleic acid (LNA) and deoxytibo nucleic acid (DNA)
hybrid (LNA/DNA) antisense oligonucleotides (miR inhibitors)
were chemically synthesized by a Greiner Bio-one (Frickenhausen,
Germany). The miR inhibitors contained LNA at eight consecutive
centrally located bases (indicated by capital letters) as described
previously."? The sequences of the inhibitors were as follows:
LNA-17-3p, 5-actacctgCACTGTAAgeactg-3; LNA-17-3p, 5
acaagtGCCTTCACtgeagh; LNA-18a, 5™taicigcACTAGAT Geacctia-
3 LNA-19a, 5-tcagitTGCATAGAMmgeaca-3’; LNA-21, 5%
tcaacatCAGTCTCTGAtaageta-3’. Transfection was done using
the Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA),

Growth curves. Cells (ARQ, 3 x 10%; FRO, | = 10" cells) were
plated in each well of 24-well plates. Twelve hours later, the
cells were transfected with miR inhibitors (first transfection).
The second transfection was done at 48 h after first transfection,
At the indicated times, the cells were detached by trypsinization,
and the cell number was counted using a hemocytometer.

Imaging of caspase activation. Cells were incubated with 5 uM
DRAQS (Biostatus, Leicestershire, UK) for 10 min followed by
25 uM D2R (Rhodamine 110 bi-L-aspartic acid amide) (Invitrogen
Molecular Probes) for 15 min at 37°C. Cell images were obtained
using a LSM510 META confocal microscope (Carl Zeiss,
Oberkochen, Germany).

Senescence-associated f-galactosidase (SA-B-gal) staining. Cells
were fixed with 2% formaldehyde and 0.2% glutalaldehyde and
assayed for SA-f-gal activity using X-gal (5-bromo-4-chloro-3-
indolyl B-D-galactosidase) at pH 6.0, as described previously, 2435
SA-P-gal-positive cells were detected by bright-field microscopy.
The percentages of positive cells were determined by scoring
approximately 200-400 cells/field for each sample.

Western blot analysis. Cells were lyzed in a buffer containing
20 mM Tris-HCI (pH 7.5), 1 mM EDTA, 150 mM NaCl, 0.5%
Triton-X, 2 mM phenylmethylsulfonyl fluoride, 50 mM sodium
fluoride, 10 mM sodium pyrophosphate, 1 mM sodium ortt fate,
5% glycerol, and Complete protease inhibitor cocktail (Roche
Diagnositics). An equal amount of protein was separated by
SDS-polyarylamide gel electrophoresis and transferred onto
nitrocellulose membrane Bio Trace (Pall Corporation, Pensacola,
FL, USA). The following primary antibodies were used: anti-PARP
(Cell Signaling Technology, Beverly, MA, USA), anticaspase 9
(Cell Signaling Technology), anticaspase 3 (Cell Signaling

Table 1. Expression pattern of miRNAs in ARO compared with PT

miRNA Fold change miRNA Fold change
hsa-mir-192 16.53 hsa-let-7 1.02
hsa-mir-196a 11.95 hsa-mir-17-3p 0.98
hsa-mir-194 9.14 hsa-mir-21 0.88
hsa-mir-429 6.69 hsa-mir-145 070
has-mir-200b 628 hsa-mir-143 0.60
hsa-mir-7 6.18 hsa-mir-221 0.51
hsa-mir-10a 5.70 hsa-mir-210 0.40
hsa-mir-16 527 hsa-mir-222 0.40
hsa-mir-20a 337 hsa-mir-23a 034
hsa-mir-106b 3.26 hsa-mir-27a 0.30
hsa-mir-17-5p 2.25 hsa-mir-24 0.30
hsa-mir-106a 220 hsa-mir-199a 0.25
hsa-mir-19b 212 hsa-mir-148a 0.13
hsa-mir-18a 1485 hsa-mir-100 0.19
hsa-mir-92 1.38 hsa-mir-138 o.08
hsa-mir-19a 1.29 hsa-mir-125b 0.05

dok 10.11114,1349-7006.2008.00800.%
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Fig. 1. Expression of miiNAs in thyroid cancer cell lines. (a) Northern blot analysis for members of the miR-17-92 cluster. (b) Northern blot analysis
for other cancer-related miRNAs. (a,b) 55 ribosomal RNA (S5-rRNA) was used as a loading control. Similar results were obtained in at least two

transc

Independent experiments. (c) Real-time
level of indi

P polymerase chain reaction (RT-PCR) for miRNA with highly similar sequence. The
d mIRNA was measured as described in *Materlals and Methods'. U6 small nuclear RNA was used as an internal control,

Each bar Indicates the mean and standard error of the data collected In triplicate.

Technology), anti-RB 4H1 (Cell Signaling Technology), anti-
PTEN A2B1 (Santa Cruz Biotechnology, Santa Cruz, CA,
USA), and anti-B-actin C4 (Santa Cruz Biotechnology). The
antigen-antibody complexes were visualized using horseradish
peroxidase—conjugated antimouse or antirabbit 1gG antibody
(Cell Signaling Technology) and Chemi-Lumi One system
(Nacalai Tesque, Kyoto, Japan). The image was obtained using
a LAS3000 imaging system (Fujifilm).

DNA ag | electropharesis. Gi ic DNA was extracted
from the pellets used for protein extraction, The pellets were
incubated with 500 pL TEN buffer containing 40 mM Tris-HCl
(pH 8.0), 1 mM EDTA, 150 mM NaCl, and proteinase K at
55°C overnight. Then, DNA was extracted using the phenol/
chloroform/isoamylalcohol method and ethanol precipitation. A
total of 400 ng of DNA was electrophoretically separated on
1.5% agarose gel. Ethidium bromide was used for staining and
the image was obtained using a UV transilluminator,

Statistical analysis. Differences between ps were examined
for statistical significance using ANova followed by Fisher's
protected least significant difference. P-value not exceeding
0.05 was considered statistically significant.

Takakura ef al.

Results

Distinct miRNA expression pattern in ATC cells. To identify miRNAs
specifically deregulated in ATC cells, we performed a com-
prehensive analysis of miRNA expression in ARO cells and PT
using miRNA microarrays. Seven percent of miRNAs were
overexpressed (>2.0-fold) and 7% were underexpressed (<0.5-
fold) in ARO cells compared to PT. Fold changes of representative
miRNAs expression are listed in Table 1. All members of miR-
17-92 cluster except miR-17-3p were overexpressed in ARO cells.
With respect to cancer-related miRNAs, miR-16 was overexpressed,
and let-7 and miR-21 were expressed at an almost normal level.

Overexpression of miRNAs in miR-17-92 cluster in thyroid cancer
cell lines. Next, we performed Northern blot analysis to confirm
the microarray data and also to check the expressions of several
miRNAs in various thyroid cancer cell lines. All members of the
miR-17-92 cluster (miR-17-5p, miR-17-3p, miR-18a, miR-19%,
miR-20a, miR-19b, and miR-92-1) were robustly overexpressed
in ATC cell lines, ARO, and FRO (Fig. 1a). We also examined
some other cancer-related miRNAs. As shown in Figure 1b, let-
7 and miR-2]1 were expressed al normal to slightly lower level.

| June2008 | wol.99 | no.§ | 1143
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Fig. 2. Expression of mIH 17- 3p and miR-17-5p in human ATC Real-
time transcripf p chain reaction (RT-PCR) was
performed using IINA from six human ATC tissues {filled bars) and
paired normal tissues (empty bars), The exp level of indi
mIRNA was measured as described In ‘Materials and Methods'. U6 small
nuclear ANA was used as an internal control. Each bar indicates the
mean and standard error of the data collected in triplicate.

In ARO cells, the results of Northern blot analysis were mostly
consistent with the microarray data.

MiR-106a and miR-106b have high homologous sequence
to miR-17-5p (Fig. 3c), raising the possibility that signals
detected with the miR-17-5p probe on Northern blot analysis
were caused by cross-hybridization to miR-106a and miR-106b.
‘We thus utilized the TagMan real-time RT-PCR assay, which is
basmaﬂ’{ ble of discriminating single mi hed nucle-
otides.™ As shown in Figure lc, not only miR-17-5p, but also
miR-106a and miR-106b, were overexpressed in ARO cells, We
also observed overexpression of miR-17-3p which has no
homologous miRNA, leading to the conclusion that the miR-17-
92 cluster was bona fide overexpressed in ARO cells (Fig. Ic).

Overexpression of miR-17-3p and miR-17-5p in human ATC samples.
We next analyzed expression levels of miR-17-3p and miR-17-
5p in clinical human ATC samples and paired adjacent normal
tissue. TagMan real-time RT-PCR assay was also used in this
experiment. In 3 of 6 cases, those miRNAs were robustly
overexp {in ATC | compared to normal portions (Fig. 2).
Two cases showed decreased expression in ATC lesions, and
one case showed no change. This result suggests that the miR-
17-92 cluster is overexpressed in some types of ATCs and may
have a role in ATC pathogenesis.

MiR inhibitors abolish mIRNA expressions. The miR-17-
92 cluster has been reported to be overexpressed in certain types
of cancers; however, the function of each individual miRNA in
the cluster is still controversial. Since miR-17-19b is veriebrate-
specific portion of the miR-17-92 cluster and has been reported
to sufficiently act as an oncogene in a mouse B cell lymphoma
model,”™ we focused in greater detail on miRNAs in miR-17-
19b. To explore biological significance of the members of miR-
17-19b, ARO cells were transfected with the corresponding
miR inhibitor for the each member. Transfection efficiency was
initially assessed using flu in-isothiocyanate
DNA ohgonucleondes and fAuorescence microscope, and it was
almost 100% in our hands (data not shown). Since miRNA can
bind to target mRNA with an imperfect match, we used cells
treated with transfection reagent only as a control instead of
using scrambled oligonucleotides to avoid any unpredictable
effects, We then checked specificity of each miR inhibitor by
Northern blot analysis. As shown in Figure 3a, target miRNAs

1150

became undetectable up to 48 h after transfection and the effect
wiis sequence-specific. However, at 72 h after transfection,
the target miRNA expression was slightly restored (data not
shown). In addition, miR-20a, which has a similar sequence to
miR-17-5p (2-base difference; Fig. 3c), and miR-19b, similar to
miR-19a (1-base difference; Fig. 3c), were also undetectable in
cells transfected with LNA-17-5p and LNA-19a, respectively
(Fig. 3b). Moreover, expression of miR-106a and miR-106b,
which also have a homologous sequence to miR-17-5p (2-base
and 3-base difference, respectively; Fig.3c), were similarly
affected by LNA-17-5p (Fig. 3b). Considering that probes for
miR-106a and miR-106b probably detect all of miR-17-5p,
miR-20a, miR-106a, and miR-106b, LNA-17-5p seemed to
block all of those miRNAs. On the other hand, the expression of
miR-18a, which also shares some homology with miR-17-5p
(6-base difference; Fig. 3c), was not altered by LNA-17-5p
(Fig. 3a). Similarly, miR-20a expression was not affected with
LNA-18a (4-base difference; Fig. 3b.c).

Effects of inhibition of endogenous miRNA on ARO and FRO cell
growth, We next investigated the effect of inhibition of the
members of miR-17-19b on ARO and FRO cell growth. As
shown in Figure 4a,b, LNA-17-3p totally suppressed the cell
growth, and many detached cells were also observed (data not
shown). LNA-17-5p and LNA-19a also dramatically inhibited
the growth (Fig. 4a,b). In contrast to LNA-17-3p, detached cells
were barely deiected with these miR inhibitors (data not
shown). On the other hand, the growth reduction by LNA-18a
was moderate, and LNA-21 did not affect at all (Fig. 4a,b). In
ARO cells, LNA-17-5p, LNA-17-3p, LNA-18a, and LNA-19a
suppressed the growth in a dose-dependent fashion, and the
inhibitory effect by LNA-17-3p at lower concentration (e.g.
10 pmol/well) was far greater than that of any other miR
inhibitors (Fig. 4¢).

LNA-17-3p induces apoptosis. Since cell detachmenis were
exclusively observed in cells transfected with LNA-17-3p, we
next explored the mechanism of growth inhibition by each miR
inhibitor. We first investigated caspase activation using a D2ZR
substrate after transfection with miR inhibitors. D2R is a cell-
permeable non-fluorescent derivative of rhodamine 110. Upon
enzymatic cleavage by caspases, this substrate is converted into
fluorescent rhodamine 110, enabling us to measure the caspase
activity in living cells. Cells were simultaneously stained with
DRAQ-5 to evaluate nuclear morphology. As shown in Figure 5a,
intense activation of caspases was found only in the cells
transfected with LNA-17-3p. Nuclear apoptotic changes, such
as fragmentation or chromatin condensation, were also observed
(Fig. 5a, arrowheads). Despite the significant growth reduction
by LNA-17-5p or LNA-19a (Fig. 4), there was no caspase
activation in cells with those inhibitors (Fig. 5a). We then performed
Western blot analysis to check the activation of caspase 3 and 9,
key mediators of apoptosis. As shown in Figure 5b, both caspases
were most clearly activated by LNA-17-3p. LNA-17-3p also
caused cleavage of PARP (Fig. 5b) and DNA Ffragmentation
(Fig. 5c), supporting the evid of apoptosis induced by
LNA-17-3p,

LNA-17-5p induces cell senescence, We then examined SA-f-gal
activity in ARO cells transfected with miR inhibitors. Senescent
and/or terminally differentiated cells are known to show
enlarged granular phenu!ype and to possess SA-[-gal activity at
pH 6.0.%% As shown in Figure 6ab, the number of SA-p-gal-
positive and enlarged cells was significantly increased in cells
treated with LNA-17-5p but not with LNA-17-3p or LNA-19a.
This finding suggests that one of the mechanisms of growth
inhibition by LNA-17-5p is senescence- -like growlh arrest.

LNA-17-5p and LNA-18a induce exp of i
1 (RB1) and PTEN, respectively. To explore further mex:hmurns of
the growth arrest by LNA-17-5p and LNA-19a, we also checked
protein expression of tumor suppressors RB1 and PTEN after

doi: 10.1111/),1343-7006.2008 00800 x
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Fig. 3. Suppression of miRNA by miR inhibitors. (ab) ARO cells were transfected with indicated miR inhibitors. Total RNA was extracted at

indicated time-points and subjected to Northern blot ana

lysis using ind
of h

icated probes. 55-TRNA was used as a loading control. Similar results were

logous miRNAs are shown. An asterisk indicates mismatched base.

obtained in at least two independent experi {c) Alig

transfecion with those miR inhibitors. RB1 and PTEN have
been predicted to be targets of miR-17-5p (miR-20a, miR-106a,
and miR-106b) and miR-19a (miR-19b), respectively.”” As
shown in Figure 7, the expression of RB1 and PTEN was clearly
ine d in cells fected with LNA-17-5p and LNA-19a,
respectively.

Discussion

The miR-17-92 cluster located on the C/3orf25 gene has been
reported to act as an oncogene in cooperation with MYC in B-
cell lymphoma.” On the other hand, O’'Donnell efal. have
reported that MYC directly binds to the cluster locus and
regulates the transcription of miR-17-92 pri-miRNA. MiR-17-
5p and miR-20a, members of the miR-17-92 cluster, negatively
regulate the expression of E2F1 which promotes cell-cycle
progression. This finding suggests that these miRNAs have tumor
suppressor activity.!"! These two studies seem to contradict each

Takakura er al.

other. However, E2F1 is reported to ind poptosis when the
level of this protein is excessive.”” Since MYC also directly
induces E2F1 transcription, this mechanism may be present to
achieve efficient cell proliferation by tightly regulating the E2F1
expression. Thus, the overall consequence of overexpressing the
miR-17-92 cluster probably depends on cellular environment
and level of target mRNA expression.

In the present work, we have shown the clear overexpression
of miRNAs in the miR-17-92 cluster in ATC cell lines and some
of the clinical ATC cases. We have also revealed their growth-
promoting effects using miR inhibitors. Contrary to our
findings, Visone er al. have recently reported that no miR was
overexpressed in 10 human ATC samples using microarray
technique."'® This discrepancy could be due to their method of
analysis in which mean of fold change was calculated and the
cut-off of two-fold was applied. In addition, it is generally
observed that differences in expression level measured by
microarray are usually smaller (underestimated) than actual
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