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Potent Antitumor Activity of 2-Methoxyestradiol in Human
Pancreatic Cancer Cell Lines

Guido Schumacher, Masafumi Kataoka formation model (3). Inhibition of cell growth after 2-ME treat-
Jack A. Roth, and Tapas Mukhopadhyay mentin vitro has been shown due to induction of apoptosis (4).

Department of General Surgery and Transplantation, Charite Campus .. Apoptosis, or programmed .Cell.death, Is an active, gene-
Virchow Klinikum, Augustenburger Platz 1, 13353 Berlin, Germany directed form of cell death that is different from cell necrosis

[G. S.]; First Department of Surgery, Okayama University Medical ~ with respect to its morphology, biochemistry, pharmacology and
,\S/ICPIIOOLI Okgyaﬂ:a 70%—09141, Ja;ian f[1\4.hK-]; and Sae((::tiog_of Thorlﬁlcic biological significance. Many types of mammalian cells un-
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Surgery [J. A R., 9T3_/’M_] gnd Tumor Biology [J. A. R.]. The dergo apopt_05|s_ d_urlng _normal development or in response to a

University of Texas M. D. Anderson Cancer Center, v_arle_ty of stimuli, including DNA damage, growth factor dep-

Houston, Texas 77030 rivation, and abnormal expression of oncogene or tumor sup-
pressor genes (5-7). Apoptosis is a widely accepted, important
mechanism that contributes to cell growth reduction. 2-ME has

Abstract been shown to induce apoptosis in a number of different cell
We examined the effect of 2-methoxyestradiol (2-ME) types (4, 8, 9).
on the growth and tumorigenesis of human pancreatic can- The present study was undertaken to explore whether

cer cells. 2-ME inhibited the growth of these cell lines (50— 2-ME induces apoptosis in pancreatic cancer cell lines, which
90%) in a dose- and time-dependent fashion, and terminal  exhibit aggressive clinical behavior. We studied the effect of
deoxynucleotidyl transferase staining showed that itinduced 2-ME on the growth in culture of four pancreatic cancer cell
apoptotic cell death. Flow cytometric analysis indicated that  lines and its effect on the metastatic behavior of MIA PaCa-2 in
2-ME-sensitive cells showed a prolonged S phase after 48 h mice. Most of the pancreatic cancer cell lines appeared to be
of treatment. We used a mouse model foin vivo studies of  highly sensitive to 2-ME-mediated growth inhibition and under-
lung metastasis and injected MIA PaCa-2 cells into the tail went apoptotic cell death. Although the molecular mechanism of
veins of nu/nu mice; lung colonies were formed. Mice given  2-ME action is not yet clearly understood, it appears to have
oral 2-ME showed 60% inhibition in the number of lung potential as a therapeutic agent.

colonies compared with control, untreated animals. These
results suggest that 2-ME may have clinical application for

. Materials and Methods
the treatment of pancreatic cancer.

Cell Lines and Tissue Culture. Four human pancreatic
. cancer cell lines were used for these studies (PaTu 8902, PaTu
Introduction 8988t, and PaTu 8988s cell lines were kindly provided by Dr.

2-ME,® a metabolic byproduct of estrogen, is produced by Hans P. Elsasser, University of Marburg, Berlin, Germany: 10,
sequential hepatic hydroxylation and methylation from parent|1y. They were grown in DMEM containing 5% heat-
compounds (1) and is present in human blood and urine (1, 2jnactivated fetal bovine serum, 5% heat-inactivated horse se-
It has been reported recently that 2-ME inhibits endothelial cellrum’ glutamine, antibiotics, and antimycotics. The cell line MIA
proliferation and angiogenesis in &n vitro capillary tube  paca-2 (American Type Culture Collection, Rockville, MD)
was grown in high-glucose DMEM supplemented with 10%
heat-inactivated fetal bovine serum, glutamine, and antibiotics.

Cell Proliferation Assay. Cells were seeded at a density
The costs of publication of this article were defrayed in part by the of 2 X 10° cell§lwel_l in 24-well plates.. on the.next day, cell_s
payment of page charges. This article must therefore be hereby markef€r€ treated with different concentrations of either 2-ME or its
advertisemenin accordance with 18 U.S.C. Section 1734 solely to inactive analogue 16-epiestriol (ranging from 0.01 to
indicate this fact. concentrations). Cells were fed every 2 days; treated cells were

" This S}“gy was partially (S“gg‘;rted gy G,ralr_“ 'ZSO'CNOQOZ from thehreplenished with fresh drug. Cells were harvested every other
National Cancer Institute (NCI) for a Specialized Program of Researc - ! L
Excellence (SPORE) in Lung Cancer; by a Development Grant fromday‘ Cell growth was monitored first by trypsinizing the cells

NCI for The University of Texas M.D. Anderson Cancer Center and then by staining them with crystal violet and counting
SPORE in Lung Cancer (to T. M.); by gifts to the Division of Surgery stained cells using a hemocytometer. All experiments were done
and Anesthesiology from Tenneco and Exxon for the Core Laboratoryin triplicate.

Facility; by NCI Support Core Grant CA16672 to The University of Cell Cycle Analysis. Cells were treated with different

Texas M. D. Anderson Cancer Center; by a grant from the Mathers . . .

Foundation; and by a sponsored research agreement with Introge?\o"lcemrat!cmS of 16'6p'esq'°|_(MEC) or 2-ME for 24 hj The
Therapeutics, Inc. concentration of 2-ME that inhibited growth by 50% (i in

2 To whom requests for reprints should be addressed, at The Universitthe proliferation assay was determined (1uB1 for MIA

of Texas M. D. Anderson Cancer Center, 1515 Holcombe Bivd., Boxpaca-2, 2uM for PaTu 8988t and PaTu 8902, and AW for
109, Houston, TX 77030, Phone: (713) 792-6932; Fax: (713) 794-4901p, .1 | aqggq)  After washing with PBS, subconfluent cultures
3 The abbreviations used are: 2-ME, 2-methoxyestradiol; TdT, terminal )- 9 . roE

deoxynucleotidyl transferase; TUNEL, TdT-mediated dUTP biotin Were harvested from 100-mm diameter dishes after 24 h of

nick-end labeling. treatment with 2-ME or 16-epiestriol (used as inactive control of

Received 7/30/98; revised 11/16/98; accepted 11/19/98.
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Table 1 Percentage of cells in different cell cycle positions after treatment with 2-ME

PaTu 8902 PaTu 8988t MIA PaCa-2 PaTu 8988s
Control MEC 2-ME Control MEC 2-ME Control MEC 2-ME Control MEC 2-ME
G, 37.5 37.5 19.8 44.0 40.8 24.7 55.7 55.0 37.3 51.8 53.5 73.9
S 435 46.1 57.9 38.5 40.2 69.8 38.3 35.8 49.3 31.4 31.0 15.2
G,/IM 19.0 16.4 22.3 17.5 19.0 5.5 6.0 9.2 134 16.8 155 10.9
aMEC, 16-epiestriol.
250 30} PaTu 8988t
= PaTu 8902 5 259 =~ Control
<, 2004 —&- Control e —e- METSuM
< -8 MET 5uM = 20]
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2 —+— MET 1uM £ 15 —¢— MET 3uM i N
§ 1004 o METOAM | 3 0] o MET 2uM Fig. 1 Proliferation assays of
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—— MET 0.1uM . h
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3 0 s s doses of 2-ME. Cell numbers
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ays ;
group are shown. An increase of
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3 20 —B- MET 2uM 5 {50! 4 MET 10uM ter treatment with 1Gwm 2-ME.
= 15 —6— MET 1uM z —B- MET 5uM
O Lo —— MET 0.1uM 3 1004 —~ MET 1uM
54 53
[ - 3 T
Days Days

2-ME used in Table 1 and Fig. 3), fixed in 70% ethanol, andringer Mannheim, Indianapolis, IN) f® h at37°C. The reac-
stored at 4°C until use. Fixed cells were incubated with 50tion was terminated by incubation in transferring buffer (300
rg/ml of propidium iodide and 1@Q.g/ml of RNase A at 37°C  mm sodium chloride and 30 msodium citrate) for 30 min at
for 30 min. Cell cycle analysis was done using an EPICS Profileroom temperature. After a wash with PBS, the slides were
Il flow cytometer (Coulter Corp., Hialeah, FL). Data were incubated with 2% BSA for 10 min at room temperature. The
analyzed using the Coulter Cytological program. All experi- slides were then incubated with 1:10 peroxidase-conjugated

ments were repeated at least two times.

tect apoptotic cellin situ, as described previously (12). Briefly,

streptavidin (Dako Corp., Carpinteria, CA) for 30 min at room
TUNEL Assay. A TUNEL assay was performed to de- temperature, washed with PBS, and stained with diaminobenzi-

dine for 2 min at room temperature. The cells were counter-

cells were seeded in chamber slides (Becton Dickinson, Franklistained with Harris hematoxylin (Sigma Chemical Co., St.
Louis, MO). Brown cells were considered to be apoptotic. Seven
cells/chamber. In the treatment group, the cells were incubatefields in every chamber were counted, and the average percent-

Lakes, NJ). The cells were set up in chamber slides at110°

with 2-ME (1.5 pm for MIA PaCa-2, 2um for PaTu 8902 and
PaTu 8988t, and 1@wm for PaTu 8988s). Control and treated

age of brown cells was calculated.
In Vivo Experiments.

Twenty female athymic mice,

slides were then fixed in 1:1 ethanol and acetone for 20 min a#t—6 weeks of age, were used for our studies. To reduce immune
—20°C. Next, endogenous peroxidase was blocked with methfunction further, animals were irradiated with 350 rads from a
anol containing 3% KO, for 15 min at room temperature. The **’Cs source. The next day, 70—80% confluent MIA PaCa-2
samples were incubated with 0.1% Triton X-100 and 0.1%cells were trypsinized, washed once in HBSS, and resuspended
sodium citrate at 4°C for 2 min. For positive controls, slidesin PBS. One hundregl containing 3x 10° MIA PaCa-2 cells
were treated with 0.25 units/L DNase | for 20 min. Control and were injected into the mice, through the tail veins, to induce

treated slides were then incubated in TdT buffer [3Q firis lung metastases. The animals were randomly grouped into two
(pH 7.2), 140 nm sodium cacodylate, and 1mtobalt chloride]  groups of 10. 2-ME was dissolved in 2% DMSO of olive oil to
and covered with 100 units/ml TdT (Life Technologies, Inc., obtain a solution containing 1 mg of 2-ME in 50. 2-ME was
Gaithersburg, MD) and 0.2wnbiotinylated 16-dUTP (Boeh- administered p.o. using an intubation needle. The animals were
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PaTu 8902

Fig. 2 Cell cycle analysis of cell lines after

24 h of treatment with 2-ME. The concentra-

tions corresponded to the Jgin the prolifera- PaTu 8988t
tion assays: 2um for PaTu 8902 and PaTu

8988t, 1.5um for MIA PaCa-2, and 1Qum for

PaTu 8988s. No difference was seen between

the control and 16-epiestriol-treated groups. Af-

ter treatment with 2-ME, the population of ap-

optotic cells increased dramatically in the

2-ME-sensitive cell linesgrrows). In contrast, MIAPaCa-2
the 2-ME-resistant PaTu 8988s cell line showed

no difference in the cell cycle when compared

with the control and 16-epiestriol-treated

groups.

Cell Number

PaTu 8988s

DNA Content
Control 16-epiestriol 2-ME

fed daily with 50 ul of the above-mentioned solution with or after treatment with 2-ME. An initial dose-response study indi-
without 2-ME. Blinded treatment was performed from day 3 cated that all cell lines, except one, showed similar kinetics of
through day 21 after tumor cell injection. After treatment, the growth inhibition. The PaTu 8902, PaTu 8988t, and MIA
mice were killed, their lungs were harvested and fixed with paCa-2 cell lines showed marked growth inhibition (50-90%)
Fekete's solution (60% ethanol, 3% formaldehyde, and 4%xafter 5 days of treatment with @v 2-ME in culture. The G,
glacial acetic acid) after intratracheal injection of a 15% India of 2-ME ranged from 2 to 1Q.m among the cell lines. The PaTu
ink solution. The total number of unstained colonies on the lungggggs cell line was less sensitive to 2-ME than the others. After
surface was counted under a stereoscopic microscope by tWeg hy of 2-ME treatment, the cells were examined under a phase
investigators without knowledge of the treatment groups. contrast microscope. The cells had shrunken and retracted from

C[I)rgim/in(:%ls(tjoche_lr_nlcal Sttalnlng for A?gf.logene.ss IUS'ngh the neighboring cells, and the nuclei were fragmented, a char-
a ntibody. Two extra groups o Tive animals each o qtic feature of apoptosis. However, no morphological

(2-ME treated and nontreated) were used for the immunohisto- . )
- o . . changes were observed when these cell lines were treated with
chemical staining. After the mice were fed daily for 3 weeks

with 2-ME at the above-mentioned concentrations, the micelG-eplestrloI, an inactive metabolic byproduct of estrogen with

were killed, and the lungs were harvested and embedded in ocHo effect on c.eII growth (data n_ot shown). Th_e.se resu_ltg 599965‘
compound (Miles, Inc., Elkhart, IN) for frozen sections. After that 2-ME act.lon on these cell lines was.spec!flc, and |t|nh|b|_ted
being blocked with 5% goat serum and 1% horse serum, thdhe pancreatic cancer cell growth by inducing apoptosis in a
slides were incubated with rat anti-mouse CD31 (PECAM-1;lime- and dose-dependent fashion. Moreover, it is important to
PharMingen, San Diego, CA) at 4°C overnight. Because pri-note that although 2-ME can inhibit the growth of pancreatic
mary antibody was rat anti-mouse, a secondary antibody, percell lines, it had no effect on normal bronchial cells, even when
oxidase-conjugated anti-rat IgG (Jackson ImmunoResearckeated with much higher concentrations (4).

Laboratories, Inc., West Grove, PA) was used. CD31 was visu-  2-ME-induced apoptosis of pancreatic cancer cell lines was
alized with diaminobenzidine. The number of vessels of a totalstudied further using flow cytometry and TUNEL assay, as
of 30 lung colonies was counted in each group. The averageescribed in “Materials and Methods.” When the cell lines were

number of vessels of each group was compared. exposed to 2um 2-ME for 24 h, a significant increase in cells
with apoptotic morphological changes was observed. After 24 h
Results of treatment, cells were stained with propidium iodide and

Actively proliferating human pancreatic cancer cell lines processed for flow cytometric analysis of the cell cycle and to
were treated with different concentrations of 2-ME, and a cellquantitate the apoptotic cell population (Table 1). Treatment
growth assay was performed. Control, untreated cells displayewith 2-ME that resulted in growth inhibition elicited a promi-
exponential growth characteristics over 1-5 days (Fig. 1). Thenent, prolonged accumulation of cells at S phase in the three cell
rate of proliferation was significantly slower for these cell lines lines that were more sensitive to the treatment. However, in the
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] Fig. 3 Apoptotic cell death as revealed after
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- W ““é’ * - TUNEL staining. Control untreated cellg)(or
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cells after 24 h of treatment with 16-epiestriol
‘. (b), 2-ME (c), or DNase ¢). DNase served as a

MIAPaCa-2 i positive control. The concentrations of 2-ME

}M .* were the same as in Fig. 2. Apoptotic cells
! e o appeared dark after staining)( In contrast, no
— increased staining was seen in cells treated with
16-epiestriol ). PaTu 8988s cells showed the
same staining intensity with all treatments—(

d). There was a significant increase in the per-
centage of apoptotic cells after 2-ME treatment
(e) in all cell lines except PaTu 8988s. MIA
PaCa-2P < 0.0005; PaTu 890 = 0.0001;
PaTu 8988tP = 0.005; PaTu 8988% = not

Control 16-epiestriol 2-ME DNase significant. Bars, SE.
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PaTu 8988s cell line, which was relatively less sensitive, no2-ME for 48 h, and a high percentage of apoptotic cells was
significant effect on the cell cycle was seen. detected. However, control, mock-treated cells or 16-epiestriol-
The 2-ME-induced apoptotic cell population was examinedtreated cells showed little DNA fragmentation, but 2-ME-treated
using flow cytometry (Fig. 2)A considerable fraction of the cells displayed many apoptotic bodies. 2-ME treatment resulted
2-ME-treated cells appeared as sub-Gmpared with control, in 30—90% apoptotic cell death in these cell line0% in the
untreated cells or 16-epiestriol-treated cells. Thus, the profile oMIA PaCa-2 cell line).
DNA content in the three sensitive cell lines, PaTu 8902, PaTu To study the antitumor effect of 2-Mih vivo, we com-
8988t, and MIA PaCa2, indicated that a significant fraction hadpared the growth and number of metastatic lung colonies in
undergone apoptotic cell death after 2-ME treatment. In con{reated and untreated control nude mice 21 days after the MIA
trast, the PaTu8988s cell line, which was relatively resistant tdPaCa-2 cells were injected into the tail veins (Figadandb).
2-ME-mediated growth inhibition, showed little apoptotic cell There were 10 animals in each group, as described in “Materials
death on flow cytometric analysis. These results indicate thaand Methods.” Animals were given oral 2-ME, and results
2-ME inhibits the growth in the three sensitive pancreatic canceshowed that 2-ME-treated mice had a 60% lower incidence of
cell lines by inducing apoptotic cell death. lung colonies than control untreated animals (Fig. 5); this result
2-ME-induced DNA fragmentation was further examined was statistically significantf < 0.0005 byt test analysis). This
in situ using the TUNEL assay (Fig. 3—0d). The characteristic experiment was repeated three times and showed similar results
TUNEL staining was observed when the PaTu 8902,(Table 2). The animals did not have any signs of toxicity, such
PaTu8988t, and MIA PaCa-2 cell lines were exposed jov2  as weight loss or modified behavior, during 2-ME treatment. All
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Fig. 4 Representative photomicrographs of lung colonies in untreated comjrah(l 2-ME-treatedh) animals. The figure is one representative
experiment of three with similar results,. average number of metastatic colonies on the lung surfaces of the untreated and the treate@arsups.
SE ¢, P < 0.0005).

No. of colonies

Fig. 5 Representative photo-
graphs of lung colonies stained
for CD31. No significant differ-

ence in the number of blood

untreated control group left
pane) and the 2-ME-treated
group fight pane).

Control

animals injected with MIA PaCa-2 cells developed lung colo- ined thep53gene status in our four pancreatic cancer cell lines.
nies. To examine the effect on angiogenesis in the lung coloniesNestern blot analysis of the p53 protein using an anti-p53
immunohistochemical staining for CD31, a specific marker for monoclonal antibody, PCR-single strand conformational poly-
endothelium, was performed. However, no significant differ- morphism analysis of exons 4-9, and DNA sequencing indi-
ence in the number of blood vessels inside the colonies was seerated that all of these lines harbor mutated p53. PaTu 8988t and

(Fig. 5). PaTu 8988s, both deriving from the same tumor, have a C-to-T
mutation in codon 282, whereas PaTu 8902 harbors a T-to-A
Discussion mutation in codon 176. MIA PaCa-2 cells revealed a C-to-T

2-ME appears to have a very distinct effect on pancreatid_“Utati_O” in codon 248 (data not shown). Therefore, apoptogis
cell proliferation. Results indicated that 2-Me-mediated inhibi- induction by 2-ME contrasted with the previous results, indi-
tion of pancreatic cancer cell growth was due to apoptotic cellcating that 2-ME elicited p53-independent apoptotic cell death
death. The effect of 2-ME was concentration dependent, with ai? these pancreatic cancer cell lines.
ECs, value of 2-5uwm, and under our experimental conditions, ~ 17B-Estradiol has been reported to have=d 000-fold
spontaneous apoptotic death was very lewl ). However, a higher binding affinity to the cytosolic estrogen receptor than
significant number of apoptotic cells were detected 24 h aftetthat of 2-ME (15). On the other hand, 2-ME showed much more
treatment with 2-ME. potent activity for apoptosis induction in the cells compared

Apoptosis induced by various other agents appears to p&ith 173-estradio|_and_ 1_6-epiestrio| (2, 4, 8). Moreover, the
mediated by a common set of downstream elements that act &ffect of 2-ME action is independent of estrogen receptor ex-

regulators and effectors of apoptotic cell death. In many Caseéalression because blockipg the estrogen receptors by tamoxifen
p53 is required for apoptosis in a number of models, anddoes not abrogate 2-ME-induced apoptdsihese data therefore

stabilization of p53 leads cells to undergo apoptosis (4, 13, 14)Suggest that 2-ME acts through a separate pathway. Thus, our work
We have shown previously that in lung cancer cell lines, 2.MEand other studies (3) suggest that 2-ME has a pleiotropic effect on
induces endogenous wild-type p53 protein posttranscriptionally

with associated bypass of the-S checkpoint and causes p53-
dependent apoptosis (4). Overexpression of p53 in response to
several death stimuli induces apoptosis. We, therefore, exam:-T. Mukhopadhyay and J. A. Roth, unpublished observations.
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Table 2 Effect of 2-ME on lung colony formation S phase for a long time could result in the decision of a cell to
Values are meart SE. undergo programmed cell death.
Average + SE No. of animals 2-ME appears to have several unique featurapit(is a

nontoxic metabolic byproduct of estrogen present in normal

Experiment 1 . :
human urine; i§) 2-ME treatment results in the extended, selec-

Control 1155 67 5
2-ME 567 60.2 5 tive induction and stabilization of wild-type p53 protein neces-
Experiment 2 sary for apoptosis;dj the effect of such treatment is restricted
Control 1126 53.7 10 specifically to cancer cells and has no effect on normal bron-
2-ME 404 76.8 10 _ S : . g i
Experiment 3 chial epithelial cells, thus increasing the therapeutic index; and
Control 1431 60.5 10 (d) 2-ME is effectivein vivo, even when administered p.o.
2-ME 589" 78.7 10 Interestingly, 2-ME has been reported to induce apoptosis in
a Significantly less than controls.  0.001, by Student’s test. transformed cells but not in normal cells (21). Thus, it provides

a potential means for inducing programmed cell death in ag-
gressive pancreatic cancer cells. This might be of clinical inter-

) ] . est because there are few therapeutic options for pancreatic
cell growth and apoptosis of cells that depends on the tissue 0rigiRancer, besides surgery. 2-ME induction of apoptosis in human
and genetic makt_au_p. The_se resu_lts _fu_r’_(her suggest an as_soc'at'Banreatic cancer cells, therefore, holds promise as a therapy for
between apoptosis induction and inhibition of cell proliferation by pancreatic cancer.
2-ME and that 2-ME inhibited pancreatic cancer cell proliferation
through an apoptotic mechanism.
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