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ABSTRACT

Ukeain is a reaction product of different alkaloids from Chelidonium majus L. {celandine)
conjugated with thiophosphoric acid. It has immunoregulatory effects on T lymphocyte
subsets and cytoloxic and cytostafic effects on various malignant cellgs Although Ukrain
has been reporied to induce allerations in the celi cycle ond mbul' ; fization, the

and their effecis are regulated by this 1ranscnphon factor,
perticipotion in the apoptofic effects of Ukrain. :

Ukrain induced apoplosis in a ponel of cancer cell ki
death pathway, as demonstrated by the cleavage of ¢
cleavage of caspase 3. The effect was reversible, sipic
were needed, os verified by clonogenic assays. ¢
activaled NF-x B. Nevertheless, this activatio
the Ukrain effect: neither blockage of activati
or a Bcl-3 siRNA, nor activation of the, gall
response fo the drug.

tn conclusion, Ukrain induced a
intrinsic pathway. In contras
reguloted by NFx B.

‘aporter assays showed that Ukrain
i fequired for, and did not modulate,
by dominant negative version of Ik-B o
y By overexpression of IKK2, changed the

sigin Hela cervical concer cells by activating the
lineoplasic drugs, the effects of Ukrain were not

INTRODUCTIO

:bS-(Slm,Gb, I,Zba)]'ﬁb,ﬁ,?’,l 2b,13, i 4—hc:xahyd r0-13-methyl{1,3]

. The mu_hamsm of action of Ukrain remains uncertain. Exposure of cancer cell lines to
is compound results in growth inhibition concomitant with cell gycle arrest in Go/M.

This inhibidon is associated with altered expression of mirotic gyclins A and Bl and of
cyclin-dependent kinases CDK1 and CDK2 and the CDK inhibitor p27 is upregulated.4
Panzer et al. found thar Ukmin inhibits wbulin polymerizadion, leading to impaired
microtubule dynamics, resulting in activation of the spindle checkpoint and thus a
metaphase block. ln addition, Ukram has been found w0 decrease the synthesis of DNA,

RNA and proreins,® and to inhibir cellula oxygen consumption.” Ukeain can induce
apoprosis in cancer cells in viero®®? and in vivo!® by a mechanism independent of changes
in bel-2 or bax expression.? There are owo characterized signal pachways leading to apoptosis:
the death recepror and the mitochondrial pathway. Both ate orchestrated by the activation
of caspases, a family of conserved proteases that cleave crucial cellular substrates. The
mitochondrial pathway s characrerized by the telease of mitochendrial cytochrome c o
the cytosol where, together with the adaprer protein APAF-1 and procaspase 9, it assembles
the apoprosome, a multiprotein complex.!t This complex induces the activation of
caspase 9, which cleaves and acrivares downstrearn caspases that cleave 2 broad spectrum
of cellular targets, resulting in the wypical apoptotic morphology. Caspases are in tutm
regulated by a conserved group of cellular inbibitors, the Inhibirars of Apoprosis Proteins
{1APs).!1? The IAPs must be downregulated or inhibited to allow activated caspases to
cleave their substrates. ! A key component of steady-state IAP regulation is the transcription
factor NF-k B. This imporeant regulator induces the tanscription of several antiapoptotic
facrors including XIAP, 1AP-T and IADP-2.1* NF-x B is commonly upregulated in cancer
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cells, 017 so several amempts are currently
underway to block its activation in order A
to render cells more suscepuible to anu-
neoplasic treatments. *%32 More recentdly, &

a proapoptotic role for NF.x B has been § N
demonsrrated in various medels, through @
the upregulation of death receptors such

as CD93L, TNF and TRAIL and of 3
transcriptional factors such as p53 and |+ T P
C-myc, 42,28 Tl Ukiain {nglal)

Although it has been reporied thac
Ukrain induces alterations in the cell cycle
and tubulin polymerizacion, the specific
cellular target has not been identified. Since
antincoplasic agents induce NF-x B and
their effects are regulated by this transcrip-
tion factor?? we investigated the partici-
pation of NF-x B in the apoprotic effects
of Ukrain.

% Viabilly
g

&

MATERIALS AND METHODS

Cell lines and culture. Cell lines were
obtained from the American Type Culoure
Coliection (ATCC). Cells were maintained
as & monolayer at 37°C and cultured in
Dulbeceo’s modified Eagle medium con-
1aining 8% (v/v) fetal bovmc serumn in a
hunud:ﬁui atmmphcrt with 5% (viv) . .
carbon dioxide in air. In order © generate a transgenic cell line
defective in the canonical NF-x pathway, we Lr.ms&ctcd Hela cells
with plasmid vectors containing a wild type or a dominant-negative
Ik-B {mutated at secine 32 and 34), kindly provided by P Bacuerle,
The $32/36 mutation prevents ubiquirinadon and degradagion of
Ii-B protein and, thus blocks the activation of NF-x B. Cells were
then selected and analyzed (see bedow). Cells were thereafter termed
HeKB (wild type [x-B) and HMeKS32 (fx-B murtated ar $32/36}. To
generare cells in which the padhway is consditucively activated, Hela
cells were transfecred with a plasmid vector conmining the TKK2
sequence; it has previously been shown thae overexpression of this
kinase induces constizutive activation.®® To penerate stable cell lines,
cultures were selected with G418 for 4 weeks. Cells were thercafter
referred as HelKK. In crder to avoid clonal variation, six clones were
pooled and tested for rranspene expression and NF-x B rsponsiveness.
In order to obuwin a cell line defective in Bel-3, we rmransfecred
HEK293 cells with a plasmid (pSIREN, Clontech) conmaining the
sequence for producing a double stranded 23 basc pair siRNA
direcred against Bel-3; under the control of an UG promoter. Afier
seleccion and screening, retroviral supernatants were collected, titrated
and stored in liquid nitrogen. To genenate the HeBel3- cell line, ten
miilion Hela cells were infected ar a muldpliciey of infecdon of 1 x
107, selecred for 4 weeks with G418, cloned and six clones pooled. All
cell culture reagents were obtained from Invirrogen (Frederick, MD).

Cellular viability and cytotoxic effects. Cells were seeded in
24 chamber dishes at the density described and exposed 1o several
concentrations of Ukrain for 24 or 48 hours. The concentrations
used to determine the [C,; ranged from 1 to 100 pg/ml. For che rest
of the experiments, the 1(.,:0 value ar 48 hours was used (40 pg/ml).
The cells were then fixed in 70% ethanol at -20°C, washed in PBS
and stained with cryseal violet (1% in warer). After washing, the

deviations.
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Figure 1. Effects of Ukrain an cell lines. A} Viability of Hela cells exposed to various cencentrations of
Ukrain fer 48 {3) or 24 [@) hours, expressed os percentage of cells exposed to vehicle [deionized
water]. Other panels: viability of human colon cancer SW480 cells {8), human renat carcinoma
HEK293 cdlls [C), human cervical cancer Hela cells (D), human osteosarcoma MG-63 cells {E} and
immortalized human KTERT fibreblasis
calculated from four independent experiments each performed by iriplicate. The bars represent standard

{F} exposed tc 40 pug/mi Ukrain for 48 hours. The means were

stain was solubilized in 33% acetic acid and the absorbance was
derermined in an ELISA reader at 570 nm. Clonogenic assays were
performed as reported previously?” The analyses vrere performed at
least in toiplicate in four independent experiments.

Nudear staining, Cells were fixed with cold ethanol at 70% for
15 min and prewreated wicth RNAse {10 ug/ml) in PBS for 30 min at
37°C. The nuclei were smined with ethidinm bromide (5 pg/ml) in
PBS and washed twice with-PBS. Finally, che cells were visualized
with a Zeiss microscope using epifluorescence and photographed
with a digizal carnera (Nikkon 4500).

Western blot analysis. Cells were washed with ice-cold phosphare-
buffered saline and total extracts were prepared by lysis in 500 pl of
Laemmli buffer, sonication for 20 scconds and cenuifugation at
8000 x g for 30 minuces at 4°C. Equal amnounts of protein were
separated and elecrrophoresed on an 8-15% SDS-polyaceylamide
gel {PAGE). After wransferring ro 2 PVDF merbrane {Amersham-
Phacmacia, UK} and blocking in nonfar mitk for 1 hour, the blot was

- incubated with monoclonal or monaspecific polv«.lonal antibodies

against caspases 8, 9 and 3, IxB o, Bcl3 and actin (Sanm Cruz
B;otedmolog}, CA, USA), Afcer washing, the blots were reincubated
for 2 houss with & mouse of and-rabbit IgG-IRP antibedy (Amersham-
Pharmacia, Ui}, Antbody binding was determined using enhanced
chemiluminiscence (Amersham-Pharmacia, UK) with X-Omar AR
films (Kodak, México).28

Gene reporter analyses. To measure NF-x B activity, we established
a HeLa cell line derivative {hereafter termed HeNFR) in which the
plasmids pNF-kB-Luc and  pBK-CMV {Stratagene CA) were
cotransfected using Lipofectamine 2000 (Invictogen, MD) in a 10:1
ratio, selected for 4 weeks in G418 (Inviteogen, MD), cloned and
pooled. HeNFR cells were tested for linear acrivation of the reporter
and reproducibility using H,0, and TNF-¢ exposure {not shown).
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The cells were exposed to Ukrain for the times
deseribed and NF-x B activity was analyzed
by the luciferase assay system (Promega, WI),
using a micraplate luminometer as described
by the manufacturer. All experimenes were
performed in triplicite in three independent
CXPEriMSTS.

Stadstical analysis. Dara arc expressed as
means + SD from at least three independent
experiments pecformed by riplicate. A
Student’s £ test was used tw compare individual

T

T TR TR B P 250
Inftial Seeding {Cells x 10°)

250 BG 10
Inifiat Seeding (Cells x 10%

"5 Tos ot data with control value. For western blot
densitometric analyses, a Banfertoni ¢ test was
used. A probability of p < 0.05 was taken as

'
=
3

’y

ol

Colony number

1004

56 10 3 )
initial Seeding (Cells x 10%

250

denoting a significant difference from control
dara.

RESULTS

To determine whether Ukeain induces
apoptosis in cancer cells, we exposed Hela
cells to several concentrations (1 to 100 ugfml)
of the compound for 24 or 48 hours. As
shown in Figure 1, Ukein induced a marked
dose and time-dependent decrease of viability.
To examine the gencrality of this effect, we
tested several other cancer cell lines (Fig. 1,

Figure 2. Effects of Ukrain on clonoganic survival of selected cancer cell lines; Cells exposed for 18 .
hours lo the calculated IC g, Ukrain conceniration {8} for each cell fine, or to vehicle {0), were
assayed for colony forming copability ofter 2 weeks, as described in Material and Methods.

(A} Hela calls, (B} HEX 293 cells, [C) MG-63 cells.

Fiqure 2. Morphology of Hela cells expesed for 48 hours to a 40 pg/ml
cancentration of Lkrain. {4) and (8), phuse confrast micrascopy. [C} and (D],
nuclei stained with ethidivm bromide and visualized by fluorescence
micrascopy. Original magnification x40,
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and other dam not shown). Sensitivity to
Ukrain, defined as the relative decrease of
cellular viability, varied among cell lines, from
an IC;; 0f 43 £ 6 pg/mlin Hela cells 10 78 +
9 pglml in SW480 colon cancer cells.
Interestingly, nonsransformed fibroblasts
{(hTERT cell linc} were insensitive to the drug. The cyrotoxic effect of
Uktain on sensitive cell lines depended on cell confluence, suggesting
that it might be modulared by the cell cycle or cell-cell conrace
{Fig. 1). Unexpectedly, clonogenic assays using different doses of
Ukeain for less chan 24 houts failed to show a reproducible death
ctfect on several cancer cell lines (Fig. 2), indicating a requirement
for long time exposure to the drug. To derermine whether the
decrease of viability in cells exposed to Ukrain for 48 hours was due
10 apoptosis, we analyzed cellular and nuclear morphology using a
fluorescenc assay. Figure 3 illusteates the cyrosolic condensation,
membrare convoiution and nuclear condensation and fragmentation
seen in cells cxposed to Ukrain, typical of apoprotic cell deach.
Similar results were found in all the cell lines analyzed (not shown).

During apoptosis, cell death is executed by the cleavage-dependent

- activation of caspases. Caspases comprise two distinct classes, the

initiators and the effectors. Initiator caspases § and 10 mediate death
factor-mediated or extrinsic apoptosis, whereas caspase 9 mediates
intrinsic or mitochondria-regulated apoptosis.’* To identify the
mechanism of apoptosis induced by Ukrain, we performed western
blor anatyses of caspases 8 and 9 and the effector caspase 3 in Hela
cells exposed to the drug, Figuee 4 shows thar Ukeain induced cleavage
of the caspasc 9 precursor, with a concomitant increase in effector
caspase 3 proeein and cleavage of its proform. As expected in view of
the previously-reported dependence of antineoplasic agents on the
intrinsic celi death pathway®® caspase 8 was nor cleaved. These
results clearly show that Ukrain induces apoptasis in cervical cancer
cells by acivating the intrinsic cell death pathway.

2006; Vol. 5 Issue 7
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NF-x B is a phiotropic transcription factor with a crucial
and coraplex regulatory rofe in apoprosis. It mediares an A
ancrpoptonc signal in response to a wide range of stimuli, KDo
including chemotherapeuric drugs.**** Depending on the
celtular coneext, this signaling can either tmpair the response
to the death stimuli or be superseded by death signaling.
Paradozically, recent reports show that NF-xk B can also
induce apoptosis in certain cells by inducing the exrinsic
deach pathway.** To assess the importance of this cascade in
our model, we used a gene reporter assay 1o determine the
raie of NF-x B transcription in cells exposed to Ukrain.
Figure 5 shows thar the deug induced NF-x B activarion, as
indicated by the increased enzymartic activity of the reporter
protein, secreted alkaline phosphatase. To test whether
NF-x B activation modulated the cellular response 1o
Ukrain, we created four transgenic Hel a cell lines. [elK$32
expresses a dominane negarive version of Ik B ct and is thus
unable to activate the. canonical NF-x B pathway; HeKB

M3 dBhn

Cospase 3

Laspnse §

Cospuse 8

Adin

overexpresses a wild type Ix-B o procein; HeBel3- is o stable
derivative with defective Bel-3, a positive modulator of the
noncanonical NF-x B pathway; and finally, HelKI cells
overexpress IKICZ, the main activaring kinase of the canonical
NF-x B pathway.?® When these cells were exposed to Ulcrain,
we found thar blacking the canonical {e.g., HekKS32 and
HeKB} or non canonical {e.p., HeBel3-) NF-x B transducton
pathways did not increase the cytoroxic effects of the drug
{Fig. 6). as would be expecred from previous reports in which classical
antineoplasic agents were used.? In agreement with these results, we
found that the opposite approach, that is, activating the NF-x B
cascade by IKK2 averexpression, did not change the tesponse 1o the
drug (Fig. 6). All these resulrs show that, even when NF-x B is acti-
vated after Ukrain exposure, this rransduction pathway neither
participates nor modulates the cytotoxic sesponse o the dreug,

DISCUSSION

Ukrain is a novel ‘semi-synthetic compound thar has received
attention because of its possible usc as an effective cancer drug?!
Nevertheless, its mechanism of action remains elusive, Inidally, changes
in oxygen consumption were found,?* along with  requirement for
the metabolic redox chain, bue no direce cause-cffect relationship
was shown berween these changes and the cytotoxic effects. Liepins®
repotted that Ukmin induces twe modes of cell death in K562
leukernia cells, one comparible with apoprosis and the second with
mitotic crisis. The induction of apoprosis by Ukrain in vitro has
been further demonstrated in Chinese Famster Ovary cells,? prostate
cells? and epidermoid cancer cells, including vulvar and cervical.?
Reduction in DNA, RNA and protein synthesis and inhibition of
wbulin polymerization have been observed after exposure to
Ukzain,® but no dicect relationship berween these cellular effects
and cytoroxicity has been demonstrated. In the present paper we
found that Ukrain induced apoptosis in cervical, enlonic and kidney
cancer cells, but not in a nontransformed cell fine dedved from human
fibroblasts. The effect required long exposuee to the compound, since
the clonogenic sensirivity assays requited more than 24 hours ta cufrure
1o show reproducible death. This accords with the report of Panzer
etal.,? who found that the antimitotic effects of Ukrain were reversible.
Although the exact reason for this phenomenon is currently
unknown, the doubling time of the Hel.a celf line (22 + 0.2 hours
in our laboratory) and confluence-dependent modulation of the

www.landesbioscience.com
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Figure 4. [A) Representative western blots of Caspases 8, 9 and 3 in Hela cells
exposed fo 40 pg/ml Ukrain for the fimes shown. [C) Densitometric analysis of
cleaved caspase 3. {8] Densitometric analysis of precursor caspase 9. These results
were derived from triplicae experiments and normalized using densitometric analysis
far actin. The bars represent standard deviations. *p < 0.5 by Bonferroni T4est,
individual values comperad to control.
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Figure 5, MP-x B aclivity in cells exposed to Ukeain. Hela cells were exposed
to Ukrain and NF B fransactivating aetivity was assessed by gene reporter
assays, as described in Matarial and Metheds. Luciferase activity is presented
as refalive values of promoler activify. Experimants were performed by
triplicate. The bars reprasent standard deviotions. "p < 0.5 by Bonferroni

Test.

effect of Ukrain (Fig. 1} could indicate a cell cycle requirement for
the actior of the drug.

As expected in view of reports on other antineoplasic drugs,’?
apoptosis induced by Ukrain was mediated by the intrinsic pathway,
as demonstrated by the cleavage of caspases 9 and 3. This is alse

- supported by the data of Roublevskaia et al.,¢ who demonstrared

that overexpression of Bal-2, a regulator of the mitochondrial pathway,
impaired responsiveness 1o Ukrain.

Alteradions in rubulin polymetization by andneoplasic drugs
usually involve the participation of the extrinsic pathway, as exem-
plified by paclitaxel, an anticancer compound thar also targers
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Figure 6. Efizct of NF-xB inhibition on cytetoxic effects of Ukrain.
{Aj Heta cell line, or stable Hela derivative HeBcl3., which expresses
a siRNA for Bel3; HeK3, expressing kxB; HeKS32, which expresses
an kB negative dominant; and HelKK, which averexprasses IKK2;
wers expased fa the [C gy of Ukrain for 48 hours and viability veas
assessed as described in Materiol and Methods. Experiments were
performed in triplicate in three independent assays. The bars represent
standard deviations. {D) Western blot assays of Bck3 {upper panel]

3
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% Viability from control
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and aetin fower panel] in HelBcl2- cells to demonstate the sffect
of Bek3 siRNA. (B} Western blo: assays of IxB & {upper panel] and
actin {lewer panel} in HeK8 cells to demonsirate expression of the
ransgene. {D} Western blot assays of ixB o fupper panel} and actin
{lower pangl] in HeKS32 cells to demonstrate expression of the
ransgene. {C} Wesiern blat assays of IKK2 e« lupper panel] and actin
(lowrar panel) in HelKX to dzmonsirate expression of the fransgene.
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microtubules. This drug induces the death recepror {DR)-mediated
apoptotic pathway in Hela cells, involving TRAIL-dependent
activation of caspase-8, as well as the mitochondrial-mediated
pathway.?? Since we found no activarion of caspase 8, participasion
of the extrinsic pathway in our model is excluded. Alshough further
investigation is necessary, our tesults coudd fndicate a secondary role
for wbulin as the main tacger for Ukrain, as suggested by others?
NF-% B is 2 pleiorropiec traascription factor that modulates celtular
processes such as proliferation and cell death in response o externat
and inkernal sumuli such as cytokines and growth factoss, inflam-
smation and stress. It is one of the mosy important antapoptotc
factors, as demonserated by the embryonic lechaliey induced by
massive liver apoptosis in knockout mice deficient in the RelA
companent of NF-k B.%® This effect is mediated by dicect upregulation
of several proteins that inactivate caspases (EAPs), block eitochondeial
selease of apoptogenic factors {Bel-2 family members) or displace
caspase 8 from the death-inducing signalling complex (FLIP and
isoforms). Recently, it has been shown that NF-k B regulates not
only antizpoptotic signals bue also proapoprotic signals chrough the
regulation of death receptors and death recepror ligands such as
CPosL, TNF and TRAIL {for a review see Ref. 23) This further
complexity in the regulation of apoprosis by NF-x B probably
depends on additional cross-calking cellular factors that allow for
specific spatial and temporal ouccomes in multiceliulr organisms.™
Indeed, it has been shown that manscription factors such as $p1i¢
and TAF(I1)105% can bind to the same promoter site as, or interact
directly with, NF-k B, regulating izs specificity and activity, In view
of the previously reported immunomodulatory effects of Ukrain™i*
and the fact chat NF-« B plays 2 very important role in innate and
adaptive immunity.*? we reasoned thar this factor could be mediating
or at least regulating the response to Ukmin in cancer cells. In the
present report, we show for the first tme that even when Ukrain
activates NF-x B, this activation docs not modify the drug response.
This follows from the observarion that neither blockage of canonical
NF-x B, which relies on Ix-B degradation and the release of proto-
typic p50/p65 homodimers, nor the depletion of bel-3, which is
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required for the transactvation activities of noncanonical p50 and
p52 homo or heterodimers, inhibited the acdon of Ukrain. In support
of chese data, constitutive activation of the canonical pathway,
induced by overexpression of irs main activator, IKK2,%? did not
change the responsiveness o the drug, These novel results showing
the activation of NF-x B, along with tecent reports demonstrating
the immunoregulatory effects of Ukeain on T lymphocyte subsets
and on the antitumor effect of NK ceils,»32 provide new grounds for
investigating whether NF-x B regulation could also be responsible
for the immunomodulatory effects of Ukeain,

In conchusion, we have shown that Ukrain induces apoptosis in
cancer cells by aciivating the intrinsic death pathway by a mechanism
that doss not depend on the activation of NF-x B.
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