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Summary 

We propose that the secreted protein pleiotrophin (PTN) is a major factor in the malignant progression of 
breast cancer. This hypothesis is based on the growth-stimulatory effects of PTN on cells in vitro and in vivo 
and on its high levels of expression in 60% of tumor samples from breast cancer patients. The stimulation of 
proliferation and tube formation of endothelial cells by PTN suggests that it can serve as an angiogenesis 
factor during tumor growth. We hypothesize that PTN has the potential to support growth of breast cancer at 
its primary site and to enhance the ability of tumor cells to metastasize. Furthermore, we suggest that specific 
endocrine signals interact to regulate the expression of PTN in vitro and in vivo. Finally, we propose that 
understanding the functions of PTN and its hormonal regulation can lead to the development of novel ther- 
apeutic strategies for breast cancer. 

The general role of  polypeptide growth factors in 
the growth of breast cancer 

Breast cancer tissues consist of a mixture of autono- 
mously proliferating tumor cells and supportive 
normal tissue recruited by them. Generally speak- 
ing, the primary carcinogenic events lead to uncon- 
trolled growth of transformed cells. The secondary 
development into breast cancer then induces and 
requires a network of growth signals between the 
tumor cells and the normal surrounding host tissue. 
Different polypeptide growth factors released from 
the tumor cells are believed to trigger these host re- 
sponses and thus appear to be important for the 
growth of malignant tumors (reviewed e.g. in [1, 2]). 

Physiologically, the expression of polypeptide 
growth factors is tightly regulated. They have been 
shown to play important roles in the timely devel- 
opment of tissues during embryonal and neonatal 

growth. However, polypeptide growth factor gene 
expression is deregulated in tumor cell lines as well 
as in solid tumors and the activity of polypeptide 
growth factors appears to contribute significantly to 
autocrine stimulation of the tumor cells themselves 
as well as to paracrine stimuli for the surrounding 
host tissues (reviewed for breast cancer e.g. in [3-5]; 
for a general review see [1,2]). Furthermore, hor- 
mones that promote breast cancer growth can in- 
duce expression of polypeptide growth factors. 
These growth factors can in turn positively or nega- 
tively modulate the hormone action locally (e.g. 
Refs. [6-9]; reviewed in [3-5]). Therefore expres- 
sion of a growth factor could supplement for a lack 
of hormonal responsiveness of hormonal stimula- 
tion and thus could make a tumor insensitive to an- 
ti-hormone treatment (reviewed e.g. in [3, 5]). 
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What do we know about the growth factor 
pleiotrophin (PTN) ? 

PTN is a secreted protein that belongs to a novel 
family of heparin-binding proteins which include 
the structurally related midkine protein [10]. PTN 
and midkine appear to play a major role in fetal and 
neonatal brain development. PTN expression is 
down-regulated to a low level after the perinatal pe- 
riod. However, based on its residual expression in a 
few distinct areas in the adult brain, it could also 
play a role in maintenance of the CNS in the adult 
(for a review see Ref. [11]). PTN does not bear ho- 
mology to other proteins outside its own family and 
has been described by different names in the last 
few years by several laboratories using different tis- 
sue sources i.e. HARP [12,13], HBNF [14,15] or p18 
[16] from bovine brain; HB-GAM from rat brain 
[17,18], HBGF-8 [19], OSF-1 from mouse brain [20] 
and PTN from human placenta and rat brain [21]. 

The biological activity of the PTN protein has, 
until recently, been a matter of controversy be- 
tween different laboratories (reviewed in [11]). Sev- 
eral laboratories described mitogenic activity of 
PTN purified from different sources for endothelial 
cells [12, 13, 15] and fibroblasts [14, 15, 19, 21]. We 
reported that a purified preparation of PTN stim- 
ulates colony formation in soft agar of the epithelial 
cell line SW-13 and we identified PTN in this prep- 

aration by protein sequencing [22]. However, other 
investigators have disputed an intrinsic growth fac- 
tor activity of PTN and have attributed the activities 
to FGFs or other growth factors contaminating the 
respective preparations [23-25]. We resolved this 
controversy by generating recombinant human 
PTN and testing its activities [26]. We expressed the 
PTN cDNA in two human cell lines and used a PTN 
point mutant with a premature translation stop co- 
don as a negative control [26]. We demonstrated 
that recombinant human PTN stimulates endothe- 
lial and SW-13 epithelial cells as well as fibroblasts 
in the low nanogram/ml range [26]. In addition, we 
found (unpublished data) that recombinant PTN 
stimulates neurite outgrowth of primary newborn 
rat hippocampal cells and induces tube formation 
of endothelial cells (HUVEC) in matrigel. Due to 
the numerous biological activities of this protein, 
we decided to use the name 'pleiotrophin' (suggest- 
ed by T. Deuel's laboratory [21]). 

The structure of the PTN protein is characterized 
by 5 disulfide bridges that: (i) give this protein a 
unique three-dimensional structure, (ii) make it re- 
sistant to low pH, (iii) make it highly sensitive to 
reducing conditions and thus (iv) have made it very 
difficult to generate biologically active, properly 
folded, recombinant protein in prokaryotes and in 
non-mammalian eukaryotes [22, 26]. 

The intron/exon structure of the PTN gene is 

Table l. PTN mRNA in cell lines and tumor tissues. RNase protection assays and/or Northern blots 

Origin Characteristics PTN+ PTN-  

Human Estrogen receptor T-47D/CO 

breast cancer positive MCF-7/ADR 

cell lines 
estrogen receptor MDA-MB 231 

negative MDA-MB 361 

Hs-578T 

Human primary Most tumors were n = 25 

breast cancer samples > 2 cm 

T-47/wt 

MCF-7, MCF-7/LY-2 

ZR-75-1 

BT-474, BT-549 

MDA-MB 134 

MDA-MB 435 

MDA-MB 453 

MDA-MB 468 

SK-BR 3 

n = 19 

Rat carcinogen-induced mammary cancer DMBA treatment n = 8 n = 0 



known with respect to its open reading flame which 
is spread across more than 50 kb (published by us in 
Ref. [27] and subsequently by others in [28]). The 
PTN gene is arranged in at least five exons and four 
introns. Exon 1 is untranslated and exon 2 codes 
only for the PTN leader sequence. The transcrip- 
tion start site of the PTN gene is not clearly defined 
and several groups have proposed start sites that 
differ by over one hundred base pairs [29-31]. The 
promoter defined by Li et al. [30] has no TATA box 
but only a CAAT box and an initiator element [30]. 
A functional analysis of the human PTN promoter 
region f r o m -  1984 to + 191 relative to this transcrip- 
tion start site defines a region from - 550 to + 191 as 
having the highest transcriptional activity [30]. 
These studies were conducted in NIH 3T3 cells and 
we have obtained similar results in transfection of 
SW13 cells (unpublished data). However, we have 
determined that neither of these cell lines express 
the endogenous PTN gene. Therefore, the promo- 
ter elements involved in tissue- and tumor-specific 
gene transcription have not been defined. 

The potential role of PTN in tumor growth was 
first described by our laboratory [22, 26]. We 
showed that PTN can serve as a growth factor that 
supports tumor growth and angiogenesis [26]. Fur- 
thermore, we found PTN mRNA expressed in a 
high proportion (60%) of human tumor samples as 
well as in about one fourth of over forty human tu- 
mor cell lines of different origin (further details 
with respect to breast cancer are discussed below 
and see Table 1). Consistent with the pattern of ex- 
pression in the normal adult animal we did not find 
the gene expressed in a number of non-tumor cell 
lines such as endothelial, melanocyte, some epithe- 
lial cells and fibroblasts [26]. Finally, expression of 
wild-type PTN in the non-tumorigenic SW-13 epi- 
thelial cells led to development of tumors in athym- 
ic nude mice [26]. Other investigators demonstrat- 
ed recently that expression of PTN can support tu- 
mor growth in mice of 3T3-fibroblasts [32]. Recent 
data from our laboratory (unpublished) show that 
clonally selected high expressors of PTN from the 
SW-13/PTN transfectants form lung and liver me- 
tastases in the athymic nude mouse model. This 
provides .additional supportive evidence that the 
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PTN gene product can act as a growth factor in tu- 
mors. 

Pleiotrophin in breast cancer 

Expression of PTN 
We detected PTN mRNA by Northern blot or 
RNase protection assay in 60% (25 of 44) of ran- 
domly selected human breast cancer samples and in 
5 of 15 human breast cancer cell lines (see Table 1). 
The PTN mRNA levels in the positive breast cancer 
samples were equivalent or greater than those in 
the MDA-MB 231breast cancer cell line from which 
we originally purified the PTN protein [22, 26] and 
were easily detected by a two-day exposure of a 
Northern blot with 20 or 30 pg of total RNA. On the 
other hand, even after longer exposures we observ- 
ed no signal in the PTN-negative tumors (or cell 
lines). We have confirmed this with the more sensi- 
tive RNase protection assay [26]. For the tumor cell 
lines and for some of the cancer samples we also 
confirmed PTN-negativity by reverse transcriptase- 
PCR. These data taken together with data from ex- 
pression studies of PTN strongly indicate a direct 
role of PTN in breast cancer growth. 

Hormonal regulation of  breast cancer growth 
and development 
An essential requirement for the development of 
breast cancer is the presence of circulating steroid 
hormones (reviewed e.g. in [3]). Consequently one 
of the most widely used drug therapies of breast 
cancer is with the anti-estrogen tamoxifen. Thus, an 
important question regarding PTN is whether gene 
expression is sensitive to hormones in vitro and in 
vivo. PTN belongs to a family of genes that is devel- 
opmentally regulated and includes the retinoic 
acid-responsive gene midkine (see e.g. [11]). Possi- 
bly the most intriguing studies of PTN will be on the 
potential interactions between the different nuclear 
hormone receptors and how these affect PTN gene 
expression. As we describe in the next paragraph, 
retinoic acid treatment can up-regulate PTN in 
breast cancer cells in vitro and it is conceivable that 
interactions between retinoic acid receptor path- 
ways and the estrogen receptor can affect the level 
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of PTN gene expression. A recent report demon- 
strated inhibitory interaction by retinoic acid recep- 
tor (RXR-13) of estrogen up-regulation of gene ex- 
pression in breast cancer cells [33]. As regards 
pleiotrophin gene expression positive and/or nega- 
tive interactions between retinoids and steroid hor- 
mones (estrogen, progesterone and glucocorti- 
coids) will be of interest for the understanding of 
how PTN is regulated during the development of 
breast cancer, and of great value for the develop- 
ment of novel therapeutic approaches. 

Hormone receptor levels and PTN expression 
As a first step in determining if there is hormonal 
regulation of FFN in breast cancer we have exam- 
ined PTN and hormone receptor protein levels in 
breast tumors and in tumor cell lines. A preliminary 
indication of hormonal regulation of PTN would be 
a correlation between tumor estrogen receptor 
(ER)/progesterone receptor (PgR) levels and ex- 
pression of the growth factor gene. A direct rela- 
tionship would indicate a positive regulation of 
PTN, an inverse relationship of PTN and ER/PgR 
would indicate that the activity of the ER/PgR 
down regulates PTN. No apparent relationship 
could mean that the gene is regulated independent- 
ly from the ER pathway or that other pathways in- 
terfere with the regulation by ER. 

ER/PgR in vitro 
The constitutive expression of PTN in breast cancer 
cell lines (Table 1) irrespective of ER status suggests 
that the presence of this hormone receptor does not 
seem to correlate with expression of PTN. How- 
ever, it should be noted that the more aggressive 
and drug-resistant PTN-positive clonal cell lines 
(MCF-7/ADR = adriamycin resistant; T-47D/CO = 
Colorado clone) were derived from the wild-type 
estrogen or progesterone-responsive and PTN-neg- 
ative MCF-7 and T-47D human breast cancer cells. 
Whereas the parent (wild-type) cell lines require 
hormone supplementation to grow into tumors in 
athymic nude mice, the PTN-positive clones are tu- 
morigenic without hormone-supplementation. 
Thus an intriguing possibility is that PTN-expres- 
sion in the more aggressive clones is the cause of 
their tumorigenic potential. These two isogenic 

pairs of tumor cell lines (MCF-7 versus MCF-7/ 
ADR and T-47D versus T-47D/CO) provide an ex- 
cellent model to study hormonal regulation of the 
PTN gene in vitro as well as in vivo. 

ER/PgR in vivo 
For a set of 17 tumor samples from different breast 
cancer patients we have compared PTN and steroid 
receptor hormone expression. The data suggest 
that in PTN-positive tumors the median ER-level is 
higher than in PTN-negative tumors. However, the 
median PgR levels were below detection in both 
PTN- positive and negative tumors. Interestingly, 
two of the cases that had the highest levels of PTN 
expression observed were ER and PgR positive. 
These data from patients' tumor samples suggest a 
role for the ER in the positive regulation of PTN 
levels. Further in vivo data from studies in rats also 
indicate that PTN-expression may be affected by 
estrogenic regulation. We found PTN expressed in 
all of the DMBA-induced rat breast tumors studied 
(n = 8; Table 1). The DMBA-induced rat breast tu- 
mors are estrogen responsive tumors and their de- 
velopment is dependent on estrogen and inhibited 
by the anti-estrogen tamoxifen [34]. 

In conclusion 
The in vivo data lend support to the hypothesis that 
ER/PgR co-regulate PTN-expression. 

Regulation of  PTN expression by treatment of  cells 
with hormones in vitro 
To date we have performed only preliminary in vit- 
ro studies on retinoid effects on PTN mRNA. In- 
terestingly, PTN steady-state mRNA levels were 
up-regulated 10-fold by treatment of PTN-positive, 
ER-negative human breast cancer cells (MDA-MB 
231) with 10 nM of retinoic acid (all-trans) for 24 to 
96 hours (unpublished data). This dose was chosen 
since it did not affect growth of these cells on the 
dish surface or in suspension culture (soft agar). On 
the other hand, parallel treatment of PTN-negative 
cells (SW-13) with retinoic acid did not activate 
PTN gene expression. These initial experiments 
suggest that retinoic acid affects the level of PTN 
gene expression in PTN-positive cells. The inter- 
play of retinoids and steroid hormones in the regu- 



lation ofPTN gene expression will be an interesting 
subject for future studies. 

Summary of  'PTN in breast cancer' 
Our published data [22, 26, 27] and our preliminary 
studies as well as the data published by others show: 
(1) PTN is a secreted growth factor expressed in a 

number of human breast cancer cell lines. 
(2) PTN stimulates endothelial cells and can act as 

a tumor angiogenesis factor [12]. 
(3) PTN can support tumor growth of non-tumori- 

genic SW-13 cells [32]. 
(4) PTN mRNA is up-regulated by retinoic acid 

treatment of a PTN-positive breast cancer cell 
line. 

(5) PTN mRNA is found at high levels in 60% of 
samples from patients with breast cancer. 

(6) PTN is not expressed in normal breast epitheli- 
um (40% of the breast cancer samples were 
negative for PTN despite the fact that they ob- 
viously contain breast epithelial tissue). 

PTN is obviously a potentially interesting marker of 
tumor progression as well as a therapeutic target in 
breast cancer. 
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