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Abstract

The monoterpenes represent a potentially new class of breast cancer
therapeutic agents. We have shown that rf-limonene induces the regression

of advanced rat mammary adenocarcinomas. These regressing tumors
have an increased cellular concentration of both the mannose-6-
phosphate/insulin-like growth factor II receptors and transforming
growth factor ÃŸl.The terpene-induced regression of mammary tumors

may result in part from the mitoinhibitory and differentiation properties
of active transforming growth factor ÃŸl.Furthermore, the activation of
transforming growth factor ÃŸlin these tumors is likely to be facilitated by
the increased concentration of the mannose-6-phosphate/insulin-like

growth factor II receptors in the mammary tumor cells. Tumors not
responding to terpene therapy lacked a rise in the mannose-6-phosphate/
insulin-like growth factor II receptor level which may relate to the fact

that this gene is hemizygous due to maternal imprinting.

Introduction

Breast cancer is a common disease occurring in 1 of 9 American
women. Unfortunately, the mortality rate from breast cancer has been
relatively constant over the last several decades. Therefore, new treat
ment strategies are needed for this disease. Recently, we have dem
onstrated the utility of monoterpenes, which are found in the essential
oils of many common plants, to both prevent (1) and treat (2) experi
mental mammary cancers. It is necessary, however, to define the
mechanisms underlying this favorable therapeutic ratio in anticipation
of evaluating these agents in breast cancer trials.

We have shown that monoterpenes are selective in vivo inhibitors of
the isoprenylation of small G-proteins including ras (3), and this may

in part be responsible for the morphological differentiation found in
regressing mammary tumors (2). The differentiation and growth of the
normal and malignant mammary tissue has also been shown to be
regulated by numerous growth factors (4). Of these growth factors,
however, only TGF-ÃŸl3has been suggested to inhibit the growth of

breast cancer cells (4-6). TGF-ÃŸl is secreted from cells as a latent

complex containing phosphomannosyl residues (7), and it must be
released from this complex to gain biological activity (8). The M6P/
IGF-II receptor has two distinct binding sites, one for IGF-II and
another for glycoproteins containing mannose-6-phosphate residues
(9). Growth factors like proliferin, the latent complex of TGF-ÃŸl,and
cathepsin D have been shown to bind to the M6P/IGF-II receptor (9).

Although this receptor is normally associated with the intracellular
trafficking of lysosomal enzymes, it is also expressed on the cell
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surface where the proteolytic activation of TGF-ÃŸlis facilitated by its

binding to this receptor (10).
The purpose of this investigation was to determined whether the

level of TGF-ÃŸl increased in terpene-induced regressing mammary
tumors. Because the M6P/IGF-II receptor functions in both activating
a potent mitoinhibitor, TGF-ÃŸl, and degrading a potent mitogen,
IGF-II, we also determined the abundance of this receptor in terpene-

induced regressing mammary tumors. This study demonstrates that
the levels of both the M6P/IGF-II receptor and TGF-ÃŸlare markedly
increased in limonene-induced regressing tumors, suggesting that they

play a role in breast cancer regression induced by limonene.

Materials and Methods

Mammary Tumor Regression Studies. Fischer 344 female rats weighing
approximately 100 g were administered DMBA (50 mg/kg) as previously
described (2). The animals were maintained in a room with controlled tem
perature, humidity, and a 12-h light cycle. Rats with mammary carcinomas
s 10 mm in diameler were randomly assigned to either a 109r rf-limonene or

control diet; water was provided ad libitum. Tumor regression was followed hy
palpation for 15 weeks. Tumors that regressed to a nonpalpahle size and
remained in that state for at least 3 weeks were scored as complete regressions.
Tumors that did not completely disappear but regressed to less than one-half of

their original diameters were scored as partial regressions. All other tumors
were scored as nonresponsive. All animal use was in full compliance with NIH
guidelines for humane care and was approved by the University of Wisconsin-

Madison Medical Center Animal Use Committee.
Immunohistochemical Staining. The techniques used to imrnunohis-

tochemically stain for TGF-ÃŸl and the M6P/IGF-II receptor have been previ

ously described in detail (11). Briefly, the tumors were excised, fixed overnight
in OmniFix (AN-CON Genetics. Inc.. Melville, NY), and paraffin embedded.
Following section deparaffination, the 6-/xm sections were exposed overnight
at 4Â°Cto the LQ1-30] rabbit polyclonal antibody to TGF-ÃŸl (12, 13) and the

C-l polyclonal antibody to rat M6P/IGF-II receptor (14). The LC[l-3()j anti
body has been shown to be specific for TGF-ÃŸl and to primarily stain intra
cellular TGF-ÃŸl.The C-l antibody has been demonstrated to bind specifically
to the rat M6P/IGF-II receptor. Nonimmune rabbit IgG was used as a control.

The next day the tissue sections were immunoperoxidase stained according to
the recommended procedures provided with the rabbit IgG Vectastain Elite
ABC Kit (Vector Laboratories, Inc.. Burlingame. CA); diaminohenzidine was
used as the substrate. All the tissue sections were counterstained with hema-

toxylin. Eight control and ft limonene induced regressing tumors were stained
with each antibody.

Quantification of mRNA. M6P/IGF-II receptor and TGF-ÃŸl mRNA

expression was determined by RNase protection assays. Polyadenylated RNA
(1 fig) from each tumor was hybridized to pooled antisense RNA probes (105

cpm of each probe) resulting in a 401-base pair M6P/IGF-II receptor. 250-base
pair ÃŸ-actin.and 157-base pair TGF-ÃŸl protected fragment. Protected frag

ments were resolved on a 5% polyacrylamide 8 Murea gel. The quantity of each
protected fragment was determined by phosphor imaging. M6P/IGF-II receptor
and TGF-ÃŸl expression were normalized to ÃŸ-actin.Total RNA and subse

quent polyadenylated RNA were isolated with the RNAgents total RNA Iso
lation Kit and Poly A Tract mRNA Isolation System IV (Promega Corp..
Madison. WI), respectively. Antisense RNA was in vitro transcribed and la-
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beled with [a-12P)UTP (800 Ci/mM, 10 mCi/ml) (DuPonl NEN Research

Products, Boston, MA) via the Ambion MAXIscript in vitro Transcription Kit.
RNase protection assays were performed using the Ambion Ribonuclease
Protection Assay RPAII Kit (Ambion, Inc., Austin, TX).

Statistical Analysis. Comparison of mean values was performed by the
Student t test.

Results and Discussion

We have previously shown that limonene prevents both DMBA-
and iV-nitroso-jV-methylurea-induced rat mammary carcinomas as

well as causes the regression of small developing mammary tumors
(1, 2). However, 25% of these early stage tumors spontaneously
regress. Therefore, in this investigation, we tested the ability of li
monene to cause the regression of stable advanced mammary carci
nomas. Fig. 1 shows the results of treating these advanced mammary
tumors (2:1 g) with dietary limonene. Unlike the smaller tumors
(SO. 1 g), spontaneous complete regressions were not observed among
large advanced tumors. Dietary limonene treatment caused the regres
sion of 87% of these DMBA-induced tumors without any observable

systemic toxicity, providing an excellent therapeutic ratio. The mag
nitude of this response is significantly greater (P < 0.0001) than the
7% regression seen in the untreated animals.

To investigate the mechanisms by which limonene induced mam
mary tumor regression, DMBA was used to produce additional tumors
in a parallel experiment. When the tumors attained a size of approx
imately 1 g, they were randomly assigned to either the control or
experimental group. The only difference between these two groups
was that the diet of the experimental group was supplemented with
limonene. The tumors that responded to limonene were excised when
they regressed to less than one-half their maximal size. These tissues

were used for both immunohistochemical and molecular analyses.
The levels of the M6P/IGF-II receptor and of TGF-ÃŸlwere deter

mined immunohistochemically in both control and limonene-induced
regressing tumors (Fig. 2). The LC[1-30] antibody, that recognizes
predominately intracellular TGF-ÃŸl, showed a low level of TGF-ÃŸl

within the mammary tumor cells of control tumors (Fig. 2A). In
contrast, the level of TGF-ÃŸl was significantly increased in tumors

that were in both the early (Fig. 2C) and late (Fig. 2Â£)stages of
limonene-induced regression. The late stage of regression is charac

terized by a differentiation process that includes a reduction in the
tumor epithelial cell number with a concomitant increase in stromal
elements. A similar differential in the intratumoral concentration of
TGF-ÃŸl between control and limonene-induced regressing tumors

was observed when the tumor tissues were immunohistochemically

Partial Complete Complete
+ Partial

Regression
Fig. 1. Percentage of control (â€¢.n = 14) and limonene-treated (M. n = 15) mammary

tumors that regressed after 15 weeks of treatment with i/-limonene. The tumors that

responded to limonene were scored as either undergoing partial or complete regression.

stained with the CQ1-30) antibody (data not shown); this antibody,
however, preferentially detects extracellular TGF-ÃŸl (15).

Serial sections of the tumors stained for TGF-ÃŸlwere also immu
nohistochemically stained for the M6P/IGF-II receptor. Staining for

this receptor was barely detectable in control tumors (Fig. 2B). Li
monene-treated tumors in both early (Fig. 2D) and late (Fig. 2F)

stages of regression were, however, stained intensely for the M6P/
IGF-II receptor. These results demonstrate that the levels of both the
M6P/IGF-II receptor and TGF-ÃŸl are substantially increased in li
monene-treated regressing mammary tumors.

These studies were extended by determining the steady-state levels
of the mRNA for both TGF-ÃŸl and the M6P/IGF-II receptor. An
increase in the mRNA level of the M6P/IGF-II receptor was observed
in all of the limonene-responsive tumors as compared to control
tumors (Fig. 3,4). The average mRNA level in the limonene-respon
sive tumors was approximately 2-fold above that observed in the

control tumors (P < 0.001). In contrast, no increase was found in the
M6P/IGF-II receptor mRNA level in tumors not responsive to li

monene treatment (P > 0.1). Limonene treatment did not increase the
mRNA level of TGF-ÃŸl in either the responsive or nonresponsive
tumors (Fig. 3fl) (P > 0.1). The average control TGF-ÃŸlmRNA level

was approximately 75 times greater than that of the average control
M6P/IGF-II receptor mRNA level.

We have thus shown that limonene causes a complete regression of
mammary carcinomas without obvious evidence of systemic toxicity.
This tumor regression is associated with a marked increase in both the
M6P/IGF-II receptor and TGF-ÃŸl levels. The elevation in TGF-ÃŸl is

likely to be biologically significant since it has been shown to inhibit
the growth and development of both normal and malignant mammary
epithelial cells (4, 5, 16). Furthermore, we suggest that the limonene-
associated increase in the M6P/IGF-II receptors in regressing tumors
enhances the conversion of latent TGF-ÃŸl to its biologically active
form. Since the mitogenic effect of IGF-II is predominantly mediated
through the IGF-I receptor not the M6P/IGF-II receptor, the increased
level of the M6P/IGF-II receptor may also interfere with mammary

tumor growth by internalizing and degrading the mammary associated
growth factor, IGF-II (4, 17).

The increase in the M6P/IGF-II receptor concentration in the re

gressing mammary tumors appears to result from alterations at both
the transcriptional and posttranscriptional level. The 2-fold increase in
the steady-state M6P/IGF-II receptor mRNA level is unlikely by itself

to account for the more dramatic increase in receptor protein. A
precedent for a dual level of control of this receptor has been estab
lished in regenerating liver (18). Furthermore, the M6P/IGF-II recep
tor has been estimated to have a long half-life, ranging between 16 and
48 h (19). Thus, the relatively small increase in the steady-state

mRNA level that we observed with chronic exposure to limonene
could give rise to a marked elevation in the cellular concentration of
the receptor protein.

The increase in TGF-ÃŸloccurs without a concomitant increase in

its mRNA suggesting that this change is predominantly due to post
transcriptional events. This observation is not unexpected given the
known lack of association between TGF-ÃŸlprotein and mRNA levels
(20). The cellular origin of the increased TGF-ÃŸl present in the

mammary tumor cells of regressing tumors is unknown. It could be
synthesized either by the tumor cells themselves and/or internalized
from TGF-ÃŸl secreted by the stroma.

The limonene nonresponsive tumors did not shown an overexpres-
sion of the M6P/IGF-II receptor at the mRNA level. Interestingly, the

gene for this receptor is maternally imprinted (21), and the imprinting
signal appears to involve the methylation of a cytosine residue in an
intron of the maternally inherited alÃele(22). Therefore, interference
in the limonene-induction of this gene could readily be accomplished
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Fig. 2. Immunohistochemical staining of rat mammary carcinomas for TGF-01 (A, C, and Â£)and the M6P/IGF-II receptor (B, D, and F). Control tumors (,4 and ÃŸ)and tumors

in the early (C and D) and late (Â£and F) stages of limonene-induced regression are shown. Tissue sections exposed to nonimmune IgG were negative for staining (data not shown).
Tissue sections were counterstaincd with hematoxylin. Original magnification, X400.

at the cis level because the M6P/IGF-II receptor gene is hemizygous In summary, the monocyclic monoterpenes represent a novel and

due to this maternal imprinting. Thus, a modification in the single potentially useful class of breast cancer therapeutic agents that have
expressed alÃelecould completely abolish the terpene-induced upreg- recently been approved for Phase I clinical trials in the United King-

ulation of this gene as is observed in these nonresponding tumors. It dom and are under consideration for clinical testing in the United
is interesting to speculate that the loss of the single functional alÃeleof States. Though the clinical utility of limonene may be limited by the
this gene may not only lead to the resistance to monoterpene treat- need to administer large volumes for a therapeutic effect, several more

ment, but could also facilitate the progression of mammary tumors in potent hydroxylated analogs such as perillyl alcohol have recently
a manner analogous to the loss of heterozygosity at a tumor suppressor been identified. The use of limonene in treating mammary cancer has
gene locus. also highlighted a potentially novel therapeutic target, the M6P/IGF-II
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Fig. 3. Quantification of the M6P/IGF-II receptor (A) and TGF-ÃŸl(B) mRNA expres

sion by RNase protection assays. Eight control tumors (D). 6 tumors that responded to
limonene treatment (â€¢)and 2 tumors that did not respond to limonene treatment (^) were
analyzed for M6P/IGF-II receptor and TGF-ÃŸl mRNA expression. M6P/IGF-II receptor
and TGF-ÃŸlexpression were normalized to ÃŸ-actin.Plotted values represent the ratio of
the normalized M6P/IGF-II receptor (A) or TGF-ÃŸl (ÃŸ)expression relative to their
respective average control tumor expression level; the horizontal line depicts the average
relative control tumor level.

receptor. The fact that the gene for this receptor is imprinted may
allow for the development of new agents that could be targeted at
derepressing the alÃeleinactivated during imprinting in order to in
crease the receptor level.
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