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Introduction

Breast cancer patients are treated with various anti-cancer drugs, including the DNA damaging
agent doxorubicin and the microtubule altering drugs taxol and vinblastine. However, resistance
to chemotherapy is a major concern, with patients especially unresponsive to the DNA
intercalating drug cisplatin. Prolactin (PRL) is a 23kd protein whose target is the breast, where it
acts as a mitogen and survival factor. PRL is produced by both the pituitary and the breast, with
expression of its receptors higher in tumors than in the normal breast. Notably, PRL is produced
by both glandular and adipose tissues within the breast, highlighting the importance of
interactions between the two compartments in the promotion of breast cancer.

PRL can override the cytotoxic effects of anti-cancer drugs in several types of human cancer
cells. In PC3 prostate cancer cells, TRAIL-induced apoptosis was partially inhibited by PRL,
which by itself had no significant effects on cell proliferation (1). Another group reported that
PRL at low concentrations did not affect proliferation of several human ovarian carcinoma cells
but enhanced their growth by inhibiting apoptosis. These actions of PRL were blocked by anti-
PRLR antibodies (2). Importantly, the cisplatin-induced cell death of the PRLR-positive ovarian
cancer cells was significantly inhibited by pretreatment with PRL. PRL also prevented apoptosis
caused by methotrexate, an anti-folate chemotherapeutic agent, in the human promeyelocytic
leukemia HL-60 cells (3). As determined by flow cytometry, PRL pretreatment reduced the sub-
G1 accumulation caused by methotrexate and its antiapoptotic activity was associated with
upregulation of both Bcl-2 expression and ornithine decarboxylase activity.

Thus far, only few studies have focused on PRL as an anti-cytotoxic factor in breast cancer.
Ramamoorthy et al found that the apoptotic effects of high doses of cisplatin in T47D cells were
enhanced by co-treatment with the hPRL antagonist G129R, suggesting that endogenous PRL
protects the cells from the cytotoxic effects of this drug; a similar additive effect was observed in
T47D cells (4). The ability of endogenous PRL to reduce the efficacy of anti-cancer treatment is
also supported by Perks et al (5) using ceramide, a membrane sphingolipid metabolite which
mediates the induction of apoptosis by death receptors and stress stimuli such as gamma-
irradiation. They found that breast cancer cells that produce PRL, e.g., T47D and MCF-7, were
more resistance to ceramide-induced apoptosis than those with either low or no PRL production
e.g., Hs578T. In addition, T47D cell progression through the cell cycle was promoted by PRL
via activation of the PI3K signaling pathway, and pretreatment with PRL overcame DNA
damage-induced growth arrest that was caused by gamma irradiation (6).

Body

Our exploration of PRL as a hormone/cytokine that antagonizes chemotherapeutic agents was
inspired by our previous report that PRL overexpression in MDA-MB-435 cells not only
enhanced tumor growth in vitro and in vivo, but also upregulated the anti-apoptotic protein Bcl-2
(7). For the present studies, we have selected MDA-MB-468 breast cancer cells, which are both
aggressive and metastatic and produce little or no detectable PRL. For the chemotherapeutic
drug, we have selected cisplatin, a platinum-based drug that is highly effective against a wide
variety of cancers including lung and ovarian cancers, lymphomas and germ cells tumors.
Cisplatin interacts with DNA and forms adducts via 1,2-d(GpG) and d(ApG) intra-strand cross-



links. DNA damage by cisplatin induces cell cycle arrest at G1, S or G2, depending upon the cell
type. At this point, the DNA can either be repaired via the nucleotide excision pathway or the
cell is destined to die (8). Ultimately, cisplatin induces cell death by apoptosis or necrosis in a
concentration-dependent manner. Treatment of cells with a high dose of cisplatin for a short
period of time causes necrosis, while apoptosis occurs when the cells are exposed to lower doses
of the drug over several days.

Specific Aims: Given its action as a survival factor, we hypothesized that PRL exerts its chemo-
protective effects by antagonizing apoptosis induced by cisplatin. The specific aims were to: a)
characterize the effects of PRL, cisplatin and PRL+cisplatin on cell cycle regulation, b) examine
if PRL opposes cisplatin-induced apoptosis, and c¢) determine the mechanism by which PRL
protects these cells from cisplatin cytotoxicity.

Key Research Accomplishments

1. PRL prevents the cisplatin-induced suppression of cell proliferation.

Most of our studies to-date have used the MTT assay which measures changes in cell viability in
response to hormones of cytotoxic drugs. Therefore, it was important to verify that PRL can
antagonize the suppressive effects of cisplatin on cell proliferation. As shown in Fig 1, cisplatin
at 100 ng/ml caused a significant 25% reduction in cell proliferation within 72 hrs, as determined
by BrdU incorporation. Pre-incubation of the cells with either 25 or 100 ng/ml of PRL for 24 hrs
has no effects of its own, but reversed the suppressive effects of cisplatin to near control levels.

2. Cell cycle arrest caused by cisplatin is partially abrogated by pretreatment with PRL

We next question whether cisplatin induces cell cycle arrest, and if so, at which phase of the
cycle. MDA-MB-468 cells were treated as above and then labeled with propodium iodide (PI), a
fluorescent agent which stains DNA. As was revealed by flow cytometry, cisplatin induced a
G2/M cell cycle arrest (Fig 2). PRL alone had no effect on the cell cycle but when cells were
pre-exposed to PRL 24 hrs before cisplatin, cell cycle arrest was partially reversed.
Subsequently, it was necessary to determine whether the observed arrest was due to cell
accumulation in G2 or in mitosis. For that, cells were treated as above and then stained with an
antibody specific for phosphorylated histone H3, a marker of the mitosis phase of the cell cycle.
Fig 3 clearly demonstrates a lack of abundant staining for phospho-H3 in any of the treatments.
This indicates that the cisplatin-induced cell cycle arrest must occur at the G2 phase rather than
at mitosis. This conclusion was also supported by Western blotting for cyclin B expression (data
not shown).

3. PRL protected the cells from cisplatin-induced apoptosis

Next, we used flow cytometry to examine the effects of cisplatin, PRL and their combined
treatment on apoptosis. Cells were treated as above and then double stained for Annexin-V and
propodium iodide. When combined with flow cytometry, this approach can differentiate between
intact live cells, early and late apoptotic cells as well as necrotic cells. Fig 4 demonstrates that
treatment with cisplatin reduced the number of live cells by 20%, primarily due to increases in
early and late apoptotic cells. PRL alone had no effect on these events but completely protected
the cells from cisplatin-induced apoptosis.




4. Protection by PRL likely involves antagonism of cisplatin-induced DNA damage

One of the mechanisms by which cisplatin induces cell death is by causing DNA double strand
breaks which can be detected by phosphorylation of histone H2AX. Cells were treated as above
and then stained with an antibody which specifically reacts with phosphorylated histon H2AX
(yH2AX). Fig 5 shows that following exposure to cisplatin, numerous cells are positively stained
for yH2AX, indicating DNA damage. Pretreatment with PRL results in only minimal staining,
suggesting that the G2 checkpoint was bypassed by PRL treatment.
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Fig 1: PRL reverses the cisplatin-induced suppression of cell proliferation. MDA-MB-468
cells were preincubated with PRL for 24 hrs, followed by exposure to cisplatin for 72 hrs. Cell

proliferation was determined by BrdU incorporation.
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Fig 2: Cell cycle arrest induced by cisplatin is partially reversed by PRL. MDA-MB-468
cells were preincubated with PRL for 24 hrs, followed by exposure to cisplatin for 72 hrs. Cells
were then stained with propodium iodide and analyzed by flow cytometry.
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Fig 3: Treatment with cisplatin causes cells to accumulate in G2 rather than mitosis.
MDA-MB-468 cells were preincubated with 100 ng/ml PRL for 24 hrs, followed by exposure to
800 ng/ml cisplatin for 72 hrs. Cells were double-stained with DAPI and antibody against
phosphorylated histon H3 and photographed.
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Fig 4: Induction of apoptosis by cisplatin is prevented by pre-treatment with PRL. MDA-
MB-468 cells were preincubated with 100 ng/ml PRL for 24 hrs, followed by exposure to 200
ng/ml cisplatin for 72 hrs. Cells were double stained with propodium iodide and Annexin V and
then subjected to flow cytometry.
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Fig 5: Protection by PRL against cisplatin likely involves prevention of DNA damage. MDA-
MB-468 cells were preincubated with 100 ng/ml PRL for 24 hrs, followed by exposure to 800
ng/ml cisplatin for 72 hrs. Cell were double stained with DAPI and antibody against yH2AX and
photographed.
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Presentations at Scientific Meetings

1. Invited presentation at the 5™ International Symposium on the Intraductal Approach to Breast
Cancer, Santa Monica, CA, March 2007. Participated in a symposium entitled: Intracrinology
of the breast.

2. Poster Presentation, the Annual Meeting of the Endocrine Society, Toronto, Canada, June
2007. Presentation entitled: “Prolactin antagonizes chemotherapeutic-induced cytotoxicity in
breast cancer cells”

3. Invited presentation at the Annual Meeting of the American Chemical Society, Boston, MA,
August 2007, participates in a symposium entitled: The Genomics of obesity.

4. Invited presentation, the Annual Meeting of the Obesity Society , New Orleans, LA, October
2007, participates in a Symposium entitled: Human adipose tissue as an endocrine organ.

Manuscripts

LaPensee E, Reddy S, Hugo E, Schwemberger S, Ben-Jonathan N. LS14 cells: A model for
chemoresistance in liposarcoma. Cancer Biol Therap 6: 416-424, 2007.*

Ben-Jonathan N, LaPensee C, LaPensee E. What can we learn from rodents about prolactin in
humans. Endocrine Reviews 29: 1-41, 2008.*

LaPensee E, Ben-Jonathan N. Breast Cancer: Antagonism of chemotherapeutic agents by
prolactin (in preparation).

* included in appendix
Conclusion

We have begun to chart the mechanism by which PRL protects breast cancer cells from the
DNA-damaging drug cisplatin. This raises the following questions, which will be undertaken in
future studies: a) What signaling pathways are utilized by PRL to protect the cells from the
cytotoxic effects of cisplatin? b) Dose PRL accelerate expulsion of cisplatin from the cells or
prevents its transport into the nucleus?, and ¢) Does PRL protect breast cancer cells from other
DNA-damaging drugs such as doxorubicin?

The clinical implication of our findings is that circulating and/or locally-produced PRL
(especially from adipose tissue) reduce the efficacy of chemotherapy in breast cancer patients.
Understanding the mechanism by which this occurs would help in the implementation of future
therapies aimed at reducing PRL levels or blocking its actions. Such treatment should improve
the efficacy of chemotherapy and expand the available drug options.
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ABSTRACT

Liposarcoma, a malignancy of adipose tissue, is the most common soft tissue sarcoma.
Patients whose primary tumor cannot be resected or those who have developed metas-
tasis, have poor prognosis since liposarcomas are highly resistant to chemotherapy.
We recently generated a spontaneously immortalized cell line, named 1LS14, from a
patient with metastatic liposarcoma. Our goal was to compare the responsiveness of
(S14 ond SW872 liposarcoma cells to anticancer drugs and explore mechanisms of
chemoresistance. Using complementary assays for cell viability and number we found
that SWB872 cells responded robustly to relatively low concentrations of doxorubicin,
cisplatin and vinblastine. This reduction in cell viability was due to apoptosis, as evident
by phosphatidylserine exposure and caspase 3 cleavage. In contrast, only a high dose
of doxorubicin or combination therapy effectively reduced LS14 cell viability and induced
apoptosis. L514 cells showed a higher expression of Bcl2 and Belxl, but a lower
expression of survivin and Bax, than SW872 cells, suggesting that anti-apoptotic proteins
coniribute to chemoresistance in LS14 cells. Although LS14 cells did not form colonies in
soft agar, they generated large tumors and metastases in SCID mice, establishing their
tumorigenicity in vivo. In conclusion, LS14 cells are much more resistant to chemotherapy
than SWB872 cells, making them an excellent model for exploring the efficacy and
mechanism of action of anti-cancer drugs in liposarcomas.

INTRODUCTION

Soft tissue sarcomas are malignant tumors of mesodermal origin that constitute a small
fraction of all malignancies. Liposarcomas are adipose tissue tumors that account for
15-20% of all soft tissue sarcomas, with an average onset at 50 years of age.! These tumors
primarily occur in the extremeties and the retroperitoneum, and are classified histologi-
cally into several subtypes, including well-differentiated, de-differentiated, myxiod/round
cell and pleomorphic. Large tumors often consist of more than one subtype.? Whereas
surgery is the treatment of choice for localized liposarcomas, chemotherapy is the main
option for patients whose primary tumor cannot be removed or when metastases occur.
However, metastatic liposarcomas, like most soft tissue sarcomas, are highly resistant to
chemotherapy, resulting in poor prognosis for such patients.3-¢

Doxorubicin (dox), a DNA intercalating anthracycline, has been a common agent used
for first-line chemotherapy for liposarcomas.”® Analysis of eight randomized controlled
trials showed that only 16-27% of the patients responded favorably to dox treatment.?
When a single drug treatment fails, patients often receive a second-line combination
therapy, including dox, cisplatin, another DNA damaging agent, ifosfamide, an alkylating
agent, or microtubule-altering drugs such as paclitaxel and vincristine. 3?11 Unfortunately,
even high dose combination therapy has variable and inconsistent impact on patient
survival, 1213

Suitable cell lines with which to determine drug efficacy are fundamental for progress
in chemotherapy. Unlike the large repertoire of well characterized breast, prostate or colon
cancer cell lines, there is a limited number of liposarcoma cell lines, 14-18 only a few of
which have been used for screening anti-cancer drugs. Consequently, patients with liposar-
comas are often treated with those drugs proven efficacious in other types of cancer, even
though liposarcomas possess many properties that are not shared with epithelial-derived
malignancies. The lack of appropriate cellular models limits the scope of studies aimed at
identifying new and more effective drug therapies as well as exploring the mechanisms of
drug resistance.
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Chemoresistance in LS14 Liposarcoma Cells

Much information on in vitro drug efficacy in liposarcomas
has been obrained with the publicly available SW872 human
liposarcoma cells. Two recent studies reported that quercetin, a
flavonoid, as well as a combination of the death ligand trail with
several anti-cancer drugs strongly suppressed SW872 cell viability
and induced apoptosis.!??% Another cell line, HS-18, derived from
myxoid liposarcoma, was reported to be sensitive to a wide variety of
cytotoxic agents.!821-22 We have recently generated a spontaneously
immortalized cell line, named LS14, from a patient with recurrent
mertastatic liposarcoma.23 These cells have been in culture since 2003,
and have maintained their adipogenic characteristics, as judged by
their ability to differentiate under the appropriate conditions and
expression of adipocyte-specific genes.

Our overall objective was to compare the responsiveness of LS14
and SW872 cells to anti-cancer drugs and explore the mechanism
underlying chemoresistance. The specific aims were to: (a) compare
the effects of selected cytotoxic agents on LS14 and SW872 cells,
using complementary assays for cell viability and number, (b) examine
whether these drugs induce apoptosis, (c) analyze the expression of
anti-apoptotic proteins of the Bcl-2 family as a potential mechanism
of chemoresistance and (d) examine the tumorigenicity of LS14 cells
using colony formation in soft agar and tumor growth in SCID mice.
Our data show that the LS14 cell line is much more resistant to
chemotherapeutic treatment than the SW872 cells, thus representing
a better model for chemoresistance in liposarcoma patients.

MATERIALS AND METHODS

Drugs. Doxorubicin (Sigma, St Louis, MO), cisplatin (Sigma),
vinblastine (Biomol, Plymouth Meeting, PA) and trail (PeproTech,
Rocky Hill, NJ) were dissolved in water and frozen. Drugs were
diluted in culture medium immediately before treatment.

Cell lines and culture. SW872 cells were obrained from the
American Type Culture Collection (Manassas, VA). Cells were main-
tained in Dulbecco’s Modified Eagle’s Medium/Ham’s F-12 medium
(DMEM/F12; Hyclone) supplemented with 10% fetal bovine serum
(FBS; Mediatech, Herndon, VA). The LS14 cell line was established
in our laboratory from a liposarcoma tumor tissue obtained during
abdominal surgery. Cells were maintained as previously described.??

Cell viability assays. Cells were plated at a density of 4000
cells/well in 96 well plates in DMEM/F12 supplemented with
3% charcoal stripped serum (CSS; Hyclone). The following day,
cells were treated with the various drugs in the same medium. After
three days, cell viability was determined by either the 3-(4,5-dimeth-
ylthiazol-2-y1)2,5-diphenyl tetrazolium bromide (MTT) or resazurin
methods. MTT was added ar a final concentration of 0.5 mg/ml for
2 hrs. Following medium aspiration, the formazan dye was extracted
with dimethylsulfoxide and absorbance was read at 570 nm using a
96-well plate reader (Bio-Tek, Winooski, VT). Resazurin was added
to another set of plates at a final concentration of 12.5 ug/ml. After
a 2 hr incubation, fluorescence was read at 530 nm excitation and
590 nm emission, using Spectramax Gemini XPS fluorimeter
(Molecular Devices, Sunnyvale, CA).

Crystal violet assay. Cells were plated and treated as above.
After 3 days, cells were fixed with a solution of 2% paraformaldehyde
and 0.1% glutaraldehyde for 30 min, washed, and dried overnight.
After staining with 0.1% crystal violet for 30 min, the dye was
extracted with 10% acetic acid and absorbance was read at 590 nm.
Optical density was found to be proportional to cell number (data
not shown).
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Flow cytometry. Cells were treated with 0.8 pg/ml dox (SW872)
or with 0.8 pg/ml dox + 0.8 pg/ml vinblastine (LS14) for 24 hrs.
Both floating and atrached cells were fixed in 3% paraformaldehyde
at 37° for 10 min. After two washes with PBS, cells were resuspended
in a PBS buffer containing 1% FBS and incubated with 6.25 ug of
anti-phosphatidylserine antibody conjugated to Alexa Fluor 488
(Upstate, Temecula, CA) or with IgG control for 1 hr. After another
wash, cells were pelleted and resuspended in FACS buffer (4% FBS,
0.05% sodium azide in PBS). Fluorescence was analyzed by flow
cytometry using BD LSR (Becton-Dickinson, San Jose, CA).
Dead cells and debris were excluded from analysis by setting the
appropriate threshold trigger on forward-angle light scatter. Log fluo-
rescence was collected for Alexa 488 using a 530/30 band pass filter.
In all experiments, ten thousand gated events were collected.

Western blot analysis. Following treatment, cells were homog-
enized in buffer (10 mM Tris-HCl, 5 mM EDTA, 50 mM NaCl,
50 mM sodium fluoride, 30 mM sodium pyrophosphate, 1%
Triton-X, 200 UM sodium orthovanadate, | mM phenylmethylsul-
fonyl, 1 ug/ml pepstatin, 2 ug/ml leupeptin, 5 pg/ml aprotinin).
Protein concentration was determined with the Pierce BCA protein
assay. Cell lysates (40 |ig proteins) were electrophoresed on 4-20%
gradient (caspase 3), 15% (survivin) or 12% (other proteins)
SDS-PAGE gels. Following transfer to PVDF membranes, samples
were blocked with 5% dry milk and incubated overnight with the
following primary antibodies: caspase 3, survivin, Bcl-2, Bcl-xL and
Bax (1:1000 each; Cell Signaling, Danvers, MA) or f-actin (1:10,000;
Sigma). After incubation with horseradish peroxidase-conjugated
secondary antibody (Amersham, Piscataway, NJ), products were
developed on film using SuperSignal chemiluminescence reagents
(Pierce, Rockford, IL).

Colony formation in soft agar. Cells (10,000) were embedded in
0.3% Noble agar and plated on a 1% agar base. SW872 cells were
plated in DMEMF12 + 3% CSS and LS14 cells were plated in their
growth medium.?? Medium was changed every 4-5 days. Eight days
after plating, cells were treated with 0.1 pg/ml or 0.4 pug/ml dox.
Ten days after treatment, cells were stained overnight with 1 mg/ml
MTT. The plates were photographed using a Nikon inverted micro-
scope and colonies (> 20 cells) were counted.

Tumor growth in SCID mice. LS14 cells (3 x 106) were injected
subcutaneously into the shoulder of 4 SCID mice. After 12 weeks,
mice were sacrificed and examined for metastasis. Animal protocols
were approved by the University of Cincinnati Institutional Animal
Care and Use Committee.

Data analysis. Statistical differences were determined by
one-way ANOVA followed by Newman-Keuls post hoc analysis.
p values <0.05 were considered significant. All experiments were
petformed ar least three times.

RESULTS

SW872 cells are sensitive to all anti-cancer drugs tested. The
sensitivity of SW872 cells to selected anti-cancer drugs, as well as to
the death ligand rtrail, was determined. The cyrotoxic effects of dox
were initially compared using three complementary assays: MTT,
resazurin and crystal violet. As shown in Figure 1A, dox induced
similar dose-dependent reductions in cell viability or cell number,
with an IC50 of 0.18, 0.14 and 0.26 UM for the MTT, resazurin
and crystal violet assays, respectively. Therefore, the MTT assay
was used for the remainder of the studies. Next, we compared the
cytotoxic effects of vinblastine, cisplatin and trail in SW872 cells.

2007; Vol. 6 Issue 4




Chemoresistance in LS14 Liposarcoma Cells
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LS14 cells are much more resistant to
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SW872 cells, LS14 cells were resistant to the
cytotoxic effects of cisplatin, trail and vinblas-
tine, with a much lower responsiveness to dox
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than SW872 cells (Fig. 2). The highest dose of
vinblastine (0.8 g/ml) lowered cell viability by
only 17%. Similar results were obtained using
the crystal violet assay (data not shown).

LS14 cells are susceptible to a combined
drug treatment. Given the resistance of LS14
cells to the above drugs tested individually, we
examined the effectiveness of combined drug
treatments. As determined by the MTT assay,
4 cotreatments of LS14 cells with 0.8 pg/ml dox
and 0.8 pg/ml of either vinblastine or trail
were significantly (p < 0.05) more effective in

Figure 1.

SW872 cells are sensitive to several anti<ancer drugs. (A} Cells were treated with
increasing concentrations of doxorubicin for 72 hrs. Cell viability or cell number were determined by
the MTT, resazurin or crystal violet assays. (B} Cells were treated with vinblastine, cisplatin or trail for
72 hrs and cell viability determined by the MTT assay. Each value is a mean + SEM of six replicates.

*designates significant differences [p < 0.05) compared to controls.
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Figure 2. LS14 cells are resistant to most anti<ancer drugs tested. Cells were treated
with doxorubicin, cisplatin, vinblastine or trail for 72 hrs. Cell viability was determined
by the MTT assay. Each value is a mean + SEM of six replicates. *designates significant
differences (p < 0.05) compared to controls.
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reducing cell viability than either drug alone
(Fig. 3).

Drug-induced apoptosis. The next question
was whether these anti-cancer drugs induced
apoptosis. This was first determined by flow
cytometry, using phosphatidylserine exposure
on the cell surface as an early apoptotic marker. As shown
in Figure 4A, incubation of SW872 cells with 0.8 pug/ml
dox for 24 hr resulted in the appearance of a secondary
peak of apoptotic cells. Cotreatment of LS14 cells with
high doses of dox and vinblastine caused a significant
shift of the whole cell population, but without a distinct
secondary peak.

Cleavage of caspase 3 in response to the cytotoxic
drugs was next examined. Treatment of SW872 cells with
0.8 tg/ml dox resulted in caspase 3 cleavage within 8 hrs,
an effect that was also seen after 24 hrs (Fig. 4B, upper
panel). Furthermore, doses of vinblastine and dox as low as
0.05 pg/ml and 0.2 pg/ml, respectively, also induced
caspase 3 cleavage by 24 hrs (Fig. 4B, middle panel).
Caspase 3 cleavage in LS14 cells was detected only after
treatment with a high dose of dox alone or in combination
with vinblastine (Fig. 4B, lower panel). Caspase 3 cleavage
was undetectable upon treatment of LS14 cells with lower
doses of dox (data not shown).

Comparison of pro-apoptotic/anti-apoptotic protein
expression in the two cell lines. Subsequently, we investi-
gated whether differential expression of pro/anti-apoptotic
proteins accounts for the dissimilar suscepribility of SW872
and LS14 cells to cisplatin. Western blottring showed much
higher basal expression levels of Bcl-2 and Bel-xL in LS14
than SW872 cells at both the 8 and 24 hr time points.
Bcl-2 expression decreased in response to cisplatin in LS14
cells only (Fig. 4C). Expression of Bax, the pro-apoptotic
protein, was higher in LS14 than SW872 cells and was
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unaffected by drug treatment. Basal expression of survivin, also an
anti-apoptotic protein, was higher in SW872, but treatment of LS14
cells with cisplatin resulted in its upregulation by 24 hrs.
Tumorigenicity of SW872 and LS14 cells. To evaluate in vitro
anchorage independence, cells were plated in soft agar. Whereas
colony formation (520 cells) was evident in SW872 cells within
one weeck of plating, LS14 cells did not form colonies (Fig. 5A).
To determine whether dox inhibits colony formation, SW872 cells
were treated with two doses of the drug for 8 days. Treatment with
0.1 pg/ml reduced colony number by 55%, with the higher dose of
dox eliminating colony formation altogether (Fig. 5B). Despite the
lack of colony formation in vitro, LS14 cells formed large primary
tumors (>10 mm in diamerter) when injected into SCID mice
(Fig. 5C). These tumors also produced a large number of visible
metastases within the upper body cavity (dara not shown).

DISCUSSION

We are reporting that the LS14 liposarcoma cell line is more
resistant to the cytotoxic effects of chemotherapeutic agents than
SW872 cells. While SW872 cells responded robustly to relatively low
doses of commonly used anti-cancer drugs, LS14 cells were affected
only by a high dose of dox or by a combination of dox with vinblas-
tine or trail. The drug-induced decrease in cell viability/number in
either cell line was due to apoptosis, as evident by phosphatidyl-
serine exposure and caspase 3 cleavage. The higher basal expression
of both Bcl-2 and Bcl-xL in LS14 cells potentially underlie their
chemoresistance, although other mechanisms of resistance may be
involved. Whereas LS14 cells did not form colonies in soft agar, they
generated primary tumors and metastases in SCID mice, confirming
their in vivo tumorigenicity. These dara indicate that the limited
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Figure 3. LS14 cells are responsive to a combination chemotherapy. Cells
were treated with doxorubicin, vinblastine or trail, alone and in combina-
tion. Cell viability was determined after 72 hrs by the MTT assay. Each value
is a mean = SEM of six replicates. For comparison, a—c were arbitrarily
assigned o single drug treatment. ab is significant compared to a or b; ac
is significant compared to a or ¢; In all cases p < 0.05. Dox, doxorubicin;
Vin, vinblastine.

responsiveness of LS14 cells to anti-cancer drugs reflects the
well documented chemoresistance in patients with liposarcomas.
Therefore, these cells constitute an excellent model for exploring
the efficacy of anti-cancer drugs and their mechanism of action in
liposarcomas.

The cytotoxic effects of dox in SW872 cells were first compared
using two viability assays, MTT and resazurin which assess metabolic
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Figure 4. Drug-induced apoptosis and expression of pro- and anti-apoptot

ic profeins. [A) Cells were treated with 0.8 pg/ml doxorubicin (SW872) or

0.8 pg/ml doxorubicin plus 0.8 pg/ml vinblastine (LS14) for 24 hrs. Following incubation with anti-phosphatidyl-serine or IgG control antibodies, fluores-
cence was analyzed by low cytometry; Dox- doxorubicin; Vin- vinblastine. (B) Western blots were probed for caspase 3 using an antibody that detects both
the full length (35kD) and cleaved (17kD) forms. Upper blot: SW872 cells were treated with 0.8 pg/ml Dox for 8 or 24 hrs. Middle blot: SW872 cells were
treated with Dox or Vin for 24 hrs. lane 1: control, lanes 2-5: 0.1, 0.2, 0.4 and 0.8 pg/ml Dox, respectively. lanes 6-9: 0.05, 0.1, 0.2, and 0.4 pg/ml
Vin, respectively. Lower blot: LS14 cells were treated with 0.8 pg/ml doxorubicin (D), 0.8 pg/ml vinblastine (V) or their combination [DV; 0.8 pg/ml each)
for 24 or 48 hrs. (C) SW872 and LS14 cells were treated with 0.4 pug/ml cisplatin for 8 or 24 hrs. C, control; T, freatment. Western blots were probed for
Bcl-2, BelxL, Bax or survivin; actin served as a loading control. Shown are representative blots, repeated ot least three fimes.
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Figure 5. LS14 cells do not form colonies in soft agar but generate large tumors
in SCID mice. SW872 and LS14 cells were embedded in 0.3% Noble agor.
Aftereightdays, SW872 cells weretreated with 0. 1 pg/mlor 0.4 pg/ml doxoru-
bicin for an additional 10 days. Atthe end of the experiment, cells were stained
with MTT and photographed (A, and colonies (>20 cells) were counted (B).
Data, expressed as percentof control, representa mean + SEM of 4-5 replicates.
LS14 cells were injected subcutaneously info SCID mice and tumors examined
after 12 weeks. (C) shows photographs of mice with large (> 10 mm in diameter)
hemorrhagic tumors.

enzyme activity in different cellular compartments. Whereas MTT
is reduced by mitochondrial succinate dehydrogenase,® resazurin
is reduced by cytoplasmic diaphorase.?® The crystal violet assay was
used to evaluate cell number. The dye binds to DNA and after its
solubilization, the resulting optical density is proportional to cell
number (dara not shown).

SW872 cells are highly sensitive to the cytotoxic effects of three
chemotherapeutic drugs, each of which induces cell death by a
different mechanism. For example, dox damages DNA by chelating
metal ions, generating free radicals and inhibiting ropoisomerase,
thereby blocking transcription.?®*” Cisplatin, a platinum based
compound, causes DNA intrastrand crosslinking and inhibits its
replication.??? Vinblastine acts by interfering with microtubule
dynamics, resulting in mitotic arrest and cell death.*® The cytotoxic
effects of cisplatin or vinblastine on SW872 cells have not been
previously reported. Trail is a member of the tumor necrosis factor
family which induces apoptosis by binding to pro-apoprotic death
receptors.’! The observed moderare effectiveness of trail on SW872
cells is in disagreement with a report by Tomek er al., showing 95%
reduction in SW872 cell viability in response to trail.!?

A reduction in cell viability/number could be due to a number
of processes, including apoprosis, cell cycle arrest, necrosis,
autophagy or mitotic catastrophe.’? The general consensus is that
many chemotherapeutic agents reduce cell number by inducing
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apoptosis. Apoptosis is initiated via two major pathways: the extrinsic
pathway which is mediated by death receptors that bind trail and
other family members, and the intrinsic pathway which is mediated
by extracellular agents and many chemotherapeutic drugs.** Caspase
3 cleavage is considered a common, though not an exclusive, mecha-
nism that results in apoptosis. Several studies have reported that both
dox and vinblastine cleave caspase 3 in a variety of cancer cells.?*34
Indeed, these drugs in our studies caused caspase 3 cleavage in either
liposarcoma cell line, confirming cell death by apoptosis.

The Bcl-2 family of proteins, including the anti-apoptotic Bcl-2
and Bcl-xL and the pro-apoprotic Bax, are major players in tumor
growth and resistance to cytotoxic insults. Increased expression of
Bcl-2 was positively correlated with tumor size in several soft tissue
sarcoma subtypes.?®> Moreover, antisense directed against Bcl-2 sensi-
tized sarcoma cells to dox.36 Bcl-xL is overexpressed in a sarcoma,”’
and mediates the anti-apoptotic effects of glucocorticoids.?® We
postulate that the higher basal expression of these anti-apoprotic
proteins in LS14 than SW872 cells is responsible, in part, for their
chemoresistance. We also examined the potential involvement of
survivin, a member of the Inhibitors of Apoptosis (IAP) family,
which prevents proteolysis of several caspases and is expressed in
multiple cancers.?>3 Survivin, usually undetectable in normal tissue,
is expressed in several soft tissue sarcomas. 40 In spite of its putative
protective role, basal survivin expression was higher in the suscep-
tible liposarcoma cells (SW872) than in the resistant cells (LS14).
Yet, when protection from chemotherapeutic agents is provided
by Bcl-2/Bcl-xL upstream of survivin, its own contributions as an
anti-apoptotic protein may be less critical.

In addition to the role of anti/pro-apoptotic proteins, chemo-
resistance results from several other mechanisms, including
membrane transporters such as P-glycoprotein, the status
of tumor suppressors such as p53, and DNA repair systems.
The ubiquitous role of P-glycoprotein in drug resistance has
attracted much atrention. This multidrug resistant transporter
reduces the effectiveness of drugs such as dox, vinblastine and
paclitaxel by extruding them from the cells.4? Nonetheless, the
remarkable effectiveness of the combined drug treatment in LS14
cells argues against a major involvement of the P-glycoprotein in the
resistance of this cell line to the individual drugs. Tumors and cell
lines deficient in p53 respond poorly to both radiation and chemo-
therapy,# with mutations in p53 linked to dox resistance in breast
cancer.¥3 Furthermore, increased DNA repair mechanism underlies
cisplatin resistance in some cancer cells.#s Future studies should
consider all these possibilities to fully elucidate chemoresistance in
LS14 cells.

In vitro transformation, as assessed by anchorage-independent
cell growth, is a well accepted predictor of in vivo tumorigenicity.
Although LS14 cells did not form colonies in soft agar, we noticed
that cell-to-cell contact is mandatory for their growth. Such inter-
actions are prevented when dispersed cells are maintained in soft
agar. On the other hand, when injected at high concentration into
SCID mice, LS14 cells formed large tumors as well as metastases.
Therefore, both LS14 cells and SW872 cells'44° are tumorigenic in
immuno-suppressed mice.

The histological subtype of a liposarcoma offers some clues as
to its tumorigenicity or chemosensitivity. Myxoid liposarcomas,
the most common subtype, are considered low grade tumors*®
and patients with such tumors exhibit better responsiveness to
chemotherapy.4” A unique feature of myxoid liposarcomas is the
expression of a TLS-CHOP fusion protein which arises from a
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:16)(q13:p11) translocation.8 Since the histological subtype of

either LS14 or SW872 cells was unknown to us, we examined for the
presence of the TLS-CHOP transcript in both cell types. As deter-
mined by RT-PCR, TLS-CHOP was undetectable in either cell line
(data not shown), suggesting that they are not of a myxoid origin.

In conclusion, the insensitivity of LS14 cells to several anti-cancer
drugs makes them an excellent cellular model for drug screening and
for identifying potential mechanisms of chemoresistance in liposar-
comas. Future studies should examine the effectiveness of anti-cancer
drugs on LS14-derived tumors grown in immunosuppressed mice,
a prerequisite for clinical trials. Finally, these cells will be made
available to other laboratories for collaborative projects.
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What Can We Learn from Rodents about Prolactin in

Humans?

Nira Ben-Jonathan, Christopher R. LaPensee, and Elizabeth W. LaPensee
Department of Cell and Cancer Biology, University of Cincinnati Medical School, Cincinnati, Ohio 45267

Prolactin (PRL) is a 23-kDa protein hormone that binds to a
single-span membrane receptor, a member of the cytokine
receptor superfamily, and exerts its action via several inter-
acting signaling pathways. PRL is a multifunctional hormone
that affects multiple reproductive and metabolic functions
and is also involved in tumorigenicity. In addition to being a
classical pituitary hormone, PRL in humans is produced by
many tissues throughout the body where it acts as a cytokine.
The objective of this review is to compare and contrast mul-
tiple aspects of PRL, from structure to regulation, and from
physiology to pathology in rats, mice, and humans. At each

juncture, questions are raised whether, or to what extent, data
from rodents are relevant to PRL homeostasis in humans.
Most current knowledge on PRL has been obtained from stud-
ies with rats and, more recently, from the use of transgenic
mice. Although this information is indispensable for under-
standing PRL in human health and disease, there is sufficient
disparity in the control of the production, distribution, and
physiological functions of PRL among these species to war-
rant careful and judicial extrapolation to humans. (Endocrine
Reviews 29: 1-41, 2008)

1. Introduction

II. The PRL Gene

A. Overview of the PRL/GH/PL family
B. Regulation of PRL gene expression
PRL Proteins

A. Structural characteristics

PRL Receptors and Signaling

A. Structure-function relationship

B. Signaling pathways

V. PRL Release

A. Regulation of pituitary PRL release
B. Regulation of extrapituitary PRL release
PRL Functions: Reproduction

A. Reproductive cycles
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I. Introduction

SINCE ITS DISCOVERY in the 1930s as a distinct pituitary
hormone that stimulates milk production in rabbits,
prolactin (PRL) has attracted considerable attention among
clinicians and basic scientists with diversified interests.
Uniquely among the pituitary hormones, PRL has a propen-
sity for hypersecretion and is under tonic inhibition. PRL also
has more diverse biological functions than all other pituitary
hormones combined. A close scrutiny of the PRL literature
reveals that its spectrum of activities varies with the species
studied. For example, whereas PRL is essential for the ini-
tiation of lactation in all mammals, its roles in other repro-
ductive processes differ markedly from one species to an-
other. The sources of PRL and the control of its production
and release are also dissimilar. In addition to the pituitary,
PRL in humans is produced by multiple tissues, where it is
regulated in a cell-specific manner and acts as a cytokine.
With few exceptions, PRL production in other animals is
restricted to the pituitary, with PRL acting as a classical
circulating hormone.

This review compares multiple aspects of PRL, from struc-
ture to physiology, in rats, mice, and humans. Most of our
knowledge of PRL comes from studies with rats. This species
with its impressive reproductive fecundity, short generation
time, relatively large size, and low costs has served as the

Downloaded from edrv.endojournals.org at Univ of Cincinnati Hith Sci Libr/Serials Dept on February 22, 2008


http://edrv.endojournals.org

2 Endocrine Reviews, February 2008, 29(1):1-41

animal of choice for endocrinologists. The vast database on
PRL in rats supports continuous studies with this species.
Mice became useful after the development of the transgenic
technology, filling a critical niche in research that cannot be
done with rats. Despite their similar physiology, mice and
rats are distinct species that should not be confused. Whereas
humans are the one species we wish to know more about, it
is also the species least accessible to experimental manipu-
lations. Although some features of PRL in humans are well
documented, e.g., effects of drugs, prolactinoma formation,
and variants of PRL and its receptor, others remain obscure.
By necessity, information derived from laboratory animals is
essential for our understanding of PRL in human health and
disease. Nonetheless, given the versatility and adaptive na-
ture of PRL, extrapolation from rodents to humans should be
done selectively and judiciously. At each chapter, we raise
issues whether, or to what extent, data from rodents are
relevant to PRL homeostasis in humans. Each section in-
cludes a short synopsis of the most critical points.

II. The PRL Gene
A. Overview of the PRL/GH/PL family

Based on structural homology and overlapping biological
properties, PRL belongs to a large family of proteins. Initially,
the family was comprised of PRL, GH, and placental lacto-
gens (PL) only, but it has been expanded to include PRL-like
proteins, PRL-related proteins, proliferins, and proliferin-
related protein, which exhibit variable degrees of sequence
homology (1). The different members of the PRL/GH/PL
family are expressed in species-, cell-, and temporal-specific
patterns in the pituitary, the uteroplacental compartment,
and other nonpituitary sites.

GH is involved in the regulation of postnatal growth and
metabolism, with its actions often mediated by IGF-1. Mice
and rats have a single GH gene on chromosomes 11 and 10,
respectively, which is expressed only in the pituitary gland.
Humans, on the other hand, have five GH-related genes that
are clustered on chromosome 17 (2). These include GH-N
(normal), whose expression is restricted to the pituitary, and
four GH/CS (chorionic somatomammotropin) proteins ex-
pressed in the placental syncytiotrophoblast: GH-V (variant
GH), CS-A (PL-A), CS-B (PL-B) and CS-L (variant PL). Hu-
man (h) GH binds not only to its cognate receptor (GHR) but
also to the PRL receptor (PRLR), and it mimics some PRL
actions. In contrast, nonprimate GH binds only to the GHR.
hPL regulate maternal carbohydrate and lipid metabolism
(3). Despite the higher sequence homology of hPL to hGH
than to hPRL and their GH-like metabolic functions, hPL
bind to the PRLR.

PRL has a much broader spectrum of activities than GH,
and these are classified as reproduction, metabolism, osmo-
regulation, immunoregulation, and behavior (4). Rodents
express many PRL-related genes, clustered on chromosome
13 in mice and 17 in rats. In rodents, PRL is mainly expressed
in the pituitary, but also in the decidua (5) and the lactating
mammary gland (6). Other PRL-related genes are expressed
only in the uterus and placenta. In rodents, PL play an im-
portant role during the second half of pregnancy, replacing
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the markedly suppressed pituitary PRL (7). Humans express
a single PRL gene on chromosome 6, although its expression
is not restricted to the pituitary but occurs at multiple ex-
trapituitary sites, where it is under tissue-specific control (8).

B. Regulation of PRL gene expression

Both GH and PRL genes are composed of five exons sep-
arated by four introns. The PRL introns are longer, creating
a much larger (about 10 kb) gene than GH (about 2 kb). As
is typical of all secretory proteins, the PRL gene encodes a
prohormone with an N-terminal signal peptide of 28-30
residues (Fig. 1). After proteolytic cleavage of the signal
peptide, the mature PRL protein in rodents and humans is
comprised of 197 and 199 residues, respectively.

1. Rat pituitary PRL promoter. The promoters controlling PRL
and GH gene expression have been characterized in great
detail. Most studies focus on the rat (r) PRL gene, a smaller
number deals with hPRL, and none covers the control of
mouse (m) PRL. This disproportionate attention to one spe-
cies is due to the wide availability of the rat GH3 cell lines
that have been in culture for over 40 yr and, unlike many
cancer cell lines, exhibit high genetic stability. GH3 cells have
retained many of the cell-specific functions of primary lac-
totrophs. However, because they lack functional dopamine
type 2 receptors (D2R), the mechanism by which dopamine
suppresses the PRL gene is more enigmatic. Other rat lac-
totroph cell lines, e.g., MMQ (9) and PR1 (10), have not been
used as extensively as GH3 cells. It is puzzling why the
plethora of PRL-producing cell lines are derived from the rat
pituitary but not from human or mouse pituitaries. In con-
trast, there are many human PRL-producing cell lines of
nonpituitary origin, as discussed in Section V.

The rPRL gene is controlled by a proximal promoter lo-
cated between —250 and —20 bp and a distal enhancer lo-
cated between —1800 and —1500 relative to the pituitary start
site (reviewed in Ref. 11). A full promoter, extending from
about —3,000 to +33, is required for pituitary-specific PRL
expression in transgenic mice. The sequences flanking the
enhancer restrict PRL expression to the pituitary lactotrophs
in vivo (12). Figure 1 shows that the rPRL gene has multiple
binding sites for Pit-1 protein: four sites (1p to 4p) in the
proximal promoter and four sites (1d to 4d) in the enhancer
(11). Pit-1 is a pituitary-specific transcription factor that is
critical for development of lactotrophs, somatotrophs, and a
subset of thyrotrophs (reviewed in Ref. 13). Mutations in
Pit-1 cause combined pituitary hormone deficiency in both
mice and humans (reviewed in Ref. 14). Pit-1 alone is nec-
essary but insufficient for transcription of the PRL gene (13),
and it regulates transcription by interacting with nuclear
hormone receptors and a number of coregulators.

The estrogen receptor (ER) is a ligand-activated nuclear
receptor with high binding affinity to estrogen response el-
ement (ERE) in responsive genes (for review, see Ref. 15).
GH3 cells express three ER types: ERa, ERB, and TERP, a
pituitary-specific truncated ER product (16, 17). ERa and
ERB, which are encoded by different genes, differ in their
N-terminal ligand-independent transactivation domain (AF-
1), but have highly conserved ligand- and DNA-binding
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Fia. 1. Diagram of the human and rat PRL promoters, the PRL gene, and the human mRNA transcript. Arrows designate transcriptional start
sites for the proximal pituitary promoter and the superdistal extrapituitary promoter. The superdistal promoter is unique to humans, and its
start site is located 5.8 kb upstream of the pituitary start site. The human and rat proximal promoters differ in size and contain 13 and 8 Pit-1
binding sites, respectively. A functional ERE is present in the rat promoter, whereas its presence in the human proximal promoter is
questionable. In both species, the coding region in the pituitary consists of five exons that span approximately 10 kb. Transcription from either
promoter produces mRNAs with identical protein coding sequences but differing in the 5’ UTR. Due to the presence of an additional codon in
the human gene (1a), extrapituitary PRL mRNA is about 150 bp longer than the pituitary transcript. A signal peptide coding for 28 -30 residues

lies downstream of the UTR, followed by the PRL transcript.

domains. Both recognize similar ERE sequences and respond
equally to 17B-estradiol, but they have different affinities to
some estrogenic ligands, including xenoestrogens (reviewed
in Ref. 18). When coexpressed, ER can act as an attenuator
of ERa. TERP, which retains the ligand binding domain but
lacks the DNA binding domain and has no independent
activity, can suppress the activity of both ERe and ERp (17).

A single ERE, with four mismatches of the palindromic
vitellogenin ERE sequence (GGTCAnnn TGACC), is located
at the distal rPRL enhancer next to the 1d Pit-1 site (Fig. 1),
enabling physical association between Pit-1 and ER via the
AF-2 domain of ER (19). Complex formation between Pit-1
and ER involves coactivators/corepressors, with SRC-1 and
GRIP1 stimulating and RIP140 inhibiting PRL promoter ac-
tivity. The 1500-bp separation between the distal enhancer
and proximal promoter raises the question how does the ER
complex communicate with RNA polymerase. According to
the looping model, activation of an ER complex causes for-
mation of chromatin loops that bring the distal enhancer into
juxtaposition with the proximal promoter (20).

The role of ERB in the control of the PRL gene has been
understudied because of misconceptions as to its pituitary
expression. Clearly, the mouse pituitary expresses ERa but
not ERpB (21, 22). Hence, PRL production is compromised in

ERa-deficient mice (ERaKO), but is unaffected in ERBKO
mice (22). In contrast, ERB is expressed in rat (23-25) and
human (26, 27) pituitaries. This translates into different reg-
ulation of PRL by estrogens in mice vs. rats and humans.
Overexpression of ER 3 in GH3 cells increases rPRL promoter
activity (16), suggesting a functional role for ERB in the
control of the rPRL gene. With the availability of highly
specific ERa and ERB agonists and antagonists (28), the rel-
ative PRL transcriptional activities of the two ER isoforms
should be reexamined.

2. Human pituitary PRL promoter. There is less information on
the transcriptional regulation of hPRL. In the absence of a
human pituitary cell line, the hPRL promoter has been trans-
fected into GH3 cells. However, rat pituitary cells may not
contain the same variety of transcriptional regulators as do
human lactotrophs. The basic exon/intron organization of
the PRL gene is similar in rats and humans (Fig. 1), with 90%
sequence homology within the distal and proximal regions
(29). However, additional upstream sequences (30) show a
more complex organization of the hPRL gene, which is com-
prised of four regions: two superdistal regions (—5100/
—4430 and —3474/-2600), a distal region (—1968/—1064),
and a proximal promoter (—250/+1). It also contains more
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Pit-1 binding sites than the rPRL promoter: three in the
proximal region, eight in the distal enhancer, and two in the
superdistal region (reviewed in Ref. 14).

Gellersen et al. (31) showed a dramatic interaction between
ER and Pit-1 that results in a 60-fold induction of the rPRL
gene. In contrast, a liganded ER caused only 2-fold induction
of a hPRL reporter gene, whether or not Pit-1 was present.
They proposed that the difference in PRL inducibility by
estrogens is due to a lack of sequence conservation between
rat and human EREs. Although both have four mismatches
relative to the perfect palindromic ERE, the mismatches are
not the same. Consequently, the putative ERE site in the
distal human promoter may not be compatible with high
affinity ER binding.

3. Human superdistal PRL promoter. PRL mRNA in the human
decidua and lymphocytes was reported to be 150 nucleotides
longer than the pituitary counterpart, although the mature
PRL protein was identical (29, 32). As shown in Fig. 1, this
elongation is due to a 5’ untranslated region (UTR), resulting
from a noncoding exon (exon 1a) located 5.8 kb upstream of
the pituitary start site (reviewed in Refs. 8 and 33). PRL
transcription in extrapituitary sites is driven by an alternative
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promoter, named the decidual or superdistal promoter, not
to be confused with the superdistal regions mentioned above
that are associated with pituitary PRL. Alternative promoter
usage is not a rare occurrence in genes that are under com-
plex tissue- or developmental-specific transcriptional regu-
lation, often resulting in mRNA variants that differ in tran-
scriptional patterns or translational efficiencies (34).

Multiple human tissues express PRL, including the endo-
metrium, decidua, myometrium, T lymphocytes, leukocytes,
brain, breast, prostate, skin, and adipose tissue (reviewed in
Refs. 8, 35, and 36). PRL expression at these sites is cell
type-specific and independent of Pit-1 (37). The superdistal
promoter extends —3000 bp upstream of the decidual tran-
scriptional start site and is composed of a proximal promoter
between —350 and —60 and a distal enhancer between —2000
and —1500 (38, 39). A comparison of basal transcriptional
activity of the superdistal promoter in several human cell
types is shown in Fig. 2. Note the similarity of stimulatory
and inhibitory elements in adipocytes, absence of an inhib-
itory region in lymphocytes, and a lack of transcriptional
activity of the decidual-type promoter in T47D breast cancer
cells.

Superdistal Promoter
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Fia. 2. The superdistal PRL promoter (upper panel) and its basal transcriptional activity in several human cell types transfected with various
promoter constructs driving a luciferase reporter (lower panel). Cells were transfected with —3000, —2040, —1556, —675, —317, and —4 dPRL
truncated constructs. After 72 h, cells were lysed and analyzed for luciferase activity. Transfection efficiency, corrected for Gaussia luciferase,
was expressed as fold changes over the PGL3E (3E) plasmid, which was assigned a value of 1. Note the presence of two stimulatory and one
inhibitory region in primary breast preadipocytes, with a similar profile seen in SW872 adipocytes. Jurkat lymphocytes do not show the
inhibitory region, whereas promoter activity is extremely low in T47D breast cancer cells, suggesting that their PRL expression is not driven
by the superdistal promoter (M. McFarland-Mancini and N. Ben-Jonathan, unpublished observations).
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cAMP induces PRL in many extrapituitary sites by acti-
vating protein kinase A (PKA), which migrates to the nucleus
and phosphorylates target proteins such as cAMP response
element binding protein CREB (40). In endometrial cells, PRL
shows a biphasic response to cAMP: an early small peak and
a stronger, delayed stimulation. Whereas the early response
is mediated by a cAMP response element located at —12 that
binds CREB, the delayed response involves binding of
C/EBPB (CCAAT/enhancer binding proteins) to sequences
at —332/—270. In leukocytes, CAMP activates two signaling
pathways: a PKA-dependent pathway leading to phosphor-
ylation of CREB and a PKA-independent pathway leading to
phosphorylation of p38 MAPK (41). Several cAMP activating
ligands, e.g., isoproterenol, a B-adrenergic receptor agonist,
and pituitary adenylate cyclase activating peptide (PACAP),
increase PRL gene expression in breast preadipocytes via
multiple signaling pathways (42).

Estrogen does not appear to affect PRL expression in any
extrapituitary tissue studied. Progesterone, on the other
hand, is a prime example of a tissue-specific regulator be-
cause it inhibits PRL expression/release in both the myo-
metrium (43) and breast epithelial tissue (44), but it is stim-
ulatory in the decidualized endometrium (45).

The human breast may not conform to the same promoter
utilization as in other extrapituitary sites (Fig. 2), with the
decidual type PRL transcripts expressed in some, but not all,
breast cancer cell lines (46). For example, BT-474, MDA-MB-
453, MDA-MB-231, and ZR-75-1 use the decidual-type pro-
moter, whereas both pituitary and decidual type promoters
are used in MCF-10A, SK-BR-3, and T47D cells. SK-BR-3 cells
have a functional pituitary promoter in the absence of Pit-1
expression, with Oct-1 possibly substituting for Pit-1 (47).
Expression of Pit-1 in the human breast and MCE-7 cells has
been reported (48), but it is unclear whether Pit-1 plays a role
in the regulation of local PRL expression. It remains to be
determined whether use of the pituitary-type promoter is
unique to malignant cells or represents a common mecha-
nism in other nonpituitary PRL-producing sites that thus far
has escaped notice.

Synopsis. The regulation of pituitary PRL expression is gen-
erally similar in rodents and humans. The most striking
difference relates to the effects of estrogens, with rats being
highly responsive whereas humans are not. Unlike rodents,
where PRL originates almost exclusively in the pituitary,
PRL in humans is also produced by numerous extrapituitary
sites where it is regulated in a cell-specific manner. The
clinical implication is that even when pituitary PRL release
is severely impaired, humans are not deprived of their local
PRL. Consequently, rodents cannot serve as models for this
aspect of PRL regulation.

III. PRL Proteins
A. Structural characteristics

Members of the hematopoietic superfamily, to which PRL,
GH, and PL belong, share a tertiary structure composed of
a bundle of four antiparallel a-helices and utilize a con-
served, single pass transmembrane receptor named cytokine
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type 1 receptor (reviewed in Refs. 49 and 50). The three
hormones are single-chain polypeptides comprised of 190-
200 residues with molecular mass of 22-23 kDa. They have
two to three disulfide bridges whose location is conserved
across species. Given its clinical importance, much effort has
gone into the structural characterization of hGH, with the
crystal structure of hGH bound to the extracellular domain
of its receptor published in 1992 (51). Since then, the tertiary
structure of hPL was determined by x-ray crystallography,
whereas that of hPRL was resolved by nuclear magnetic
resonance (NMR) spectroscopy (50). The following discus-
sion will focus on structural characteristics of hPRL, with
comparisons made to hGH as well as to rodent PRLs.

1. Primary sequence. PRL and GH show little sequence ho-
mology at the amino acid level except for a similar location
of two disulfide bridges. hPRL has three disulfide bridges
(between Cys 4 and 11, Cys 58 and 174, and Cys 191 and 199)
that are similarly located in rPRL (Fig. 3). Mammalian and
nonmammalian PRLs show variable sequence homology
that reflects their philogenetic relationship (for review, see
Ref. 52). For example, baboon PRL has 97% homology to
hPRL, ovine and bovine have 76% each, whereas rats and
mice have only 64 and 61% homology to hPRL, respectively.
Primary sequence homology does not predict binding of PRL
to a heterologous receptor. Despite their similar sequence
homology, ovine PRL is bioactive in human breast cancer
cells, whereas bovine PRL is not. Of significance is the recent
report that mPRL does not activate the hPRLR, whereas rPRL
does (53). As discussed later, this unexpected finding bears
implications to the suitability of immunodeficient mice as an
in vivo model for studying hormone-dependent human
tumors.

Another unexpected finding is the binding of hPRL to
heparin (54). Heparin binding proteins have topically ex-
posed basic residues that interact with negatively charged
sulfate and carboxyl groups of heparin sulfate glycosami-
noglycans (55). Heparin binding is a unique property of
hPRL that is not shared with hPL, hGH, rodent PRLs, or other
pituitary hormones (54). Two motifs implicated in heparin
binding are XBBXBX or XBBXXBX, where B is a basic amino
acid (Arg, Lys, and infrequently His) and X is any neutral or
hydrophobic amino acid. Such sequences are not always
contiguous but can be brought into proximity by protein
folding. hPRL has two such sequences: between residues
41-47 (Asp-Lys-Arg-Tyr-Thr-His-Gly) and between residues
175-181 (Leu-Arg-Arg-Asp-Ser-His-Lys), which are absent
in the primary structure of hGH or hPL. Neither rat, ovine,
and bovine PRL nor rGH bind to heparin (54). Binding of
hPRL to heparin may enhance its action as an autocrine/
paracrine factor by enriching its local concentrations in tis-
sues such as decidua or adipose with high content of
glycosaminoglycans.

2. Posttranslational modifications. PRL undergoes several post-
translational modifications that impact its stability, half-life,
receptor binding, and biological activity (reviewed in Refs. 52
and 56). These include polymerization, proteolytic cleavage,
glycosylation, and phosphorylation. In addition to the 23-
kDa PRL, human serum contains macroprolactin (big-big
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Fia. 3. Comparison of the human and rat PRL proteins, depicting locations of posttranslational modifications and analog substitution sites.
The native protein is composed of 199 and 197 amino acids in humans and rats, respectively, with three disulfide bonds present at similar
locations in both species. The main site of glycosylation is at N31 in humans and both T11 and T58 in rats. rPRL is phosphorylated primarily
at S177, which is homologous to S179 in humans. Amino acid substitution from S to D mimics phosphorylation (S179D), resulting in an analog
that acts as both an agonist and an antagonist. Two other antagonists are G129R, generated by substitution at residue 129 and the A1-9G129R
double mutant which is also missing the first nine residues. A 16-kDa PRL variant, which acts as an antiangiogenic factor, is formed by cleavage
at 145-149, followed by the reduction of the interchain disulfide bond. Two putative heparin binding domains in hPRL are also shown.

PRL, >100 kDa) and big PRL (40-60 kDa). Macroprolactin
(often called oligomeric PRL) is a complex of monomeric PRL
with IgG (reviewed in Ref. 57). It has a longer half-life in the
circulation and when elevated is often diagnosed as hyper-
prolactinemia. Given its large size, macroprolactin is likely
confined to the intravascular compartment, has low bioac-
tivity in vivo, and is not of major pathological significance.

Much attention has been paid to a 16-kDa N-terminal
fragment of rPRL (58) and hPRL (59) named 16K PRL. It
possesses different properties than the parent molecule by
acting as an antiangiogenic factor. Clapp named 16K PRL
and related N-terminal cleaved products “vasoinhibins” (re-
viewed in Ref. 60). Most antiangiogenic factors bind to the
extracellular matrix rather than to classical membrane re-
ceptors. An early report of specific, high affinity binding sites
of 16K PRL on endothelial cells (61) has not withstood the test
of time, and the manner by which 16K PRL binds to its target
cells remains enigmatic.

Both recombinant and proteolytically digested 16K PRL
exert antiangiogenic activity (60). It is unclear, however, how
and where 16K PRL is generated and whether it is an en-
dogenous fragment or a laboratory-made compound that can
be used as a therapeutic drug. By most accounts, cleavage
occurs around residues 145-149 (Fig. 3). Because PRL has a
disulfide bond between Cys 58 and 174, cleavage proceeds
in two steps: generation of a nicked, covalently linked two-
chain form followed by reduction of the disulfide bond,
resulting in N-terminal 16-kDa and 8-kDa fragments. That
leaves 16K PRL as a potentially unstable molecule with an
uneven number of cysteines and altered folding. Indeed,
when 16K PRL is made by using acidified mammary micro-
somal fractions, it must undergo carbamidomethylation to
prevent reformation of the disulfide bonds (58).

Recent studies identified cathepsin D as the enzyme re-
sponsible for the initial nick in rPRL (62). Cathepsin D is a
lysosomal aspartyl endoprotease that degrades proteins at a
very acidic pH. Hence, 16K rPRL can be generated both in the
pituitary and locally in tissues that release cathepsin D. Al-
though human serum and pituitary extracts separated on
denaturing gels reveal PRL fragments of 14-18 kDa, similar
electrophoretic mobilities can be misleading. For example,
thrombin cleaves hPRL at a neutral pH into a C-terminal, not
an N-terminal 16K fragment which is neither antiangiogenic
nor mitogenic (63). Unlike rPRL, hPRL is resistant to cathep-
sin D because at the site of cleavage, Leu 146 in rPRL is
replaced by Pro in hPRL. Hence, only N-terminal sequencing
can definitely prove whether humans have an endogenous,
antiangiogenic 16K PRL.

As shown in Fig. 3, hPRL is N-glycosylated on Asn 31 via
an Asn-X-Ser consensus sequence (reviewed in Ref. 52). The
carbohydrate moiety contains fucosylated and partially sia-
lylated complex oligosaccharides (64), but the exact compo-
sition of glycosylated PRL in the human pituitary or at ex-
trapituitary sites is uncertain. Pellegrini et al. (65) reported
that glycosylated and nonglycosylated PRL utilize different
routes of sorting and release, with glycosylated PRL consti-
tutively secreted whereas the release of nonglycosylated PRL
involves a storage step. This concept may be especially rel-
evant to the release of glycosylated PRL in extrapituitary sites
such as the decidua that lack secretory granules (66). Serum
levels of glycosylated hPRL vary during pregnancy, lacta-
tion, hyperprolactinemia, and under certain disease states,
and it is also abundant in human milk (67) and amniotic fluid
(68). Glycosylated PRL has reduced receptor binding affinity
and mitogenic activity, thereby diminishing PRL actions at
target tissues (52). Yet, glycosylation may alter proteolytic
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cleavage of PRL, regulate its distribution, or delay its
clearance.

rPRL does not have the Asn-X-Ser consensus sequence for
N-glycosylation and is instead O-glycosylated (69), with Thr
11 and Thr 58 the most likely residues (Fig. 3). The carbo-
hydrate complex in rPRL is larger than that in hPRL, and it
also stands apart by its high sialic acid content and significant
charge heterogeneity. Con A-bound PRL constitutes more
than 50% of serum PRL in rats, but only a minor component
(less than 10%) in their pituitary, indicating either differential
release rate or longer half-life of glycosylated PRL (70).

Phosphorylated PRL has been characterized in bovine (71)
and rat (72) pituitaries, but not in humans (73). The major
phosphorylation site in bovine PRL is Ser 90, which is con-
served in PRL, GH, and PL of most species. Addition of a
bulky, negatively charged side chain to Ser 90 may disrupt
hormone folding, reducing its receptor binding and impair-
ing its biological activity (71). Ser 177, which is conserved in
PRL from most species, is the primary phosphorylation site
in rPRL (74). Phosphorylated PRL constitutes only a small
fraction of total rat pituitary PRL content, raising the ques-
tion how only a fraction of the PRL molecules undergo phos-
phorylation. One proposed mechanism is by differential sort-
ing of PRL into heterogeneous secretory granules with
dissimilar kinase activities. The ratio of phosphorylated to
nonphosphorylated PRL in the rat pituitary is altered during
the estrous cycle and pregnancy and in response to estrogen
(reviewed in Ref. 72). Phosphorylated rPRL serves as an
autocrine regulator of GH3 cell proliferation and lactotroph
secretion, and it acts as an antagonist of PRL stimulation of
Nb2 cell proliferation.

3. Secondary and tertiary structures. Knowledge of the tertiary
structure of PRL helps to understand its receptor binding and
serves as the basis for a rational design of PRL superagonists
and antagonists. Advances in molecular modeling and x-ray
crystallography of GH and PL bound to the receptor facili-
tated the generation of three-dimensional PRL models, al-
though PRL:PRLR has not yet been crystallized (49). In par-
allel, site-directed mutagenesis has identified critical
residues in hPRL that affect its conformation or interaction
with the receptor (75). The recent solution structure of PRL
by NMR (50) highlighted several distinct structural features.
Unfortunately, there are no structural data on mPRL or rPRL
that might explain why the former does not bind to hPRLR,
whereas the latter does (53).

hPRL adopts a nonconventional “up-up-down-down”
four helical bundle topology that is a common feature of the
hematopoietic cytokines. The four helices together with the
two connecting loops form a globular folding unit (reviewed
in Ref. 76). The disulfide loops that typify the GH/PL/PRL
proteins may not be essential for formation of the bundle
because they are absent in other members of the superfamily.

The crystal structure of hGH reveals two asymmetric sites
that bind two receptor molecules, forming an active 1:2 tri-
meric complex. In that, hGH differs from yINF, which uses
two identical binding sites to dimerize its cognate receptors,
and IL-6, which utilizes receptor heterodimerization (re-
viewed in Ref. 49). The high affinity (1-2 nM) binding site 1
in hGH is composed of residues on the exposed surface of
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helix 4 and the connecting loop between helix 1 and 2. Bind-
ing site 2 involves residues in helices 1 and 3. Unlike the
concave binding crevice of site 1, binding site 2 is flat and is
considered of low affinity (1-2 um). The different affinities of
the two binding sites have been exploited in the generation
of superagonists and antagonists.

Although hPRL resembles hGH in the conserved locations
of the four helices, NMR spectroscopy revealed several dis-
crete structural differences. According to Keeler et al. (50),
these include: 1) an N-terminal loop that makes contact with
helix 1; 2) an absent mini-helix between helices 1 and 2; and
3) a shorter loop between helices 2 and 3 that alters their
alignment. They also identified specific residues that may
participate in PRL binding to its receptor. Whether the two
binding sites in hPRL are also asymmetric, as is the case with
hGH, has not been unequivocally determined.

Despite the useful structural information, several unre-
solved issues remain. One is the need for structural details
on glycosylated and phosphorylated PRL. Because both crys-
tallography and NMR require large amounts of highly pu-
rified proteins, bacterial expression systems, which do not
undergo posttranslational modifications, are used. In addi-
tion, crystallization of ligand-receptor complexes uses only
the extracellular domain (ECD) of the receptor. Future suc-
cess in crystallizing the entire receptor should provide a
much better insight of ligand-receptor interactions. A clear
resolution is also needed for the issue of why hPRL binds to
its receptor but not to hGHR, whereas hPRL, hPL, and hGH
bind to the hPRLR. Finally, kinetic studies on ligand binding
to the PRLR (77) reveal dynamic properties that cannot be
uncovered in static structural studies. This and the evolving
new concepts on the receptor predimerization (78, 79) are
covered in Section 1V.

Synopsis. Studies on structural differences between human
and rodent PRLs partially explain PRL phylogeny and its
species-dependent adaptive nature. The variability in post-
translational modifications between PRL from these species
is not substantial. Rodent and human PRLs differ in two
main properties: the binding of human, but not rodent, PRL
to heparin and the differential processing of 16K PRL in the
two species. Studies with rodent PRLs do not contribute
much to a better understanding of ligand-receptor interac-
tions in human cells because this can be done with recom-
binant hPRL.

IV. PRL Receptors and Signaling
A. Structure-function relationship

The cytokine-type receptors are single-pass transmem-
brane proteins devoid of intrinsic tyrosine kinase activity
that can be phosphorylated by cytoplasmic proteins. They
are subdivided into type I or type II, based on conserved
features in the ECD, especially the number and spacing of
cysteine and proline residues. The PRLR belongs to the type
I subfamily, which includes PRL, GH, leptin, few ILs, eryth-
ropoietin, and leukemia inhibiting factor (reviewed in Refs.
49 and 80). Binding of PRL to its receptor activates several
signaling pathways, which include the Janus kinase-Signal
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transducer and activator of transcription (Jak-Stat), the
MAPK, and the phosphoinositide 3 kinase (PI3K). Activation
of these cascades results in endpoints such as differentiation,
proliferation, survival, and secretion (reviewed in Ref. 81).

1. Gene structure and regulation of transcription. The hPRLR
gene is located on chromosome 5 close to GHR. It is more
than 100 kb long with 11 exons: E1-E11. Exons 1, 2, and part
of exon 3 comprise the 5" UTR, whereas the rest constitute the
coding region (Fig. 4). The UTR contains six alternative first
exons that are expressed in a tissue-specific manner: hE1;, the
human homolog of the rodent E1;, and five others, termed
hE1y;-hElys; are all spliced into a noncoding exon 2. Alter-
native splicing within the coding region yields isoforms that
differ in length of the cytoplasmic domain. Transcription of
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the hPRLR gene is differentially regulated by several pro-
moters, each driving a specific first exon (82).

The rPRLR gene is located on chromosome 2 close to the
GHR gene. As shown in Fig. 4, the UTR has four alternative
first exons (E1,_,). The rPRLR contains three promoters: a
gonad-specific PI, a liver-specific PII, and a ubiquitous PIII
(83). The PI promoter has a consensus binding site for the
SF-1 (steroidogenic factor 1) protein. Despite the high PRLR
expression in the liver, little is known about PII, except that
it is activated by hepatocyte nuclear factor 4 (84). The rat PIII
promoter is activated by C/EBPS and Sp1/Sp3. Splicing of
exon 9 to exon 10 generates the long receptor isoform,
whereas splicing of exon 9 to exon 11 generates the short
form (85).
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Fic. 4. Schematic presentation of the PRLR gene, transcripts, and proteins in humans and rodents. Top panels, PRLR expression is driven
by several promoters that code for distinct first exons, E15 and Ely;_y5 in humans and E1,_, in rats. Exons 1, 2, and part of 3 code for the
5'UTR, whereas the remainder comprise the coding region. Transcripts are alternatively spliced to yield mRNA isoforms of long (L), intermediate
(I) and short (S) length. Bottom panel, The PRLR protein consists of an ECD and TM that are identical within species, as well as a cytoplasmic
domain of variable length and composition. The length of each isoform is similar in humans and rodents, and common features such as a disulfide
bond, WS motif, as well as Box 1 and Box 2 are conserved. Box 2 is not present in some short isoforms. Unique to humans is a soluble PRLR
binding protein, which contains only the ECD. Not depicted here are a few additional hPRLR isoforms as well as two other short isoforms in
mice. See text for additional explanations.
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The mPRLR is the least characterized. It is regulated by
five promoters, with P1 inactive due to a 2 base-pair alter-
ation in the SF-1 binding site. The UTR in mPRLR contains
two exons and is followed by 11 coding exons, the last four
of which are alternatively spliced to produce four isoforms:
one long and three, very similar, short isoforms; for clarity,
only one of the short mouse isoforms is shown in Fig. 4. The
cytoplasmic region is encoded by exon 10 for the L-PRLR,
exon 12 for PRLR-S;, exon 11 for PRLR-S,, and exon 13 for
PRLR-S; (86).

2. Receptor structure and ligand binding. As shown in Fig. 4, the
PRLR protein consists of an ECD, a short transmembrane
domain (TM) and a variable intracellular domain (ICD) that
mediates signaling (reviewed in Refs. 80, 81, and 87). The
ECDis approximately 200 amino acids long and contains two
subdomains, an amino-terminal region (S1), and a mem-
brane-proximal region (52), both of which have type III fi-
bronectin-like motifs. Two pairs of disulfide bonds (between
Cys12-Cys22 and Cys51-Cys62) in S1, and a “WS-motif”
(Trp-Ser-x-Trp-Ser) in S2, which are highly conserved, are
critical for receptor folding and trafficking. Within a given
species, the ECDs of all PRLR isoforms are identical. The two
disulfide bonds are preserved in all species, but the WSxWS
domain is the same in rats and humans but not in mice, which
have a WSxWG. The ECD of the rat and mouse PRLR is 95%
homologous, differing by 11 residues only. The human ECD
shows 71 and 74% homology to mice and rats, respectively.

The active ligand /receptor complex has a stoichiometry of
one hormone bound to two receptors. In this mode, two
ECDs interact with two asymmetric ligand binding sites lo-
cated at opposite sides of the receptor core. Binding of the
first receptor at site 1 is followed by recruitment of a second
receptor at site 2 (49). To explain the increased affinity at site
2 after site 1 occupancy, Sivaprasad et al. (88) proposed that
site 1 binding confers organization of site 2. Yet, using NMR,
Teilum et al. (89) argued that such a conformational change
is unlikely, suggesting instead that the increased affinity for
PRLR at the second PRL site results from receptor-receptor
interactions. Such interactions are supported by the report
that once a 1:1 hPRL:hPRLR complex is formed, it readily
binds a second PRLR but does not form a mixed 1:2 complex
with hGHR as a second receptor (90).

Whether PRL induces sequential dimerization of the PRLR
or binds to predimerized receptors is controversial (reviewed
in Ref. 78). Although the former represents a long-held view,
the latter is gaining support, based on preformed dimers of
GH and erythropoietin before ligand activation (91-93). Us-
ing combinations of various constructs, Gadd and Clevenger
(79) argued for a ligand-independent dimerization of hPRLR.
They found that the TM is sufficient for dimerization, but the
interaction is strengthened by both the ECD and ICD. They
suggested that one ECD is sufficient to bind PRL and induce
the necessary conformational change for transducing the
PRL signal. Ligand-independent homo- and heterodimers of
hPRLR isoforms have also been reported by others (94).

Despite the common practice of treating cells from one
species with PRL from another, studies on interspecies dif-
ferences in PRLR binding and activation have not received
a high priority. An early study found that rPRL binds to
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hPRLR and induces clustering in T47D cells, albeit at a lower
affinity than hPL (95). Recently, Utama et al. (53) reported
that mPRL, which shares 84% sequence homology with
rPRL, does not activate Stat5 or stimulate clustering of hu-
man breast cancer cells. Of the 23 residues in hPRL consid-
ered interactive with the hPRLR, mPRLs and rPRLs differ by
8 and 5, respectively. The lack of bioactivity of mPRL toward
hPRLR may be due to one or more of these substitutions.

Sites referred to as “hot spots” consist of key residues that
are involved in ligand-receptor interactions (96). Ala-scan
analysis of hPRLR identified five ECD residues that are im-
portant for hPRL binding (49). Certain structural features
also account for the promiscuity of hGH and the specificity
of PRL. For example, zinc is required for binding of hGH to
the hPRLR but not for binding of hPRL to its receptor. The
angles between the N- and C-terminal ECDs of hGHR and
hPRLR affect ligand binding and receptor-receptor interface
(97). Another possible explanation for the broader preference
of hGH is a mini-helix at the loop separating helix 1 and helix
2 (89). Partial unraveling of the mini-helix may be required
for correct presentation of hGH residues that interact with
hPRLR. Because this motif is absent in PL or PRL, it may
explain the promiscuity of hGH in its receptor binding.

A recent study revealed the strong effect of pH on the
interaction between hPRL and the ECD of the hPRLR,
whereas interaction of hGH with the same ECD was unaf-
fected (98). The configuration and kinetics of PRL binding
were dramatically altered within a pH range of 5.8 to 8.3. This
was correlated with loss of PRL effectiveness in stimulating
Nb2 cell proliferation and activating Stat5 in T47D breast
cancer cells at pH 6 and below. Although blood pH is tightly
regulated, this is not the case in the extravascular space
within tumors, which is often more acidic.

3. PRLR isoforms. Alternative splicing generates multiple
PRLR isoforms, classified by the length of their ICD as long,
intermediate, or short (Fig. 4). Humans have more PRLR
isoforms than rats and mice combined. The long PRLR, con-
sidered the major isoform through which PRL transmits its
signals, has an apparent mass of 90 kDa and is composed of
588 amino acids with 364 residues in the ICD. The ICD
contains 10 tyrosine residues (only nine in rodents) whose
location and adjacent amino acids determine whether they
become phosphorylated after receptor activation.

As reviewed by Clevenger et al. (81), the membrane prox-
imal region of the ICD contains a proline-rich hydrophobic
motif named Box 1, Variable Box (V-Box), Box 2, and Ex-
tended Box 2 (X-Box). Box 1 and Box 2 are conserved across
the cytokine receptor superfamily. Box 1 contains a Pro-x-Pro
sequence that adopts the typical folding of SH3-binding do-
mains and is recognized by signal transducers (99). Box 2
consists of hydrophobic, negatively charged, and then pos-
itively charged residues and is missing in some of the short
isoforms.

Humans have an intermediate receptor isoform of 50 kDa,
resulting from a frame shift after residue 312 (Fig. 4). Only
three of the nine tyrosine residues in Box 1 are preserved.
Despite missing 191 residues in the ICD, this isoform can
activate Jak2, but not Fyn tyrosine kinase. It also cannot
induce cell proliferation in response to PRL but is equipotent
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with the long form in mediating cell survival (100). As shown
in Fig. 4, alternative splicing and deletion generate multiple
short hPRLR isoforms. Both the S1, and S1, isoforms are
spliced into exon 11 (101). The S1, isoform has 376 amino
acids and includes part of exon 10 and 39 amino acids from
exon 11, whereas S1, lacks exon 10 and contains only three
residues from exon 11. Both have similar binding affinities to
the long form, but do not mediate transcriptional activation
of B-casein. When coexpressed with the long form, they act
as dominant negatives. Other human short isoforms were
also identified (102, 103).

Soluble receptor isoforms containing the ECD have been
identified in humans but not in rodents. A PRL binding
protein of 33 kDa is present in human serum and milk and
may arise by proteolysis (104). Soluble receptors can affect
PRL homeostasis by: 1) prolonging its circulation time and
biological activity due to a more stable hormone pool; 2)
reducing its effective concentrations through competitive
binding with membrane receptors; 3) dimerizing with and
inactivating functional PRLR isoforms; or 4) affecting GH
availability due to their capacity to bind hGH (105).

PRLR isoforms of variable length also exist in rodents (Fig.
4). In rats, the long PRLR has 591 amino acids, 357 of which
are in the ICD (106). The mouse long isoform spans 589
amino acids, with 355 in the ICD (107). Their sequences
reveal 90% homology, including conservation of Box 1 and
the nine tyrosine residues. Both rodent ICDs have 65% ho-
mology with humans, but due to preservation of different
residues in rats and mice. Rats, but not mice, have an inter-
mediate PRLR isoform with the ECD, TM, and a membrane
proximal region identical to the long isoform. It differs from
the long isoform by a 198-amino acid deletion (amino acids
323-520) in the ICD (108). This isoform is exclusively found
inrat Nb, lymphoma cells, which express it at high levels and
depend on PRL for proliferation and survival. The unusual
strong mitogenic and antiapoptotic properties of this isoform
in Nb2 cells serve as the basis for a common bioassay for PRL.

Long before their discovery in humans, short PRLR iso-
forms were identified in rodents. The rat short PRLR encodes
a small protein (291 residues) with 57 amino acids within the
ICD (85). It is identical to the long isoform up to residue 261
and differs thereafter (Fig. 4). The mouse has three short
isoforms, S;, S,, and S;, with unique C-terminal sequences
following 27 common membrane-proximal residues in the
ICD (109). As in humans, the rat short isoform exerts dom-
inant-negative effects on signals by the long form (110). How-
ever, the short form mediates unique actions of PRL in the
rat corpus luteum (CL) (111), and its overexpression com-
pensates for a partial loss of the long form in PRLR*/~
knockout mice (112), indicating that it has distinct functions.

The PRLR is ubiquitously expressed, with the ratio of
isoforms varying among tissues, during development, and at
different stages of the estrous cycle, pregnancy, and lactation
in rodents (reviewed in Ref. 87). The long isoform is highly
expressed in the adrenal, kidney, mammary gland, small
intestine, choroid plexus, and pancreas, whereas other tis-
sues, i.e., the liver, also express high levels of the short iso-
form. PRLR expression varies with the reproductive stage,
increasing in the ovary and the uterus during proestrus (113).
In the mammary gland, PRLR expression increases during
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pregnancy, rises at parturition, and declines after weaning
(114). The changes in PRLR could be due to alterations in
serum PRL, as supported by the up-regulation of the PRLR
in PRL-overexpressing MBA-MD-435 breast cancer cells
(115) and MCEF-7 cells treated with PRL (116).

B. Signaling pathways

1. The Jak-Stat pathway. Jak-Stat signaling is the best charac-
terized of the PRL activated pathways. Jaks are nonreceptor
tyrosine kinases, whereas Stats are latent cytoplasmic tran-
scription factors composed of a modular structure of five
domains. Phosphorylation of a tyrosine downstream of the
SH2 domain is critical for Stat activation (117). Jak2, which
is constitutively associated with Box 1 of the PRLR, is rapidly
activated after receptor dimerization and phosphorylates ty-
rosine residues on the PRLR (118). Stat proteins, attached by
SH2 domains to phosphotyrosine residues on the PRLR, are
also targets of activated Jak2, with Stat 5a and Stat5b the
primary mediators of PRL action. After phosphorylation,
Stat proteins disengage from the PRLR, homo- or het-
erodimerize and translocate to the nucleus, where they bind
to GAS (y interferon activated site) elements and promote
transcription of target genes (119).

Termination of signaling is an important component of
hormone action. Although receptor desensitization and in-
ternalization usually terminate the action of G protein-linked
receptors, the Jak/Stat signaling utilizes other termination
steps, including inhibition by suppressor of cytokine signal-
ing (SOCS), dephosphorylation, and ubiquitination (re-
viewed in Refs. 81 and 120). SOCS proteins bind to the
receptor or to Jaks and attenuate signaling by competing with
Stats for receptor docking sites and also target interacting
proteins for degradation. PRL induces rapid activation of
SOCS-1, SOCS-3, and CIS (cytokine inducible SH2-contain-
ing protein) in hypothalamic neurons, adipocytes, and mam-
mary cells (121-123). There is also evidence for PRL-induced
internalization of its receptor, especially the short isoforms
(81).

The initial work on Jak2 as a PRLR-associated tyrosine
kinase used Nb2 cells that express a high copy number of the
intermediate PRLR isoform (124, 125). Because no other ro-
dent or human cell line expresses this mutant receptor, Nb2
cells are not considered representatives for PRL action in
human cancer cells (126). Induction of milk proteins by PRL
has been studied with the HC11 mouse mammary epithelial
cells (MEC), which synthesize B-casein in response to PRL,
insulin, and glucocorticoids (127). PRL rapidly activates Jak2,
stimulates phosphorylation of Statl, Stat3, and Stat5, and
induces proliferation of T47D, BT-20, and MCF-7 breast can-
cer cells (128, 129). In MCE-7 cells, PRL increases expression
of the cell cycle regulatory protein cyclin D1 (130).

2. Other PRL-activated signaling pathways. The Ras-Raf-MAPK
pathway also mediates PRL actions in both rodent and hu-
man cells (reviewed in Refs. 81 and 131). Of the MAPKs,
ERK1/2 and c-jun N-terminal kinase are primarily activated
by PRL. In Nb2 cells, PRL stimulates ERK1/2 phosphoryla-
tion within minutes, whereas inhibition of MAPK kinase
(MEK), an upstream activator of MAPKs, abolished the PRL-
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induced mitogenesis (132). Because MEK inhibition does not
affect PRL-induced B-casein synthesis in mouse mammary
explants, this pathway may not play a role in milk protein
synthesis (133). PRL also induces phosphorylation of
ERK1/2 in human breast cancer cells (134).

The PI3K pathway often involves activation of Akt. PRL
has an Akt-mediated antiapoptotic effect in the rat decidua
via inhibition of caspase 3 activity (135), and it also prevents
apoptosis in MEC in an Akt-dependent manner (136). In Nb2
cells, PRL stimulates rapid phosphorylation of the mamma-
lian target-of-rapamycin (mTOR), a serine/threonine protein
kinase that is an integral component of the PI3K pathway
(137,138). PRL also enhances migration of breast cancer cells
by modulating the cytoskeleton and interacting with adhe-
sion kinases (139).

Rycyzyn and Clevenger (140) reported internalization of
PRL via receptor-mediated endocytosis. They found that
PRL interacts with cyclophilin B, a peptidyl prolyl isomerase,
and is transported into the nucleus by a process termed
retrotranslocation. The intranuclear PRL/cyclophilin B com-
plex acts as a transcriptional inducer that interacts with Stat5.
Another laboratory did not confirm nuclear translocations of
either PRL or its receptor in several cell types (141), and hence
this new concept of direct genomic actions of PRL remains
controversial.

Synopsis. Structure-based explanation for cross-activation of
hPRL, hGH, and hPL of the hPRLR remains a major challenge
that can be pursued only with human-based materials. PRL-
activated signaling pathways appear similar in rodent and
human cells except for the abundance of PRLR isoforms with
a potential for unique signaling in humans. Both rodent and
human cell lines express the PRLR to varying degrees, but
many human cells also produce PRL. Although rodent cells
do not make PRL, they are often cultured with serum sup-
plements that contain lactogenic hormones. Hence, studies
evaluating PRL signaling should consider the presence of
endogenous or media-derived PRL that can mask the effects
of exogenous PRL.

V. PRL Release
A. Regulation of pituitary PRL release

Rats serve as the animal of choice for several reasons. First,
their large size enables sequential bleeding for studying PRL
responses to experimental manipulations. Second, they can
be used for making hypothalamic lesions, introducing fac-
tors into the brain, and collecting hypophysial portal blood.
Third, the large selection of rPRL-producing cell lines and
ease of culturing primary rat pituitary cells enable mecha-
nistic studies on PRL release. Although anatomical details
are limited and surgical manipulations are restricted in mice,
spontaneous and experimentally induced altered genotypes
have clarified many aspects of the control of PRL release. The
wide selection of dopamine-altering drugs in clinical practice
provided a wealth of information on the effects of drugs on
PRL release in humans.

Lactotrophs comprise 30-50% of rat pituitary cells. They
represent a dynamic population of cells with a remarkable
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ability to adapt to changes in the internal or external envi-
ronment. Lactotrophs have a large storage capacity and re-
lease PRL by a calcium-dependent exocytosis, constituting
an additional regulatory level for PRL beyond gene expres-
sion. The lactotroph is unique by having an inherent capacity
for high constitutive production and secretion of PRL. Unlike
hormones such as LH or ACTH, where the hypothalamus
provides a positive stimulus and peripheral target glands
supply negative feedback inhibition, PRL does not have a
single target organ. Instead, its main regulation is provided
in the form of tonic inhibition by dopamine, which is coun-
teracted by stimulatory actions of many neuropeptides, ste-
roids, and growth factors (reviewed in Ref. 142).

The regulators of PRL release can be classified into four
categories: endocrine, paracrine, juxtacrine, and autocrine
(reviewed in Ref. 143). Endocrine agents originate in the
hypothalamus and the gonads and reach the lactotrophs by
the blood. Paracrine factors are produced by other pituitary
cells and reach the lactotrophs by diffusion. Juxtacrine in-
teractions emanate from the extracellular matrix and adja-
cent cells. Autocrine agents are synthesized by the lac-
totrophs. Hence, at any given time, the secretory activity of
the lactotrophs reflects a balance between local and distant
releasing and inhibiting factors. For simplicity, we will sep-
arately discuss dopamine, estrogens, and releasing/regulat-
ing factors, firstin rats, and then in mice and humans. A more
detailed coverage of the control of PRL release is found in
several reviews (142-145).

1. The dopaminergic systems. As shown in Fig. 5, PRL release
in rats is regulated by three hypothalamic dopaminergic
neuronal systems, the TIDA (tuberoinfundibular), THDA
(tuberohypophysial), and PHDA (periventricular) (reviewed
in Refs. 142 and 144). TIDA perikarya from the arcuate nu-
cleus have terminals in the median eminence that do not form
synapses and function as true neurosecretory neurons. Do-
pamine is carried to the anterior pituitary by the long portal
vessels (146). The THDA neurons from the rostral arcuate
nucleus have terminals in the neural lobe (NL) and inter-
mediate lobe of the pituitary. The PHDA neurons have
perikarya in the periventricular nucleus and terminals in the
intermediate lobe. The NL terminals are neurosecretory,
whereas those in the intermediate lobe synapse on mela-
notrophs. Short portal vessels that connect the neural and
anterior lobes enable dopamine delivery to the lactotrophs.
The intermediate lobe is avascular, and its dopamine must
reach the lactotrophs by diffusion. The relative input from
the three systems to the anterior pituitary varies under dif-
ferent conditions (147, 148).

PRL regulates its own release by affecting the dopami-
nergic neurons via a short loop negative feedback (Fig. 5).
Next to the choroid plexus, the hypothalamus has the highest
density of PRLR within the brain. The PRLR colocalizes with
neurons expressing tyrosine hydroxylase (TH), the rate-lim-
iting enzyme in dopamine synthesis (reviewed in Ref. 149).
PRL reaches the arcuate nuclei by retrograde blood flow from
the pituitary (150) or from the cerebrospinal fluid via recep-
tor-mediated uptake at the choroid plexus (151). The dopa-
minergic neurons are activated by both acute and chronic
elevations in PRL. The activation (phosphorylation) and in-
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Fia. 5. Diagram of the hypothalamo-pituitary system that regulates
PRL release in humans and rats. In rats, TIDA neurons originate in
the arcuate nucleus and project to the long portal vessels in the
median eminence, whereas PHDA neurons, with perikarya located in
the periventricular nucleus, terminate in the avascular intermediate
lobe (IL). THDA neurons also extend from the arcuate nucleus to both
the intermediate lobe and the NL. In humans, there is evidence only
for TIDA neurons. Dopamine released from these cells reaches the
lactotrophs and inhibits PRL release by acting on D2R. Dopamine
synthesis and release in rats is under the control of several brain-
derived factors, including stimulators such as angiotensin II, calito-
nin, neurotensin, and neuropeptide Y (NPY), as well as inhibitors
such as serotonin and opioids. PRL itself and estradiol (E2) also affect
the hypothalamic dopaminergic systems in rats. In humans, the fac-
tors that regulate dopamine production are unknown. PRL synthesis
and secretion by rat lactotrophs is directly stimulated by TRH, es-
trogen, oxytocin, VIP, epidermal growth factor (EGF), TGF, and basic
FGF (bFGF), whereas, with the exception of TRH, direct regulators
of PRL production in human lactotrophs remain unclear.

duction (increased transcription) of TH by PRL are mediated
by nonoverlapping signaling pathways (152). During late
pregnancy and lactation and after prolactinoma formation,
these neurons become refractory to negative feedback by
PRL, enabling physiological or pathological hyperprolactine-
mia (reviewed in Refs. 153 and 154). Such insensitivity in
lactating rats is due to higher expression of CIS, a member
of the SOCS family, which inhibits PRL signaling via Stat 5
(155).

Dopamine binds to the D2R, a G protein-coupled receptor
in the lactotrophs. The five dopamine receptors are divided
into D1-like receptors (D1 and D5), which increase adenylyl
cyclase activity in response to dopamine, and D2-like recep-
tors (D2, D3, and D4), which inhibit it (reviewed in Ref. 142).
Alternative splicing of D2R yields long (D2L) and short (D2S)
isoforms. The short isoform has a 29-amino acid deletion in
the third intracytoplasmic domain, where interactions with
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G,/Gi proteins occur. Despite a similar binding affinity to
dopamine, the two isoforms differ in their coupling to second
messengers. The long isoform is predominant in the pitu-
itary, and its expression is regulated by sex steroids (156).

The actions of dopamine on the lactotrophs are best
viewed as a continuum rather than as discrete events (re-
viewed in Refs. 142 and 157). Within seconds, dopamine
increases potassium conductance and inactivates voltage-
sensitive calcium channels. This results in membrane hyper-
polarization, reduced intracellular calcium, and inhibition of
PRL release. An elevated intracellular calcium accounts for
high basal PRL release in the absence of dopamine and its
suppression upon exposure to dopamine. Within minutes to
hours, dopamine suppresses adenylyl cyclase and inositol
phosphate metabolism, leading to down-regulation of the
PRL gene. Within days, dopamine inhibits lactotroph
proliferation.

Few anatomical details are known about the dopaminergic
systems in mice. TH-positive neurons, corresponding to the
TIDA in the rat, are located in the arcuate nucleus with
terminals in the median eminence; it is unknown whether
mice have the two other dopaminergic systems (reviewed in
Ref. 158). The number and intensity of the TIDA neurons are
reduced in Ames and Snell dwarf mice, which lack GH, PRL,
and TSH due to mutations in Prophet of pit-1 and pit-1,
respectively. Since their nigra-striatal dopaminergic neurons
are intact, PRL input appears necessary for maintaining the
integrity of the TIDA system. PRL replacement restores the
TIDA neurons if begun before 21 d of age, indicating that PRL
serves as a neurotropic factor in these neurons during
development.

Three types of transgenic mice with altered dopamine that
markedly affects PRL physiology have been generated: 1)
those with a deletion of the D2R that prevents dopamine
action; 2) those with a deletion of the dopamine transporter
(DAT), which increases dopamine availability; and 3) those
overexpressing either the long or short dopamine receptors
in the lactotrophs. The phenotype of these animals has not
always been what was predicted.

Two groups have described the effects of loss of D2R on
the neuroendocrine axis (159, 160). The major phenotype is
chronic hyperprolactinemia and lactotroph hyperplasia that
develops into adenoma in aged females only. PRL expression
is robust, with a slight decrease in GH and no changes in
other pituitary hormones. Null mice of either sex have 3- to
4-fold higher basal PRL levels than normal mice. Females
have higher serum PRL levels than males, underscoring the
importance of estrogen in the control of PRL in rodents.

DAT deletion results in an almost opposite phenotype
(161). The DAT takes up secreted dopamine, thereby con-
serving the released neurotransmitter and terminating its
synaptic action. DAT deletion results in increased dopami-
nergic tone, anterior pituitary hypoplasia, dwarfism, and
inability to lactate. The reduced pituitary size is due to de-
creased number of lactotrophs and somatotrophs without a
change in other cells. With more dopamine presumably
reaching the pituitary in DAT-null mice, one would expect
reduced PRL content and low serum PRL levels. Yet, these
mice have unchanged basal serum PRL levels despite a 70—
80% reduction in PRL content. So, despite a lower number of
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lactotrophs, rapid PRL turnover in the remaining lactotrophs
or their increased sensitivity to PRL secretagogues may ex-
plain the maintenance of near normal basal serum PRL.

Overexpression of D2S results in pituitary hypoplasia,
reduced PRL mRNA levels and pituitary content, and a
marked decline in serum PRL (162). In contrast, overexpres-
sion of D2L has little effect on PRL mRNA levels or content
but a marked rise in its serum levels. It is unclear, however,
whether a 10- to 20-fold increase in expression of a single D2R
isoform without changing the other represents their function
under normal conditions, when their ratio is tightly
regulated.

Although the human fetus has a well-developed pituitary
intermediate lobe, it disintegrates immediately after birth.
Thus, the anatomy of the hypothalamic dopaminergic neu-
rons in adult humans differs from that in the rat (Fig. 5). In
postmortem brains, TH immunoreactivity was detected in
the walls of the third ventricle, the arcuate and periventricu-
lar nuclei, and the lateral hypothalamic area (163). Fluores-
cent catecholaminergic neurons were seen only in the arcuate
nuclei in human fetuses (164). Neither study is definitive for
dopaminergic neurons because noradrenergic neurons are
also detectable by both methods. DAT was not detected in the
ventral hypothalamus of adult men (165). There is no infor-
mation on whether there is sexual dimorphism in human
hypothalamic dopaminergic neurons or whether the NL con-
tains dopaminergic terminals as is the case in rats.

Expression of functional D2R in the human pituitary, pre-
sumably on lactotrophs, is evident by ligand binding, auto-
radiography, and immunocytochemistry and validated by in
vivo imaging (reviewed in Ref. 166). Dopamine and bro-
mocriptine, the dopaminergic agonist, suppress PRL release
from normal or tumorous human pituitary cell cultures (167,
168). Moreover, there is an extensive literature on changes in
PRL release by drugs that increase dopamine availability or
reduce its effectiveness (reviewed in Refs. 142 and 169). Dis-
eases requiring long-term treatment with dopamine-altering
drugs include Parkinson’s, schizophrenia, depression, and
hypertension. Dopamine agonists used to treat hyperpro-
lactinemia are covered in Section VIII.

Untreated Parkinson’s patients with impaired nigra-stri-
atal dopaminergic neurons have normal basal and episodic
PRL release (170). The function of the TIDA neurons is con-
served, possibly due to protective effects by local neurotropic
factors. Long-term L-dopa therapy, alone or in combination
with D2R agonists, results in lower serum PRL but an un-
changed PRL response to TRH in these patients (171). The
prolonged hypoprolactinemia causes no obvious clinical
pathology.

Hyperdopaminergia was initially proposed to explain the
neurochemical basis of schizophrenia. Recent theories, al-
though not disputing a major role for dopamine, maintain
that schizophrenia also involves alterations in serotonin, glu-
tamate, or cholinergic systems (reviewed in Ref. 172). The
first generation antipsychotics, i.e., chloropromazine, halo-
peridol, and trifluoperazine, suppressed dopamine and in-
creased serum PRL levels, causing amenorrhea in some
women and sexual dysfunction in some men (reviewed in
Refs. 169 and 173). Such adverse effects led to the develop-
ment of a second generation of drugs, the atypical neuro-
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leptics. Drugs such as clozapine, risperidone, and olanzepine
do not produce significant extrapyramidal side effects, and
their improved efficacy on cognitive functions is attributed
to high serotonin-to-dopamine receptor blockade ratio. Most
of these drugs produce little or transient rises in serum PRL
levels except for risperidone, which resembles the classical
neuroleptics in its ability to raise PRL (174).

Serotonin receptor agonists and reuptake inhibitors are
widely used in the treatment of depression. Although animal
studies showed that drugs that increase serotonin efficacy
stimulate PRL release (reviewed in Ref. 144), most seroto-
nergic drugs, with the exception of the serotonin reuptake
inhibitors D-fenfluramine and desimipramine, have little ef-
fect on serum PRL levels in humans (reviewed in Ref. 175).
In contrast, monoamine oxidase inhibitors such as moclobe-
mide, used as antidepressants, induce both acute and pro-
longed rises in plasma PRL levels. Several other drugs in
clinical practice also affect PRL release (reviewed in Refs. 142
and 175). Among these are the D2R receptor antagonists
metoclopramide and domperidone, used to treat gastric mo-
tility disorders; verapamil, a calcium channel blocker used to
treat cardiovascular disease; and a-methyldopa and reser-
pine, used to treat hypertension. The effects of opioidergic
drugs used in alleviating chronic pain on PRL release vary
with the type of drug, dose, and duration of treatment.

2. Estrogens. In rats, estrogens affect PRL at the hypothala-
mus, posterior pituitary, and anterior pituitary. Many TH-
positive neurons in the arcuate nucleus express ERa (176),
whereas ERp is barely detectable (177). Basal TIDA activity
is higher in females than males and is suppressed by ovari-
ectomy. A direct action of estrogen is supported by the sup-
pression of TH activity in fetal rat hypothalamic neurons
incubated with estrogen (178). Estradiol also induces rapid
release of dopamine from rat posterior pituitary explants,
without affecting its release from medial basal hypothalamic
explants, indicating differential effects on the two dopami-
nergic systems (179).

ERB is detectable in the rat pituitary anlage as early as
embryonic d 12-13, whereas ERa is seen only on d 17 (180).
In adults, both ERax and ERp are expressed in most anterior
pituitary cells (23, 181). The differential regulation of expres-
sion and interactions (e.g., dimerization) between the ER
isoforms enables fine tuning of pituitary responsiveness to
estrogens. At the level of the lactotroph, estrogens stimulate
PRL gene expression and release, enhance storage capacity,
and increase cell proliferation (reviewed in Refs. 142 and
144). Whereas some actions are exerted directly on the lac-
totrophs, others involve interactions with neighboring cells,
especially follicular stellate cells (reviewed in Ref. 182).

Virtually nothing is known about the dynamics of PRL
release in response to estrogens in normal mice. Instead, all
information is derived from ERaKO or ERBKO mice. Unlike
rats and humans, ERf is not expressed in the mouse pitu-
itary, and ERBKO females have normal pregnancy and lac-
tation and no alterations in PRL (reviewed in Ref. 21). Scully
et al. (183) reported 10- and 20-fold lower PRL mRNA levels
in ERaKO males and females, respectively, compared with
normal mice, with less dramatic changes in serum PRL, likely
due to compensatory mechanisms.
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Some reports on ER distribution in the human hypo-
thalamo-pituitary axis predate the 1996 discovery of ERB. In
a 1990 study, ER mRNA was detected in the basal hypo-
thalamus in both postmenopausal and premenopausal
women (184). Within the pituitary, expression of both ER«
and ERB is seen in midgestational human fetuses (185), as
well as in normal and neoplastic glands from adults (186-
188). The receptors are mostly localized to lactotrophs and
gonadotrophs and infrequently to other pituitary cell types.

Statements in the literature that estrogens play a central
role in the control of PRL release in humans are often based
on rodent data, with little direct evidence from humans. The
following observations are supportive of positive effects of
estrogen on PRL release: 1) higher basal serum PRL levels in
women than men; 2) marked increase in serum PRL levels
and number of lactotrophs during pregnancy, temporally
correlating with the rise in estrogens; 3) higher incidence of
prolactinomas in younger women than men; 4) increased
PRL release in response to estradiol in hypogonadal women
and transsexual (male to female) individuals; and 5) higher
mean serum PRL levels and PRL pulse frequency in cycling
women than in postmenopausal women or in men (189-191).

The following counterarguments maintain that estrogens
have negligible effects on PRL release in humans: 1) PRL is
not elevated in the middle of the menstrual cycle together
with the estrogen-induced preovulatory LH surge; 2) there
are only sporadic cases of increased serum PRL or higher
incidence of prolactinomas in women taking oral contracep-
tives; 3) basal serum PRL levels are not reduced after oo-
phrectomy; 4) there are no changes in serum PRL levels in
postmenopausal women taking antiestrogens such as ralox-
ifen (192-194); and 5) there are inconsistent reports that es-
trogens increase PRL release from human pituitary cell cul-
tures (167, 168).

It must be concluded that endogenous estrogens have only
modest stimulatory influence on PRL release in normal sub-
jects, with such effects more pronounced in hypogonadal
individuals exposed to estrogens. It is unclear whether the
substantial rise in PRL during pregnancy is driven by estro-
gens or is attributed to other pregnancy-related factors. Yet,
it is possible that certain individuals are more susceptible
than others to the effects of endogenous or exogenous es-
trogens (i.e., estrogenic drugs or xenoestrogens), due to al-
terations in their neuroendocrine axis that regulates PRL.

3. PRL releasing/regulating factors. The search for the ultimate
PRL-releasing factor (PRF) has been going for over 40 yr, but
to no avail. The inevitable conclusion is that there may not
be asingular potent PRF but instead, many factors counteract
inhibition by dopamine. Nondopaminergic regulators of
PRL are divided into three categories: 1) those that alter
dopamine; 2) those that affect other hypothalamic regulating
factors; and 3) those that act directly on lactotrophs (re-
viewed in Refs. 142-144).

Opioids stimulate PRL release by inhibiting dopamine.
The rat hypothalamus contains perikarya of three opioid
classes, i.e., proopiomelanocortin, endorphins, and enkepha-
lins. They act as paracrine regulators of the TIDA neurons via
k- and p-opioid receptors (195, 196). Interactions between
opioids and TIDA neurons are especially extensive during
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the proestrus PRL surge, its nocturnal rise in pregnancy, and
during suckling (196, 197). A k-receptor agonist stimulates
PRL release in monkeys in a dopamine-dependent manner
(198), and PRL is elevated in humans addicted to opium and
to a lesser extent in long-term cigarette smokers (199).

The stimulatory effect of serotonin on PRL release is well
recognized (reviewed in Ref. 200). Serotonergic neurons from
the raphe nucleus terminate in the suprachiasmatic and ar-
cuate nuclei. Drugs that impair serotonergic transmission or
lesions of the raphe nucleus prevent PRL rises in response to
stress and suckling. However, there is no consistent effect of
serotonin agonists on TIDA neuronal activity, and serotonin
may affect PRL release by stimulating the release of putative
PRE(s). Detailed information on neuropeptides, such as neu-
ropeptide Y, neurotensin, angiotensin II, calcitonin, bomb-
esin-like peptides, and atrial natriuretic peptides that pri-
marily interact with the dopaminergic systems, is covered
elsewhere (142, 144, 201).

The original criteria for hypothalamic releasing/inhibiting
factors include localization within the hypophysiotropic area
of the hypothalamus, presence in portal blood, binding to
specific receptors on lactotrophs, and alterations in expres-
sion/release that reflect changes in PRL secretion. Because
many of these compounds are also produced within the
pituitary, broadening of the criteria for PRL-regulating fac-
tors became necessary. Selected peptides that affect PRL gene
expression/release by acting directly on the lactotrophs are
featured below.

TRH neurons in the paraventricular nuclei with terminals
in the median eminence secrete TRH into portal blood (re-
viewed in Refs. 142 and 144). TRH binds to type 1 TRH
receptor expressed in both thyrotrophs and lactotrophs (re-
viewed in Ref. 202). TRH stimulates PRL release especially
when the dopaminergic input is low or absent. It induces a
rapid, biphasic rise in intracellular calcium, leading to in-
creased PRL release and induction of the PRL gene via pro-
tein kinase C- and calcium-dependent activation of MAPK.
TRH is not considered a critical PRF, asjudged by lower basal
serum PRL levels but a normal number of lactotrophs and
unimpaired suckling-induced PRL release in type 1 TRH
receptor- deficient mice (203). A TRH stimulation test is often
used to diagnose hyperprolactinemia in patients (204), but its
physiological importance as a regulator of PRL release in
humans is unclear.

Vasoactive intestinal peptide (VIP) is a 28-amino acid pep-
tide present at high concentrations in portal blood (reviewed
in Ref. 205). VIP is also produced by the lactotrophs, where
it maintains elevated basal PRL release (206). VIP acts by
increasing intracellular cAMP, followed by PKA activation.
VIP is more sluggish and less potent as a PRL secretagogue
than TRH. VIP- and VIP receptor-deficient mice show no
alterations in PRL (207, 208). VIP increases PRL secretion
from incubated primary human pituitary cells only at mi-
cromolar concentrations (209). The general consensus is that
VIP is not a potent PRL secretagogue in humans.

Two peptides, consisting of 20 and 31 amino acids, were
named PRL-releasing peptides (PrRP20 and PrRP31), based
on their ability to increase PRL release in vitro. However, it
is presently questioned whether they truly deserve their
assigned name (reviewed in Ref. 210). Although only PRL
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release is increased when PrRP is incubated with rat pituitary
cells, this required pharmacological doses. Also, their ex-
pression is low to undetectable in the ventral hypothalamus
or median eminence, raising the question how they might
reach the pituitary. Because both peptides and their receptors
are abundant in rat and human pituitaries, they may regulate
PRL release as autocrine/paracrine factors. If so, they do not
differ from other locally produced peptides/growth factors
that affect PRL secretion but should not be classified as hy-
pothalamic releasing factors.

Oxytocin is a nonapeptide produced by the magnocellular
neurons of the paraventricular and supraoptic nuclei. Oxy-
tocin is released at times of elevated PRL secretion such as
during suckling, the afternoon of proestrus, after estradiol
administration, and during immobilization stress (reviewed
in Refs. 143 and 211). Because oxytocin and PRL have dif-
ferent thresholds of activation and dissimilar kinetics, their
corelease may be coincidental. The general consensus is that
oxytocin is not a major PRF, but it may modulate PRL release
under some conditions.

Another PRF was discovered when posterior pituitary
lobectomized rats were used. Suckling, with or without oxy-
tocin replacement, failed to increase plasma PRL levels, in-
dicating the presence of PRF (212). Posterior pituitary PRF
participates in the generation of the proestrus PRL surge,
mediates the acute estradiol-induced rise in PRL, contributes
to the nocturnal rise in PRL during early pregnancy, but is
not involved in stress-induced PRL release (reviewed in Ref.
213). Attempts to isolate this PRF from posterior pituitaries
from several species were unsuccessful.

B. Regulation of extrapituitary PRL release

Knowledge of the control of PRL release in extrapituitary
sites lags behind that of pituitary PRL for several reasons.
First, human tissues are not as readily available and show
significant variability among specimens. Second, PRL release
from such sites is several orders of magnitude lower than
pituitary PRL, requiring the use of more sensitive, but often
less specific, bioassays. Third, there is no uniform mechanism
for the control of PRL release in the various sites, with each
cell type utilizing a different set of regulators. There is no
evidence for PRL storage granules at extrapituitary sites,
implying constitutive PRL release rather than the calcium-
dependent exocytosis as in the lactotrophs. Without vesic-
ular storage, the primary regulation of nonpituitary PRL
must be transcriptional, like most cytokines. Despite the dis-
similar regulation of pituitary and nonpituitary PRL, both
are under inhibitory controls, as judged by a progressive rise
in PRL release in cultured PRL-producing cells from most
sites. Although dopamine is the physiological inhibitor of
pituitary PRL, there may not be a singular potent inhibitor
in other PRL-producing cells.

1. PRL release from the decidua and myometrium. Production of
PRL outside the pituitary was first discovered in the decidua,
after finding very high PRL levels in the amniotic fluid. PRL
in amniotic fluid peaks at 2024 wk gestation and is tem-
porally and quantitatively distinct from maternal or fetal
serum PRL profiles (214-216). PRL synthesis is first detected

Endocrine Reviews, February 2008, 29(1):1-41 15

in the uterine stromal cells in the midsecretory phase of the
menstrual cycle, coinciding with the early signs of decidu-
alization. Decidualization is a critical step in the initiation
and establishment of pregnancy and is mainly controlled by
progesterone acting on an estrogen-primed uterus (reviewed
in Refs. 35, 217, and 218). Although PRL induction in the
decidualized endometrium depends upon progesterone, the
steroid is necessary for initiating and maintaining decidu-
alization, but it has no direct effects on decidual PRL (dPRL)
gene expression (37).

The synthesis and release of dPRL are not affected by
dopamine, TRH, or estrogen (reviewed in Ref. 35). This is not
unexpected because dPRL gene expression is regulated by
the superdistal promoter, discussed in Section II. The failure
of the dopaminergic agonist bromocriptine to suppress dPRL
release in vitro is consistent with clinical studies showing that
bromocriptine therapy during pregnancy suppresses mater-
nal and fetal serum PRL levels but does not alter amniotic
fluid PRL. Many factors affect dPRL release, most of which
are inhibitory (reviewed in Refs. 35, 218, and 219). Among the
stimulators are insulin, IGF-I, and relaxin, whereas inhibitors
include several ILs (IL-1e, IL-1B8, IL-2, and IL-8), TNF«, ET
(endothelin)-1, arachidonic acid, TGF3, and lipocortin I (also
called annexin I). Some of these are produced by decidual
cells, whereas others originate from infiltrating macro-
phages. This suggests that a complex autocrine/paracrine
mechanism governs dPRL production.

Human myometrial tissue also synthesizes PRL. PRL re-
lease from myometrial explants was low to undetectable on
d 1 of culture but increased many fold by d 4 (220). A similar
profile of PRL release was observed in explants of leiomyo-
mas, benign tumors of the myometrium. Incubation of myo-
metrial explants with human chorionic gonadotropin caused
a major increase in PRL release. Notably, progesterone in-
hibits PRL secretion from myometrial explants (220), as op-
posed to its stimulatory effect on the adjacent decidualized
endometrial cells (221). Similarly, ET-1 is a potent inhibitor
of dPRL (222), whereas ET-3 increases myometrial PRL re-
lease (221).

2. PRL release from lymphocytes and adipocytes. PRL is produced
by many human lymphohematopoietic cells, including thy-
mocytes, peripheral blood lymphocytes (mainly T lympho-
cytes), and mononuclear cells (reviewed in Refs. 223 and
224). Because PRL release from primary human lymphocytes
is very low, most of its characterization has been done at the
transcriptional level. PRL expression in T lymphocytes is
stimulated by cAMP analogs; inhibited by IL-18, IL-2, and
IL-4; and unaffected by IL-10, IFN-vy, or TNF-a (225, 226).
Several cell lines, e.g., the B-lymphoblastoid IM-9-P3, the
eosinophilic Eol-1, the Burkitt lymphoma sfRamos, and the
T-leukemic Jurkat, produce sufficient PRL to be detected by
Western blotting or bioassays (227). PRL production is stim-
ulated by cAMP activators and prostaglandin E2 and is sup-
pressed by glucocorticoids and some ILs (227, 228). The gen-
eral consensus is that PRL transcription in rodent immune
cells is absent, weak, or transient (reviewed in Ref. 223).
PRL production in human adipose tissue was discovered
upon studying cultured human breast tissue that was sep-
arated into adipose and glandular explants. Intended to be
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used as a negative control, breast adipose explants were
unexpectedly found to release 10-15 times more PRL than
their glandular counterparts (reviewed in Ref. 229). PRL
release from adipose explants progressively increased up to
7-10 d in culture, suggesting removal from inhibition.
Whereas PRL release from glandular explants was sup-
pressed by progesterone, neither estrogen nor progesterone
altered PRL release from adipose explants (44). This, again,
shows dissimilar regulation of PRL in two adjacent tissues.
Other fat depots also secrete PRL, with its release in vitro
influenced by the state of obesity of the donors (229). PRL
release from both visceral and sc explants from nonobese
patients showed time-dependent rise, whereas that from sc
explants of morbidly obese patients was attenuated, indi-
cating depot-specific control of PRL production during
obesity.

Both preadipocytes and mature adipocytes produce PRL.
PRL release from isolated breast preadipocytes is rather low
but is stimulated by cAMP-elevating agents such as IBMX
(3-isobutyl-1-methylxanthine), a phosphodiesterase inhibi-
tor; isoproterenol, a B-adrenergic receptor agonist; and
PACAP (42). To identify the signaling pathways involved,
preadipocytes were incubated with the above ligands in the
presence of PKA, PI3K, or MEK inhibitors. All inhibitors
blocked isoproterenol-stimulated PRL release, whereas the
PKA inhibitor did not affect stimulation by PACAP. These
data indicate that PRL production in preadipocytes is stim-
ulated by catecholamines and other cAMP activators via
several signaling pathways. PRL expression is undetectable
in adipose tissue from rats, mice, or the 3T3-L1 and 3T3-442A
murine preadipocyte cell lines, confirming the notion that
adipose-derived PRL is unique to humans.

To facilitate further studies on PRL in adipose tissue, we
sought a source of human adipocytes meeting the following
criteria: immortality, inducible terminal differentiation, PRL
release, and PRL response. To this end, we developed a
spontaneously immortalized adipocyte cell line, named
LS14, from a patient with metastatic liposarcoma (230). LS14
cells can be induced to undergo terminal differentiation and
become lipid-storing and adipokine-releasing mature adi-
pocytes. The pattern of expression of most adipose-specific
genes is similar in LS14 cells and visceral adipocytes (Fig. 6).
Like primary adipocytes, LS14 cells also produce and re-
spond to PRL. PRL expression and release in both primary
cells and LS14 cells increases during adipogenesis. Incuba-
tion of LS14 cells with exogenous PRL caused dose-depen-
dent inhibition of IL-6 (230). This cell line should be instru-
mental in the characterization of the control of PRL
expression/release in adipocytes as well as its local
functions.

Synopsis. Rats continue to provide indispensable information
on the neuroendocrine regulation of PRL release for two
reasons: the inaccessibility of the human brain to experimen-
tation, and the lack of a human lactotroph cell line. Indeed,
practically all the hypothalamic releasing/inhibiting factors
have been discovered in the rat brain. The dissimilarity be-
tween the species includes a more complex dopaminergic
system in rats than in humans and a lesser impact of both
estrogens and PRFs on pituitary PRL release in humans. The
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Fic. 6. A photograph of fully differentiated human adipocyte LS-14
cell line, as revealed by staining with Oil Red O, surrounded by
genes/proteins that have been detected by RT-PCR, ELISA, Western
blotting, or enzyme activity. Ang, Angiotensinogen; aP2, adipocyte
fatty acid binding protein; Pref-1, preadipocyte factor 1; GLUT4, glu-
cose transporter 4; BAR, B-adrenergic receptor; INSR, insulin recep-
tor; FIAF, fasting-induced adipocyte factor; GGPDH, glucose-6-phos-
phate dehydrogenase; 6-PGDH, 6-phosphogluconate dehydrogenase;
GPDH, glycerol-3-phosphate dehydrogenase. (E. Hugo and N. Ben-
Jonathan, unpublished observation.)

regulation of extrapituitary PRL release can be studied only
in human cells and tissues, and there are no acceptable ro-
dent models.

VI. PRL Functions: Reproduction

Among the many functions ascribed to PRL, its involve-
ment with reproduction has been best characterized. Repro-
ductive fecundity depends on coordinated functions of or-
gans and glands along the hypothalamo-pituitary-gonadal-
reproductive tract axis. Production of viable offspring
requires timely generation and delivery of functional ga-
metes, successful fertilization and implantation, pregnancy
that supports optimal fetal development, well-timed partu-
rition, and provision of milk for neonatal nutrition. Although
reproductive success is not essential for the individual, it is
crucial for survival of the species. To this end, each species
has evolved different patterns of reproductive cycles, sexual
behavior, as well as length of gestation and lactation that are
best suited for its social structure and living environment.
Being an adaptive hormone, PRL fulfills few critical, but
mostly modulatory, roles in reproductive processes.

A. Reproductive cycles

In rodents, PRL is essential for the support of the CL
(luteotropic action) which promotes progesterone produc-
tion and the maintenance of gestation. The situation in hu-
mans is different. PRL is not luteotropic in humans and, with
the exception of lactation, does not have clear effects on most
reproductive processes under normal conditions. However,
hyperprolactinemia in both men or women can lead to in-
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fertility, impotence or other reproductive disturbances, sug-
gesting that PRL contributes, perhaps in a more subtle man-
ner, to optimal reproduction in humans. Here, we focus on
three phases of reproduction: the reproductive cycle, preg-
nancy/fetal development, and lactation. PRL release and
functions at these times have been primarily studied in the
rat. Transgenic mice deficient in PRL or its receptor have
yielded mostly predictable, but sometimes unexpected, ob-
servations. Information on PRL in humans is adequate in
some respects but fragmentary in others.

1. Estrous cycle. The rat reproductive cycle consists of 4 d:
proestrus, estrus, diestrus 1, and diestrus 2. These are char-
acterized by temporal changes in the release of three pitu-
itary hormones, LH, FSH, and PRL, and two ovarian hor-
mones, estrogen and progesterone. Serum PRL levels are low
during most of the cycle except for the afternoon of proestrus,
when a PRL surge coincides with the preovulatory LH surge
(reviewed in Refs. 144 and 231). Unlike the sharp and sym-
metrical LH surge, the PRL rise is triphasic, consisting of a
sharp peak, a plateau, and a termination phase (Fig. 7). The
PRL surge is driven by the rising estrogen levels in the
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morning of proestrus. Estrogen action is coupled to a circa-
dian timing mechanism, involves interactions with all three
dopaminergic systems, and requires an input from hypo-
thalamic and posterior pituitary PRL releasing/regulating
hormones.

Before ovulation, estrogen is produced by the granulosa
cells of follicles, stimulated to grow by FSH. After ovulation,
the granulosa cells become luteinized, and each follicle is
transformed into a morphologically and functionally distinct
structure, the CL. Rodents have four types of CL: those of the
cycle, pseudopregnancy, pregnancy, and lactation, which
differ in life span and steroidogenic output (reviewed in Ref.
232). If there is no mating, the CL must regress to enable the
next ovulation cycle. Sterile mating or cervical stimulation
activates a neuroendocrine reflex, which results in the CL of
pseudopregnancy that last for 11-12 d. In the case of fertile
mating, the life span of the CL is extended to the end of
gestation, ensuring continuous supply of progesterone. Ovu-
lation after parturition generates CL that exist during
lactation.

The only well-established function of the proestrus PRL
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Fia. 7. Comparison of hormone profiles during the reproductive cycle (left panels) and pregnancy (right panels) in humans and rats. The human
menstrual cycle, 28 d in length, consists of a follicular phase, a short ovulatory phase and a luteal phase. In rats, the 4-d estrous cycle is composed
of diestrous 2 (D2), proestrous (P), estrous (E) and diestrous 1 (D1). In humans, only a slight increase in PRL occurs during the luteal phase,
whereas an estrogen (E2)-induced preovulatory rise in PRL is evident on the afternoon of proestrous in rats, followed by a plateau and an
extended termination phase. LH, E2, and progesterone (P4) exhibit a similar secretory profile in the two species. Human pregnancy begins with
low PRL levels in the maternal, amniotic, and fetal compartments. Maternal serum PRL rises gradually, from 6—8 wk gestation until term,
whereas a steep rise in fetal serum PRL is seen from wk 30 to term. PRL produced by the decidua begins to accumulate in the amniotic fluid
at wk 10 and reaches levels as high as 5 pg/ml during midpregnancy, before declining to 500 ng/ml at term. Maternal PL rise concurrently with
dPRL but reach a peak of approximately 6 ug/ml before birth. Rodent pregnancy begins with twice daily PRL surges for 10-11 d, followed by
suppression of pituitary PRL by the rapidly rising PL-I levels. As PL-I levels drop on d 12, PL-II increases steadily until birth. Pituitary PRL

release increases significantly on the day before parturition.
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surge is luteolysis of CL of the cycle (233). The PRL surge
induces a wave of apoptosis that is prevented by treatment
with bromocriptine. Signs of structural luteolysis are seen
already in the morning of estrus, but complete demise of the
CL takes two to three cycles. PRL does not exert luteolytic
actions on CL of pseudopregnancy or pregnancy, presum-
ably because they are protected by an altered state of dif-
ferentiation (233). It is puzzling how PRL acts in an opposite
manner, i.e., proapoptotic vs. antiapoptotic, on seemingly the
same structures. CL regression occurs via several forms of
cell death, i.e., apoptosis, necrosis, and autophagy that in-
volve steroid-producing cells, endothelial cells, as well as
infiltrating monocytes/macrophages (reviewed in Ref. 232).

The presence of PRL in follicular fluid from several species
raised the odds that PRL is involved in follicular growth,
oocyte maturation, and/or ovulation (234). This notion is not
supported by studies with PRLR-null mice, which exhibit
normal cyclicity, ovulation rate, and fertilization (235). Al-
though their ovaries contain all stages of follicular develop-
ment, including Graafian follicles and CL, both the morphol-
ogy and function of their CL are dramatically altered. Within
2 d after mating, the CL of PRLR™/~ mice show accelerated
regression with almost no vascularization. The major func-
tional defect is premature expression of 20a-hydroxysteroid
dehydrogenase (20cHSD), which catabolizes progesterone.
Thus, despite having normal ovulation and fertilization,
PRLR-null females are sterile due to failure of embryo im-
plantation, which can be rescued by progesterone replace-
ment (235). Mice deficient in PRL have a similar phenotype,
but also show some irregular estrous cycles (236).

2. Menstrual cycle. Serum hormone profile during the human
menstrual cycle is divided into three phases: follicular, ovu-
latory, and luteal (Fig. 7). The follicular phase is dominated
by FSH and the rising estrogen levels. The short ovulatory
phase is dominated by a large LH surge and a smaller surge
of FSH. The luteal phase is dominated by estrogen and pro-
gesterone, both of which are produced by the CL. Overall, the
28-d human menstrual cycle and the compressed 4-d rodent
estrous cycle are similar in their hormonal profiles. The major
exception is PRL, whose circulating levels are unchanged
throughout the human menstrual cycle (237), in sharp con-
trast to the preovulatory PRL surge that typifies the rodent
estrous cycle.

The absence of a midcycle rise in PRL in humans does not
negate the possibility that PRL affects ovarian functions. The
human ovary produces its own PRL, whose expression is
higher in premenopausal than postmenopausal ovaries
(238). PRL is also found in human follicular fluid (239), with
high PRL levels correlating with successful pregnancy after
in vitro fertilization (240). PRLR expression is detected in
aspirated luteinized human granulosa cells but not in small
follicles (241). A recent study reported that PRL is a survival
factor against ceramide-induced apoptosis in human gran-
ulosa cells (242). Unfortunately, there is no information on
PRLR expression in the human CL. Collectively, these ob-
servations suggest potential autocrine/paracrine roles for
PRL within the human ovary at the time of ovulation or
beyond.

Hyperprolactinemia is often associated with amenorrhea,
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anovulation, reduced libido, and orgasmic dysfunction in
women. Up to 20% of secondary amenorrhea in women is
attributed to elevated PRL (reviewed in Refs. 173, 243, and
244). The most probable mechanism by which high serum
PRL induces menstrual abnormalities is via inhibition of
GnRH production and/or pulsatility by a PRL-induced in-
creased dopaminergic tone. However, loss of positive estro-
gen feedback on gonadotropin secretion and interference by
PRL with follicular development and/or progesterone pro-
duction have also been proposed. Chronic drug-induced hy-
perprolactinemia in rats (245) or in D2R-deficient mice (160)
results in some estrous cycle irregularities but no major effect
on fertility, indicating that rodents are not suitable models
for hyperprolactinemia-related infertility in women. In men,
elevated PRL induces hypogonadism, reduces pulsatile
GnRH secretion, lowers testosterone levels, and causes erec-
tile dysfunction (246).

B. Pregnancy and fetal development

Pregnancy is characterized by a coordinated release and
overlapping functions between PRL and placental lactogens.
The shift between pituitary predominance to placental con-
trol over lactogenic hormone production occurs at variable
degrees and at different times during rodent and human
gestation. The relative importance of lactogenic hormones in
the maintenance of pregnancy, e.g., the support of proges-
terone production, also differs between these species.

1. Rodent pregnancy. The first 10-12 d of the rat pregnancy are
dominated by daily nocturnal and diurnal PRL surges. These
are initiated by cervical stimulation at mating and are es-
sential for CL maintenance in early pregnancy (Fig. 7). Ter-
mination of these surges coincides with a short rise of PL-I,
which peaks on d 10-12 and subsides by d 13. PL-I is then
replaced by PL-II, which rises progressively to the end of
gestation (reviewed in Ref. 1). The PL increase the activity of
the hypothalamic dopaminergic neurons, resulting in the
suppression of maternal pituitary PRL release during the
second half of pregnancy. Immediately before parturition, an
increased estrogen/progesterone ratio caused by CL lute-
olysis, triggers a large PRL surge. Estrogen, unopposed by
progesterone, causes opioid-mediated inhibition of TIDA
neuronal activity and increased PRF activity from the neu-
rointermediate lobe (reviewed in Ref. 154). This antepartum
PRL surge plays a dual role: it participates in the final mat-
uration of the mammary gland in preparation for lactation,
and it affects the onset of maternal behavior (247).

Both PRL and PL bind to ovarian PRLR, whose expression
is enhanced during luteinization. The short PRLR isoform
increases more robustly than the long isoform. Both isoforms
are reduced toward the end of gestation, underlying the loss
of CL responsiveness to PRL or PL (reviewed in Ref. 232).
Although Stat 5a and 5b have a 95% sequence homology, Stat
5b is responsible for maintaining the CL of pregnancy and
progesterone production in rodents. The actions of PRL/PL
on the CL of pregnancy are multifaceted, with PRL playing
a mandatory role in progesterone production and a permis-
sive role in estradiol production and actions, as well as in the
vascularization and survival of the CL.
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As reviewed by Gibori and colleagues (232, 248), the most
established action of PRL/PL on the CL of pregnancy is
prevention of progesterone catabolism via suppression of
20aHSD. However, PRL also stimulates progesterone pro-
duction by enhancing uptake and intracellular transport of
cholesterol, and by stimulating expression of two steroido-
genic enzymes: P450 side chain cleavage (P450 sec), and
3BHSD, which catalyzes conversion of pregnenolone to pro-
gesterone. The permissive effects of PRL on estrogen pro-
duction include increased LH receptor expression, increased
P450 aromatase, and activation of 17BHSD, which controls
the final step in estradiol biosynthesis. Activation of 17HSD,
also named PRAP (PRLR-associated protein), is mediated by
the short PRLR isoform. PRL also increases ERa and ERfB
transcription via Stat5 response elements located within their
promoters. ERa is regulated by Stat5a or StatSb, whereas
only Stat5b stimulates ERS (249).

During early pregnancy, the rat decidua also expresses
and secretes PRL (5), which acts locally to stimulate ERa and
ERp expression and inhibits decidual IL-6 and 200HSD, both
of which are essential for fetal survival (reviewed in Ref. 248).
Because at this time the uteroplacental unit produces many
PL and PRL-like proteins, it is difficult to assign a specific role
to local PRL. The relative roles of PRL and PL in sustaining
pregnancy in mice are illustrated by comparing pregnancy in
PRLR- and PRL-deficient animals (reviewed in Ref. 250). In
PRLR™/~ mice, progesterone treatment can overcome the
failure of embryo implantation but cannot sustain fetal
growth beyond midterm. In contrast, progesterone supple-
mentation in PRL™/~ animals results in some embryos that
survive to term. This indicates that PL, which can act in
PRL-deficient mice, but not in PRLR-deficient mice, mimics
the actions of PRL by activating the PRLR.

2. Human pregnancy. The profile of PRL release during human
pregnancy is entirely different from that in rodents (Fig. 7).
It involves three independently regulated compartments:
maternal, fetal, and decidual (reviewed in Refs. 8, 35,251, and
252). Maternal serum PRL levels start rising at 6—-8 wk ges-
tation and progressively increase to reach 200-300 ng/ml at
term. Concurrently, the pituitary gland enlarges due to in-
creases in lactotroph size and number. Indirect evidence
suggests that increased PRL release and lactotroph hyper-
plasia are driven by estrogens, which presumably suppress
hypothalamic dopamine and stimulate lactotroph prolifer-
ation. If so, it raises the question as to the mechanism by
which the estrogen-insensitive hypothalamo-pituitary axis
during the menstrual cycle becomes sensitive to estrogen
during pregnancy.

PRL begins to rise in the fetal circulation at 20-24 wk and
increases steeply from wk 30 to term, when it reaches levels
similar to maternal serum PRL. This PRL rise is fetal auton-
omous because there is no evidence for PRL transfer from
mother to fetus and vice versa. Unique to humans, the de-
cidua produces very large amounts of PRL, which accumu-
lates in the amniotic fluid, attaining peak levels as high as
4000-5000 ng/ml between 1622 wk gestation and reducing
to 400-500 ng/ml at term (216). Despite such profound
changes in PRL in the fetal compartment, there is little knowl-
edge of its importance in human fetal physiology.
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Human and rodent CL differ in number, morphology,
steroidogenic output, and regulation. Normally, one follicle
ovulates in humans, compared with the multiple CL in each
ovulation in rodents. Histologically, the human CL is com-
posed of two distinct luteal cell types, large and small, and
it also contains a larger number of fibroblasts, endothelial,
and immune cells than rodent CL (for review, see Refs. 253
and 254). In addition to progesterone synthesis by both luteal
cell types, the human CL produces both androgens and es-
trogens, with the small luteal cells providing androgenic
precursors and the large cells synthesizing most of the
estrogen.

There is no evidence that PRL is luteotropic in the human
CL. Instead, pituitary LH supports luteal development and
steroidogenesis during the menstrual cycle. Luteolysis of the
CL toward the end of the cycle is attributed to the action of
local factors. After implantation, human chorionic gonado-
tropin, produced by the developing placenta, rescues the CL
from regression and extends its functional life span in early
pregnancy. From midpregnancy to term, steroidogenesis is
primarily carried out by the fetoplacental unit rather than the
CL (reviewed in Ref. 254). The fate and secretory activity of
the CL during the later part of pregnancy are not clear. Given
the absence of midcycle rise in PRL and its increase in the
maternal serum only after the first trimester, very little at-
tention has been given to potential roles of PRL in CL func-
tions. Yet, both PRL and the PRLR are expressed in the
luteinized human ovary (238, 241), with PRL acting as a
survival factor in granulosa cells (242). This raises the pos-
sibility that local PRL affects CL development or mainte-
nance in humans.

Whereas much is known about PRL production by the
human decidua, little is known about the exact functions of
decidual or amniotic fluid PRL (reviewed in Refs. 35, 36, and
217). PRL is a major protein synthesized and secreted during
decidualization, and its expression is detectable in the en-
dometrium during the mid to late secretory phase of the
menstrual cycle and persists throughout decidualization, im-
plantation, and midpregnancy. It is assumed that dPRL acts
locally as a paracrine/autocrine agent, and also serves as the
source of amniotic fluid PRL. Whether some dPRL also es-
capes into the maternal circulation is unclear.

The expression of several PRLR isoforms in the human
endometrium is temporally correlated with that of PRL. Un-
like PRL, the receptors are localized not only to the decidua
but also to the chorionic cytotrophoblast, amniotic epithe-
lium, and syncytiotrophoblast (255). Several functions have
been ascribed to dPRL, including facilitation of trophoblast
adhesion, invasion and growth, regulation of angiogenesis,
modulation of uterine natural killer cell survival, inhibition
of myometrial contractility, and prevention of immunolog-
ical rejection of the conceptus (217). Amniotic fluid PRL has
been implicated in osmotic regulation and electrolyte trans-
port across the amnion, prostaglandin production, formation
of polyhydramnios, and complications of gestational diabe-
tes and fetal lung development. Nonetheless, definitive ev-
idence for all of these functions is lacking.

The human uteroplacental unit also secretes placental lac-
togens and GH, which possess lactogenic and somatotropic
properties (reviewed in Ref. 35). hPL is first detected in the
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maternal circulation at 6 wk gestation and increases until wk
30, when it exceeds serum levels of both PRL and GH of
pituitary origin by 10-fold. hPL contributes to the metabolic
adaptation of the mother to pregnancy, thereby compensat-
ing for pituitary GH, which is suppressed during the second
half of pregnancy. hPL increases food intake, stimulates glu-
cose uptake, increases insulin secretion, and alters insulin
sensitivity. It also affects lipid metabolism by increasing li-
polysis and facilitating mobilization and utilization of ma-
ternal free fatty acids (256). The concomitant rise in maternal
pituitary PRL and PL release during pregnancy is enigmatic.
Unlike rodents, where PL shuts down pituitary PRL release,
this does not occur in humans, suggesting reduced sensitiv-
ity of the hypothalamic dopaminergic system to negative
feedback by PRL/PL during human pregnancy.

3. Fetal development. PRL transcripts are first detected in the
fetal pituitary on embryonic d 17 in the mouse (257), d 18 in
the rat (258), and at 12-15 wk gestation in the human (259).
The human fetal pituitary PRL content increases 50-fold from
midpregnancy to term and is accompanied by a steep rise in
PRL in the fetal circulation (260). It is unknown whether the
fetal pituitary expresses functional dopamine receptors dur-
ing intrauterine life, but it can respond to dopaminergic
inhibition during the perinatal period. The relatively early
expression of PRL in the human fetus, compared with its
delayed emergence in rodents, together with its marked rise
in the fetal circulation during the third trimester, raises the
intriguing possibility that PRL plays a role in human fetal
development. However, given the lack of suitable animal
models and the absence of total lactogen (PRL, PL, and GH)
deficiency or lactogen resistance in humans, this issue is
extremely difficult to resolve.

The ontogeny of PRL expression in human extrapituitary
sites is unknown. This is largely due to much lower expres-
sion levels of PRL in extrapituitary sites than the pituitary.
In the human fetus, the PRLR is first detected at 8—10 wk and
is expressed in numerous tissues, including the adrenal,
lung, and pancreas (256). The coincidental rise of PRL/PL
and the PRLR suggests that the ligands may regulate ex-
pression of their receptors. Whereas hPL is detectable in the
fetal circulation, its contribution to fetal development is con-
troversial because an absence of hPL due to mutations results
in uneventful pregnancies with normal infants (261).

C. Mammary gland

PRL exerts only minor effects on morphological changes
that occur in the mammary gland during fetal, neonatal, and
peripubertal life, but it is heavily involved in most stages of
lactation: mammogenesis (lobuloalveolar differentiation),
lactogenesis (acquisition of the ability to produce milk), ga-
lactopoiesis (maintenance of milk secretion), and involution
(a return to a nonlactating state) (reviewed in Refs. 262-267).
Until adulthood, mammary organogenesis is irreversible,
whereas structural and functional changes that occur during
pregnancy are reversible, taking place again during succes-
sive pregnancies and lactations (Fig. 8). Most information on
mammary morphogenesis and involution comes from stud-
ies in the mouse, whereas lactogenesis has been studied in
rats and ruminants.
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Fic. 8. Hormones that regulate mammary gland development and
function in mice. Mammary buds form during the early embryonic
stage and elongate from birth to puberty. At the onset of estrous
cyclicity, the duct system undergoes branching under the influence of
both estrogen (E2) and progesterone (P4), the latter being stimulated
by PRL. During pregnancy, elevated PRL and PL induce additional
ductal branching, as well as the formation and differentiation of
alveoli into secretory buds. During lactation, PRL stimulates the
production of major milk components. At the termination of lactation,
the mammary gland returns to its prepregnancy state through epi-
thelial cell apoptosis (involution) and stromal remodeling and is ready
for future pregnancies.

1. Morphogenesis. Mammary gland development is essentially
the same in the mouse and rat fetus (264, 266). Mammary
buds begin to form on embryonic d 10-11 and proliferate
until birth, when they are comprised of an unbranched ductal
tree. The MEC become surrounded by the mammary fat pad
(MFP), composed of mesenchymal-derived fibroblasts and
adipocytes. The long and short PRLR isoforms are expressed
in both the fetal MEC and MFP, with the short isoform
decreasing to low levels after birth (264). Studies with PRL-
or PRLR-deficient mice (268) confirm that lactogenic hor-
mones are not involved in embryonic mammary develop-
ment. Sexual dimorphism of the mammary gland in rodents
is established in utero, with the female pattern being the
default stage. A male pattern is induced by fetal testosterone,
which acts on stromal androgen receptors and causes exten-
sive regression of the MEC (reviewed in Ref. 269).

From birth to puberty, the ducts elongate and start forming
terminal end buds. In response to ovarian steroids at the
onset of cyclicity, the mammary gland enlarges, the ducts
undergo rapid extension and branching, and the MEC fill the
MFP. The mammary glands in both PRLR- and PRL-knock-
out mice show normal ductal network until puberty. PRL is
indirectly involved in the formation of ductal side branching
by promoting progesterone synthesis (Fig. 8), as evident by
the restoration of ductal branching in PRL™/~ females
treated with progesterone (270). In adult virgin rats, the
PRLR is expressed in both epithelium and stroma, with its
levels increasing during pregnancy and lactation only in the
epithelium (271). Unlike humans, there is no evidence for
PRL production in the nonlactating rodent mammary gland.

In humans, MEC are first seen during the fourth week of
embryonic life and develop into a disk by the ninth week
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(reviewed in Refs. 272 and 273). Epithelial buds sprout be-
tween the 12th and 13th wk, giving rise to solid cords that
become hollowed and form ducts that open into the nipple.
At the end of gestation, the ducts develop alveolar structures,
and the MEC appear secretory. Thus, the developmental
stage of the mammary gland of the late human embryo is
comparable to that of the mouse postnatally. After birth,
transient milk-like secretion, known as witch’s milk, is seen
in some infants of both sexes, with PL, PRL, and GH pre-
sumably responsible for this secretory activity.

Unlike rodents, sexual dimorphism of the human breast is
established only at the onset of puberty, when in response to
estrogens the female breast undergoes major stromal en-
largement with lipid accumulation and an active prolifera-
tion of the terminal end buds. Similar to rodents, the PRLR
is expressed in both breast compartments (44, 274). Circu-
lating PRL, which increases moderately in late puberty, as
well as locally produced PRL (44), may play a role in breast
development in the peripubertal period and beyond. Nota-
bly, men have ducts that connect to the nipples, whereas
male rodents have no nipples and their ductal system is
rudimentary (266). Exposure of men at any age to high es-
trogen levels can cause breast enlargement (gynecomastia),
which often occurs during adolescence. When both estrogen
and PRL are elevated, men can have galactorrhea, or inap-
propriate milk production (246, 275).

The mammary stroma is the site of hormone and growth
factor production and action (reviewed in Refs. 269 and 276)
and is intimately involved in the control of epithelial growth
and morphogenesis and most aspects of lactogenesis. The
anatomy and degree of epithelial-stromal interactions differ
between rodents and humans. The mammary ducts of the
postpubertal mouse are enveloped by a thin connective tis-
sue, which together with the myoepithelial cells and the
basement membrane, separates the luminal epithelial cells
from the MFP, composed primarily of adipocytes (264). In
contrast, the stroma in the adult human breast occupies as
much as 80% of the total volume of the gland, with the ducts
and lobular units separated by fibrous septa. Consequently,
the epithelial cells of the human breast do not touch the
adipocytes but are surrounded by multiple layers of con-
nective tissue and fibroblasts. Such a separation often breaks
during infiltrating ductal carcinoma, with the formation of
inappropriate stromal proliferation (desmoplasia) which re-
sults in altered physical and chemical contacts between the
two compartments (277).

2. Lactogenesis. The mammary gland undergoes dramatic
structural and functional changes during pregnancy in prep-
aration for lactation (reviewed in Refs. 262, 263, and 266),
including a remarkable increase in ductal branching and
emergence of numerous alveoli (Fig. 8). The alveoli differ-
entiate into secretory structures, named acini, which accu-
mulate lipids. The hormonal control of alveologenesis is
complex, with PRL, PL, and progesterone being mandatory
and insulin, GH, corticosteroids, and thyroid hormones pro-
viding metabolic support. In the rat mammary gland, PRLR
expression is low during most of pregnancy, increases on d
21, likely in response to the antepartum rise of pituitary PRL
release, and continues to increase throughout lactation (114).
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Nothing is known about the PRLR in the human breast
during pregnancy or lactation.

Information derived from PRL- or PRLR-deficient mice on
the role of lactogenic hormones in alveologenesis is limited
because of their underdeveloped mammary glands due to
prolonged deprivation of both PRL and progesterone. This
can be partially circumvented by using heterozygotes or
mammary transplantation (reviewed in Ref. 270). The ab-
sence of PRL/PL input during mouse pregnancy causes fail-
ure of lobuloalveolar development. An unexpected finding
was a failure of lactation after the first pregnancy in PRLR
heterozygotes. This indicates that a certain threshold level of
the PRLR is required for lactational competence, but the
reason for its rectification in successive pregnancies is un-
clear. Overexpression of the short PRLR isoform in PRLR*/~
females rescued their ability to lactate during first pregnancy
(112), suggesting that the short PRLR isoform compensates
for haploinsufficiency of the long form.

Alveolar morphogenesis is intertwined with lactogenesis,
which is functionally divided into two stages. Stage 1 begins
in midpregnancy and entails progressive expression of genes
that encode milk constituents such as B-casein, whey acidic
protein, and lactalbumin. Stage 2 occurs around the time of
parturition and entails the onset of copious milk secretion
(reviewed in Refs. 262, 263, and 278). PRL/PL are the master
controllers of the transition from a proliferative to a secretory
mammary gland in all species studied. PRL utilizes Stat5a as
its main signaling pathway in the mouse mammary gland.
Targeted disruption of Stat5a results in reduced secretory
alveolar formation and failure of lactation, whereas inacti-
vation of Stat5b has no adverse effects on mammary devel-
opment or lactation (reviewed in Refs. 263 and 279). A recent
study compared the mammary transcriptome in three mouse
models with different PRL deficiency and lactational failure.
More than 30 genes were identified as key factors involved
in the secretory phase of the mammary gland (280).

Although being essential for lactogenesis in both rodents
and humans, PRL does not act alone. Optimal lactogenesis
requires a combination of PRL with glucocorticoids and in-
sulin and input from paracrine factors, e.g., PTHrP and IGF-I
(reviewed in Refs. 262, 265, and 278). In rodents, estrogen is
indirectly involved, by stimulating the antepartum pituitary
PRL release. Progesterone is inhibitory in both humans and
rodents, with lactation ensuing only upon progesterone
withdrawal. Progesterone inhibits PRLR expression (114),
antagonizes increased milk protein expression by PRL (281),
occupies glucocorticoid receptors, and prevents the closure
of tight junctions of the mammary epithelium, which must
occur to enable lactogenesis stage 2 (282).

3. Lactation. Milk production is metabolically costly to the
mother and requires coordinated actions of many hormones.
In addition to alterations within the mammary gland, several
modifications occur in the hypothalamus, pituitary, and ad-
ipose tissue. A major difficulty in studying the control of
lactation is the lack of an in vitro model of a fully differen-
tiated, milk-producing mammary gland. In vivo treatment
with bromocriptine reveals that PRL is necessary for sus-
tained lactation in most species. In ruminants, GH alone or
GH together with PRL is responsible for galactopoiesis.
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PRL release in the lactating rat increases many fold within
minutes of suckling. This well-studied neuroendocrine reflex
consists of neural afferent and hormonal efferent pathways.
Suckling activates pressure-sensitive receptors in the nipples
and generates nerve impulses that travel via the spinotha-
lamic nerve tract to the brain and activate a central neuronal
network that converges on the hypothalamus. This results in
coordinated increases in PRL release from the anterior lobe
and oxytocin release from the NL (reviewed in Ref. 144). PRL
increases milk production by affecting the synthesis of all its
major constituents: proteins, lactose, and lipids (reviewed in
Ref. 262). Among proteins, PRL increases the synthesis of
B-casein, whey acidic protein, and a-lactalbumin. The latter
constitutes the regulatory subunit of the lactose synthetase
complex. Hence, PRL augments lactose synthesis by increas-
ing both glucose uptake and a-lactalbumin availability (283).

During lactation, PRL acts as a physiological sensor that
responds to the demands for milk production by partitioning
nutrients away from adipose tissue toward the mammary
gland. Lipid metabolism by the nonlactating mammary tis-
sue is negligible compared with adipose tissue. During lac-
tation, however, lipid production is blunted in adipose tissue
while increasing many fold in the mammary gland (reviewed
in Refs. 284 and 285). Yet, the role of PRL in mammary lipid
synthesis is unsettled (reviewed in Refs. 286 -288). According
to some, PRL enhances lipid production by activating four
enzymes: 1) lipoprotein lipase (LPL), which hydrolyzes cir-
culating triglycerides; 2) pyruvate dehydrogenase, which
generates acetyl-coenzyme A (CoA); 3) acetyl-CoA carbox-
ylase, which produces malonyl CoA; and 4) fatty acid syn-
thase (FAS), which produces palmitate. Others argue that
GH and insulin are more critical than PRL in mammary
lipogenesis, with PRL acting as a survival factor for the MEC.

Major changes also occur in the rat neuroendocrine system
during lactation (reviewed in Ref. 289). The suckling-in-
duced PRL release is made possible by the suppression of the
TIDA activity and the concomitant stimulation of several
PRFs. Physiological hyperprolactinemia can be maintained
because the TIDA neurons become insensitive to negative
feedback inhibition by PRL. At the same time, PRLR expres-
sion is increased in both the choroid plexus and the hypo-
thalamus. The receptors in the choroid plexus mediate trans-
port of PRL into the brain, whereas those in the
hypothalamus are involved in maternal behavior and in-
creased appetite and food intake.

Unlike rodents, copious milk production in women starts
only 2 d after birth, despite the elevated PRL levels. This is
attributed to a slow fall in serum progesterone to levels that
no longer inhibit lactation. Without breast feeding, basal PRL
levels remain elevated during the first 2-3 wk postpartum
and then decline (reviewed in Ref. 142). Suckling is the most
potent and best characterized physiological stimulus for PRL
release in humans. The magnitude of the suckling-induced
PRL rise is robust during early lactation but wanes thereafter.
Tactile stimuli of the breast can increase serum PRL in non-
lactating women but not in men. Lactational amenorrhea,
used by some postpartum women as a method of contra-
ception, is associated with the frequency and duration of
suckling episodes as well as with the elevated PRL levels
(290).
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The human breast produces its own PRL. In the nonlac-
tating breast, progesterone inhibits PRL release from the
epithelial cells but has no effect on PRL production by the
adipocytes (44); there is no information on PRL synthesis or
the PRLR in the lactating breast. Significant amounts of gly-
cosylated and phosphorylated PRL are also present in hu-
man milk (67). Milk PRL can originate from local synthesis
or by transcytotic transport from the circulation (291). Similar
to the transport of milk Ig across the intestinal epithelium
into the neonates (292), PRL could become available to the
newborn. In rodents, milk-derived PRL regulates immune
and neuroendocrine systems of the neonate whose own PRL
production is delayed until weaning (293). In humans, how-
ever, the GI tract becomes impermeable to exogenous pro-
teins much sooner after birth, and neonatal PRL production
capability is more mature than that in rodents.

4. Involution. Involution is an integral part of the life cycle of
the mammary gland, enabling it to return to a prepregnancy
state and become ready for future pregnancies and lactation
(reviewed in Refs. 294 and 295). Involution is characterized
by successive stages that include cessation of milk produc-
tion, epithelial cell apoptosis, and extensive tissue remodel-
ing. It usually occurs after natural weaning, but can be in-
duced by suppressing the lactogenic hormones, removing
the offspring, terminating milking (in dairy animals), or cre-
ating milk stasis by teat sealing. Neither the exact sequence
of events nor the signaling cascades that are activated by
these experimental manipulations are identical to those that
occur during natural involution after weaning (296).

In mice, apoptosis of some epithelial cells is seen as early
as 4-6 h after cessation of lactation. This early stage is re-
versible if suckling resumes within 48 h, ensuring against
premature termination of lactation. Beyond this time, invo-
lution cannot be halted, is irreversible, and is associated with
increased protease activity. Stromal remodeling involves ac-
tivation of specific matrix metalloproteinases (MMPs) and
adipocyte differentiation (295). Because the initial phase of
involution can be triggered by teat sealing, an autocrine
control of milk secretion has been postulated (reviewed in
Ref. 278).

Jak-Stat signaling is a major pathway involved in the first
phase of involution (reviewed in Refs. 295 and 297). Stat3,
activated by leukemia inhibiting factor, is critical for invo-
lution. Jak-Stat activation also increases SOCS proteins,
which attenuate signal transduction. Whereas SOCS1 and
SOCS2 act downstream of the PRLR and regulate its activity
during pregnancy and lactation, SOCS3 attenuates Jak-Stat
signaling during involution. Mice deficient in mammary
SOCS3 show accelerated epithelial apoptosis and tissue re-
modeling (297). Hence, a delicate balance between Stat pro-
teins and their attenuators must exist for maintaining lacta-
tion and enabling its termination.

The exact role of PRL in involution is not well understood.
As reviewed by Flint and colleagues (288, 298), both PRL and
GH act as survival hormones in the rat mammary gland by
inhibiting apoptosis and ECM remodeling. The targets of
PRL include the proapoptotic IGF binding protein-5 and
several MMPs. Support for the protective effect of PRL comes
from mice overexpressing PRL in their mammary glands,
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which undergo incomplete involution after lactation (299).
Mammary overexpression of Stat5 results in a delayed onset
of involution, enhanced levels of B-casein in the milk, and
increased incidence of mammary tumors (300).

The inaccessibility of the lactating human breast for ex-
perimentation underscores the total lack of knowledge on
breast involution in women. Anecdotal evidence suggests
gradual replacement of ducts and alveoli with stromal and
fat tissue, reversion of the alveolar cells to a less differenti-
ated state, and loss of epithelial cells by apoptosis (301).

Synopsis. Reproduction represents the clearest example
whereby little can be learned from rodents about PRL in
humans. Neither the profile of PRL release nor its function
during the reproductive cycle or pregnancy is similar among
these species. In particular, PRL is luteotropic in rodents and
thus essential for the maintenance of pregnancy, whereas it
does not fulfill these functions in humans. In addition, late
pregnancy in rodents is characterized by a shift from PRL to
PL dominance, whereas this is not the case in humans. De-
spite certain differences between the species in mammary
morphology and epithelial-stromal interactions, lactational
regulation by PRL appears similar. Given the restricted ex-
perimental access to breast development and lactation in
humans, rodents continue to provide critical information.

VII. PRL Functions: Growth and Metabolism

Compared with GH, a well-established metabolic regula-
tor, the actions of PRL on metabolic homeostasis under non-
lactating conditions have received less attention. Here, we
review recent evidence on the effects of PRL on: 1) body
weight regulation; 2) pancreatic islet development and the
control of insulin production; and 3) adipocyte differentia-
tion, lipid metabolism, and adipokine release. Both rats and
mice provided most of the information, with some studies
conducted with human subjects and cultured human adipose
tissue explants and adipocytes.

A. Body weight regulation

Body weight remains within a relatively narrow range
because food intake and energy expenditure are constantly
monitored and adjusted. Peripheral signals that convey the
nutritional status affect brain circuitry that regulates food
intake and energy expenditure. These signals include ener-
gy-rich substrates such as fatty acids and glucose as well as
hormones and adipokines. Whereas PRL has well-estab-
lished weight promoting/orexigenic roles in fish and birds,
it has moderate, inconsistent, or no effects on body weight in
most mammals (reviewed in Ref. 287).

In rats, chronic elevations of PRL are associated with in-
creases in food intake and body weight, whereas its sup-
pression by bromocriptine results in the opposite outcome
(302-304). Injections of PRL into the paraventricular nucleus
increase food intake (305), indicating that PRL interacts with
hypothalamic centers that regulate appetite. Similar data in
mice are conflicting. Males with ectopic pituitaries show
small increases in body weight with a small decline in fat
mass (306). A minor decrease in abdominal fat, but no change
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in body weight, is seen in PRL-overexpressing female mice
(307). The initial report of decreased weight gain in old
PRLR-deficient females (308) was not confirmed in later
studies with younger mice (309, 310). This discrepancy may
be due to the development of pituitary tumors in aging
PRLR-deficient mice that alter global pituitary hormone pro-
duction (311). Recently, we reported normal weight gain and
adiposity in male and female PRL-deficient mice, indicating
that PRL plays little role in body weight regulation (312). As
discussed below, PRL exerts several specific effects on the
adipocytes, although they are not translated into global
changes in body weight.

In humans, sustained PRL elevation caused by prolacti-
nomas leads to increased body weight in some patients, an
effect that can be ameliorated by bromocriptine (313, 314).
Notably, the reduction in body weight in response to bro-
mocriptine is more effective in men than women. However,
this weight loss is not seen in all patients, is modest and
delayed, and does not correlate well with the rapid and
marked suppression of serum PRL levels. Increased body
weight is also a common side effect in patients taking anti-
psychotic drugs that antagonize D2R, but whether the ele-
vated PRL is causative or coincidental to the weight gain is
controversial.

B. Pancreas and insulin

Insulin plays a crucial role in metabolic homeostasis by
regulating serum glucose levels. Decreased production of
insulin (type 1 diabetes) and reduced sensitivity to its actions
(type 2 diabetes) are diseases that pose serious health risks
and are growing in prevalence. The most established role of
lactogenic hormones on the pancreas is during pregnancy,
when they enhance insulin production in response to the
growing metabolic demands on the mother and affect pan-
creatic islet development in the fetus (reviewed in Ref. 315).
Because a unique receptor for placental lactogens has not
been identified, the PRLR serves both PRL and PL. Most
knowledge on the role of PRL in pancreatic development or
function comes from rat studies, with limited information
available on humans.

Pregnancy induces profound alterations in the maternal
metabolism in response to the increasing fetal demands for
energy. These demands are met via increased maternal ca-
loric intake, elevated insulin secretory response, insulin re-
sistance in some tissues, and increased lipid metabolism. The
pancreas plays a major role in these adaptations. During
pregnancy, the B-cells undergo structural and functional
changes that include: 1) increased glucose-stimulated insulin
secretion due to lower threshold for glucose; 2) increased
insulin synthesis; 3) increased B-cell proliferation and hy-
pertrophy; 4) increased gap-junction coupling among B-cells;
and 5) increased glucose metabolism (316, 317). PRL/PL
have significant effects on all of these processes (315).

Although GH is often thought of as having major effects
on the pancreas, studies using homologous hormones re-
vealed that PRL and PL are more potent and have longer
lasting effects than GH (315). For example, infusion of PRL
into rats decreased glucose stimulation threshold, enhanced
insulin secretion, and increased coupling of B-cells, whereas
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GH had little or no effect. Similarly, PRL and PL stimulated
insulin release in isolated islets, whereas GH was ineffective.
An important metabolic change that occurs during preg-
nancy is reduced threshold for glucose-stimulated insulin
release. Two glucose sensors in B-cells, glucokinase and glu-
cose transporter 2, are stimulated by PRL in isolated islets,
INS-1 insulinoma cells, and the glucose-responsive MIN6
B-cells (306, 317, 318).

PRL actions on B-cells are mediated by Stat5 and other
pathways. Continuous PRL treatment of B-cells induces tran-
sient activation of StatSa and a biphasic activation of Stat5b
(319). However, Fleenor and Freemark (320) argue that Stat5
is not essential for insulin induction by PRL because deletion
of the Stat5 motif from the rat insulin promoter has no effect
on insulin activation by PRL. PRL also regulates islet struc-
ture and function by inducing phosphorylation of insulin
receptor kinase substrate-1 and -2 via PI3K activation, and it
also activates the MAPK pathway (321, 322). Microarray
analysis of PRL-treated rat islets revealed that PRL up-reg-
ulates a cluster of genes associated with cell-cycle regulation
while down-regulating apoptosis-related genes (323).

Examination of the role of lactogens in human pancreatic
function in vitro reveals similar effects to those seen in ro-
dents. These include increases in islet cell number and stim-
ulation of insulin secretion (324). Using proteomics, PRL was
reported to up-regulate enzymes associated with the tricar-
boxylic acid cycle and the glycolytic pathways, transcription
and elongation factors, and proteins involved in chaperon
and/or protein folding (325). However, only abundant pro-
teins were detected in this study, and the long incubation
time with PRL did not distinguish between primary and
secondary effects. Clinical data suggest that PRL exerts di-
abetogenic effects because hyperprolactinemia is often asso-
ciated with hyperinsulinemia and insulin resistance (326,
327).

PRLR expression in the rat fetus is first detected in the
pancreatic islets on embryonic d 17.5, with receptor immu-
noreactivity seen 2 d later (328, 329). In early gestation, the
receptor is primarily expressed in acinar cells and ducts, but
in late gestation and the postnatal period, it is colocalized
with insulin and glucagon. A similar shift in PRLR expres-
sion between the exocrine and endocrine pancreas is seen in
the human fetus (329). Support for the role of PRL/PL in islet
development comes from PRLR-deficient mice. Islet size,
density, B-cell mass, and insulin content are reduced, and
glucose-induced insulin release is lower (330). Still, these
mice show normal glucose clearance after insulin injections,
indicating normal peripheral insulin resistance. We found
that clearance of blood glucose after glucose injection is de-
layed in young PRL-deficient males but not in older mice
(312). The transient reduction of glucose tolerance may be
due to delayed maturation of pancreatic function or to lower
insulin sensitivity. The difference between the two mouse
models is explained by the assumption that exposure to PL
in utero supports pB-cell development in PRL-null animals,
whereas PRLR-deficient mice do not respond to either PRL
or PL.
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C. Adipose tissue

Adipose tissue consists of lipid-containing adipocytes, fi-
broblast-like preadipocytes, and endothelial and immune
cells. To become mature cells, preadipocytes undergo adi-
pogenesis, which entails cell-cycle arrest and terminal dif-
ferentiation. Adipogenesis is induced in vitro by exposure to
adipogenic media, typically containing cAMP-activating
compounds (e.g., IBMX), insulin, and glucocorticoids, and
involves sequential activation of transcription factors, adi-
pose-specific genes, and structural proteins (reviewed in
Refs. 331 and 332). In addition to lipid storage, adipose tissue
is an important endocrine organ whose hormones, the adi-
pokines, act on the brain, liver, pancreas, and muscle to
regulate energy balance, insulin resistance, and inflamma-
tory responses. Adipokine release is influenced by nutri-
tional status, hormonal signals, and energy expenditure (re-
viewed in Refs. 333 and 334).

Based on the belief that the PRLR is not expressed in
adipose tissue, it was initially proposed that PRL is not a
direct regulator of adipocyte functions (335). With new ev-
idence to the contrary, this concept has been revised (re-
viewed in Refs. 229 and 287). Indeed, the PRLR is expressed
in brown and white adipose tissue in mice (307, 312), rats
(336, 337), and humans (230, 338). Expression of the long
isoform in mouse adipose tissue increases during lactation
and in PRL-overexpressing males and females (307). Studies
from our laboratory show that both the long and short re-
ceptor isoforms, at a 10:1 ratio, are expressed in rat epidid-
ymal adipose tissue (336).

Recent evidence reveals a role for PRL in adipogenesis. For
instance, PRLR expression is induced many fold during dif-
ferentiation of rat epididymal (336) and human breast (42)
preadipocytes. The PRLR, but not GHR, is markedly induced
after differentiation of 3T3-L1 cells (123), with a robust ac-
tivation of Stat5a and 5b (339). PRL up-regulates the expres-
sion of its receptor in epididymal adipocytes (336) and in-
creases Statba and 5b activity in differentiated 3T3-L1 cells
(123). Fetal bovine serum, which contains lactogenic hor-
mones and is required for efficient differentiation of 3T3-L1
cells, can be replaced by GH or PRL (340). PRL enhances the
expression of C/EBP and peroxisome proliferator-activated
receptor (PPAR)-f3, two transcription factors that play a crit-
ical role adipogenesis, and ectopic expression of the PRLR in
NIH-3T3 cells increases adipocyte conversion when stimu-
lated with PRL and a PPARy ligand (341). Studies with
PRLR-deficient mice are also supportive. Lack of the receptor
results in a reduction in both parametrial and sc adipose
tissue weight without altering body weight or food intake
(310). This reduction results from a lower number of adipo-
cytes but no change in their volume.

Adipose tissue is the major site of lipid metabolism. Based
on weight, fat contains twice as many calories as proteins or
carbohydrates. Thus, energy storage in the form of fat is
highly efficient. Lipid storage reflects a dynamic balance
between formation of triglycerides (lipogenesis) and their
breakdown (lipolysis). Two enzymes, LPL, which hydro-
lyzes circulating lipoprotein-triglyceride complexes, and
FAS, which catalyzes the formation of long-chain fatty acids,
are primarily involved in lipogenesis. Lipolysis is mainly
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regulated by hormone-sensitive lipase (HSL), which is acti-
vated by catecholamines, inhibited by insulin, and modu-
lated by other factors (342).

There is only sporadic information on direct effects of PRL
on lipid metabolism in adipose tissue under nonlactation
conditions. PRL inhibits LPL activity in human adipose ex-
plants to a greater extent than GH (338) and down-regulates
FAS expression in 3T3-L1 cells (343). A confounding problem
is the use of supraphysiological doses of PRL in many in vitro
studies. As shown in Fig. 9, we recently found that PRL
inhibited lipolysis in rat epididymal adipose explants in a
dose-dependent manner within a narrow physiological
range (10-25 ng/ml), whereas inclusion of a high dose (125
ng/ml) resulted in a U- shaped curve (336). Loss of dose-
response relationships at high doses can lead to erroneous
interpretation if a single high dose is used.

The antilipolytic effect of PRL on rat epididymal adipose
explants takes several hours to occur, suggesting transcrip-
tional regulation rather than altered cAMP levels or phos-
phorylation of HSL and/or perilipin, as is the case with
catecholamines and insulin (336). Most importantly, these
data reveal that PRL affects adipocyte functions in males,
indicating that its impact on metabolic homeostasis is
broader than previously appreciated. The effects of PRL on
lipolysis vary among species (Fig. 9), with PRL inhibiting
isoproterenol-stimulated lipolysis in both rat and human
adipose tissue but not affecting lipolysis in the mouse (312).

PRL also alters adipokine release, including leptin, adi-
ponectin, and IL-6 (reviewed in Ref. 229). Leptin regulates
food intake and energy expenditure and is the best-studied
adipokine. However, the data on an association between PRL
and leptin are conflicting. For example, serum leptin levels
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Fia. 9. PRLinhibits isoproterenol-stimulated lipolysis in adipose tis-
sue explants from rats and humans, but not mice. Epididymal (mice
and rats) and sc abdominal (nonobese woman) explants were incu-
bated with PRL (0, 1, 5, and 25 ng/ml) for 24 h, followed by a 2-h
treatment with 100 nM isoproterenol. Lipolysis was determined using
a colorimetric assay for glycerol release. Data are expressed as nano-
moles glycerol/milligram tissue/2 h. Mouse +/+, Wild type; mouse
—/—, PRL-deficient. [Modified and redrawn from LaPensee et al.
(312).]
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are lower (308) or unchanged (309) in PRLR-deficient mice
and are elevated in PRL-overexpressing mice (344). How-
ever, an inhibitory effect of PRL is suggested by a higher
serum leptin in male PRL-knockout mice (312). PRL inhibits
insulin-stimulated leptin release in mouse adipocytes (344)
but potentiates the insulin effect in cultured brown adipo-
cytes (345). Data obtained with rats are not much clearer.
Elevated serum PRL levels increased circulating leptin levels
(346), whereas incubation of PRL with adipose tissue ex-
plants caused dose-dependent inhibition (336). It is difficult
to reconcile these differences except for postulating direct vs.
indirect effects of PRL, depot-specific release of leptin, or
variable effects of PRL doses. There are no consistent corre-
lations between serum PRL and leptin levels in humans.

Adiponectin is an abundant, insulin-sensitizing adipokine
whose serum levels are lower in obesity and increase after
weight loss. An inhibitory effect of PRL on adiponectin re-
lease is supported by the reduced serum adiponectin levels
in both PRL transgenic and PRL-treated mice (347, 348). PRL,
however, is unlikely a major regulator of adiponectin in mice
because deficiency in either the PRLR (348) or PRL itself (312)
has no effect on serum adiponectin levels. Recent studies
using human adipose tissue show a direct inhibitory effect of
PRL on adiponectin release from adipose explants and iso-
lated adipocytes (348, 349).

There are several differences in adipocyte biology between
rodents and humans. For example, the distribution and reg-
ulation of resistin, agouti protein, adipsin, and adrenergic
receptors in adipose tissue are dissimilar in mice and man
(reviewed in Ref. 229). Unlike rodents, serum leptin levels do
not change acutely after meals in humans, and the great
promise of leptin as an antiobesity treatment in rodents has
not materialized to human therapy. As indicated above, the
PRLR is induced during adipogenesis in both 3T3-L1 cells
and human preadipocytes, but PRL itself is produced only by
human adipocytes, providing an autocrine loop in humans
but not in rodents. Indeed, interspecies differences in the
cellular milieu are highlighted by the requirement for serum
for adipogenesis in 3T3-L1 cells, whereas human preadipo-
cytes undergo differentiation without serum.

Synopsis. An understanding of the role of PRL in growth and
metabolism is in its infancy and should benefit from studying
both rodents and humans. PRL has only minor effects on
body weight and total adiposity, with rats resembling the
situation in humans better than mice. The involvement of
PRL in pancreatic development and insulin secretion should
continue to be studied in both rodents and humans. Local
production of PRL represents the main difference in adipose
tissue between rodents and humans. Nonetheless, both mu-
rine and human adipocyte cell lines can serve as models for
studying the effects of PRL on proliferation, differentiation,
metabolism, and endocrine functions.

VIII. PRL and Tumorigenicity

Tumors result from loss of cellular control mechanisms
and are affected by genetic, dietary, environmental, and hor-
monal factors. Hormones do not initiate tumorigenesis but
can promote growth of transformed cells by interacting with
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growth factors and oncogenes. The role of gonadal steroids
in reproductive tissue tumors is well established, whereas
that of PRL has been controversial. Here, we present data and
emerging concepts on PRL association with two types of
tumors: adenomas and carcinomas. Adenoma is defined as
a benign epithelial tumor of a glandular origin and structure.
Carcinoma is defined as an invasive malignant tumor de-
rived from epithelial tissue with a capacity to metastasize.
Both types of tumors exhibit inappropriate cellular prolifer-
ation but differ in growth rates, differentiation, invasiveness,
and metastasis. Prolactinomas will serve as an example of
adenomas that produce PRL, whereas breast and prostate
tumors will serve as an example of carcinomas that both
produce and respond to PRL. The focus of this chapter is on
the involvement of PRL in human tumors, with lesser em-
phasis placed on similar tumors in rodents.

A. Pituitary gland

1. Human prolactinomas. Benign human pituitary tumors are
detectable in 20% of random autopsy (reviewed in Refs.
350-352). They can arise from any of the pituitary cells and
appear to grow slowly. Pituitary carcinomas are extremely
rare, with about 100 cases reported in the literature. Pro-
lactinomas constitute 30-35% of the total pituitary tumors,
being the most common tumor type. They are classified by
size as microprolactinomas (<10 mm) or macroprolactino-
mas (>10 mm). A low rate of progression from micro- to
macroprolactinomas suggests that they represent distinct en-
tities (353). Symptoms of prolactinomas are attributed to
hyperprolactinemia and include amenorrhea, galactorrhea,
infertility, and premature osteoporosis in women and sexual
dysfunction in men. Large and invasive tumors also exert
mass effects, resulting in headaches, visual disturbances, and
hypopituitarism. It is disputed whether women have a
higher incidence of prolactinomas than men or are diagnosed
more frequently at a premenopausal age due to reproductive
disturbances.

Treatments vary according to tumor size and patient de-
sire to restore fertility. The main goals are to normalize serum
PRL levels, suppress tumor growth, correct visual abnor-
malities, and preserve pituitary function (354). Dopamine
agonists, e.g., bromocriptine, pergolide, and cabergoline, are
the therapy of choice. They are effective at normalizing PRL
levels and reducing tumor burden in most patients, but have
some side effects and usually require continuous treatment
(355). About 15-20% of the patients are resistant to these
drugs, perhaps due to decreased expression and/or signal-
ing of tumor D2R (356). Treatment of resistant patients in-
cludes alternative dopamine agonists, surgery, or radiother-
apy. Overall, prolactinomas are very treatable, and most
patients achieve a positive response. The cure rate for pa-
tients with invasive macroprolactinomas is less satisfactory
and presents challenges in treatment (353).

The mechanisms underlying prolactinoma formation are
enigmatic (reviewed in Refs. 353, 357, and 358). More than
other pituitary cells, lactotrophs show considerable plastic-
ity, increasing in number and size under various conditions,
e.g., during pregnancy. This is attributed to the combined
effects of increased cell division, reduced apoptosis, and

Ben-Jonathan et al. ® Prolactin in Rodents vs. Humans

trans-differentiation from other pituitary cell types (358). Yet,
unlike epithelial cells elsewhere, lactotrophs undergo only
the initial stage of tumorigenesis, i.e., uncontrolled cell
growth, and do not progress into carcinomas. Thus, they lack
markers of malignancy such as high mitotic index, dediffer-
entiation, invasiveness, and metastasis.

Prolactinomas are monoclonal in origin, indicating that
replication of a single mutated cell gives rise to the tumor.
Yet, genetic events known to confer growth advantage on
transformed cells such as activation of protooncogenes or
inactivation of tumor suppressor genes are not common in
prolactinomas. As discussed by Spada et al. (357), alterations
in the expression of oncogenes (ras, c-myc, and c-fos), tumor
suppressors [p53 and multiple endocrine neoplasia type 1
(MENT1)], cell cycle regulatory proteins (cyclins and RB), or
growth factors [fibroblast growth factor (FGF)-4 and nerve
growth factor]] have been detected in human prolactinomas,
but it is unclear whether they represent causative or second-
ary events.

There is no evidence for a direct correlation between ex-
posure to estrogens and development of prolactinomas.
Women treated with oral contraceptives or postmenopausal
hormone replacement therapy do not have a higher inci-
dence of prolactinomas. Statements on the pathogenesis of
human prolactinomas that are based on rodent models are
overextended. Spontaneous prolactinomas, which occur in
aged rats of some strains, invariably express p450 aromatase,
indicating abnormally high conversion of testosterone to es-
tradiol (359). Moreover, pituitary tumorigenesis, induced in
mice by overexpression of oncogenes or knocking down of
tumor suppressor genes, occurs almost exclusively in fe-
males, and this is preceded by a long phase of hyperplasia
(357). Thus, the strong estrogenic component in the induction
of prolactinomas in rodents is not seen in humans.

2. Rodent prolactinomas. Unlike human prolactinomas, the
role of estrogens in pituitary tumorigenesis in rodents is well
established (reviewed in Ref. 360). Fisher 344 rats are espe-
cially sensitive to the tumor-promoting effects of estrogens.
Within a few days of estrogen administration, both males
and females develop hyperprolactinemia and enlarged pi-
tuitary, which can attain a 10-fold increase in weight within
a few weeks. Estrogens induce prolactinomas via an orches-
trated sequence of events, which include down-regulation of
the D2R, up-regulation of TGFp isoforms, increased produc-
tion of angiogenic factors, and extensive intercellular com-
munications between lactotrophs and follicular stellate cells
(360). Histologically, the estrogen-induced pituitary tumors
in rats are composed of diffuse lactotroph hyperplasia that
lack adenomatous foci.

Because dopamine plays a central role in lactotroph biol-
ogy, much attention has focused on the consequences of loss
of dopamine input to the pituitary. In D2R-deficient mice,
lactotroph hyperplasia, followed by adenoma formation, dif-
fer in onset and magnitude between the sexes (160, 361). At
3 months of age, there are no discernible differences in pi-
tuitary size between null and normal mice. By 9-12 months,
females develop lactotroph hyperplasia with dilated blood-
filled spaces but no signs of neoplastic transformation. In
older D2R-null females, pituitary size increases by as much
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as 50-fold. There was some invasion into the brain but no
metastasis. The pituitary in age-matched males only doubled
in size, with only microscopic foci of lactotroph adenomas.
The long-lasting cell hyperplasia in these mice is in contrast
to a rarely seen hyperplasia in the vast majority of human
pituitary tumors. In addition, sex imbalance in human pro-
lactinomas is only seen in young adults, possibly due to the
more frequent diagnosis in women (357).

The role of pituitary tumor transforming gene (PTTG) in
prolactinoma development has been studied. PTTG, origi-
nally isolated from GH4 cells, was later identified as securin,
a critical protein for sister chromatid separation during mi-
tosis (reviewed in Refs. 358 and 362). Exposure of Fisher 344
female rats to estrogen induced PTTG overexpression, lead-
ing to the suggestion that it promotes early lactotroph trans-
formation (363). Although PTTG is tumorigenic in many
tissues, its role in prolactinomas has been questioned. Except
for estrogen-induced prolactinomas in rats, PTTG does not
correlate with tumor size or PRL levels in other animal mod-
els, including D2R-deficient mice (364). In humans, PTTG is
detectable in pituitary tumors, but not normal pituitary, and
its expression correlates better with tumor aggressiveness
than with its endocrine phenotype (365).

Other animal models of prolactinoma suggest various
mechanisms of tumorigenesis in rats and mice. For example,
TGFa overexpression in the mouse pituitary results in lac-
totroph hyperplasia by 6 months and PRL-immunopositive
adenomas at 12 months (366). The pituitaries of old nerve
growth factor transgenic mice were 10-100 times larger than
normal with massive lactotroph hyperplasia (367). Prolacti-
nomas, primarily in old females, are also seen in mice defi-
cient in PRL (368) and PRLR (311). It is unclear, however,
whether any of the above also underlies human pituitary
tumorigenesis.

B. Mammary gland

1. Human breast cancer. Recent years have witnessed in-
creased interest in the role of PRL in human breast cancer.
Previous reports on a lack of correlation between serum PRL
levels and breast cancer risk, together with the failure of
bromocriptine to increase survival of breast cancer patients
or reduce their morbidity, had dampened enthusiasm for
pursuing research in this area (reviewed in Refs. 81, 369, and
370). However, support from recent epidemiological studies
and in particular the recognition that PRL is also produced
by breast tissue, reignited the efforts to establish a cause-
and-effect relationship between PRL and breast cancer and
to define its mechanisms of action.

Although breast cancer is considered a female disease, it
also occurs in men. Breast cancer in men is rare, reaching a
peak at 71 yr of age and accounting for 1% of breast cancer
cases (reviewed in Ref. 371). Risk factors include hypere-
strogenization, obesity and exposure to radiation, without a
clear association with gynecomastia. Most tumors are ductal
and ER positive. Tamoxifen is a standard therapy, with in-
dications for mastectomy and radiotherapy similar to those
in female breast cancer. Survival time for men with non-
metastatic breast cancer is shorter than for women. There is
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no clear association between PRL and male breast cancer, but
the sample size is too small.

Epidemiological studies linking serum PRL levels and
breast cancer risk have been conflicting (reviewed in Ref. 81).
Three types of studies have been employed. In case-control
studies, PRL levels in women with breast cancer are com-
pared with unaffected women. In retrospective studies, PRL
levels are measured after diagnosis of breast cancer. In pro-
spective studies, PRL levels are measured in healthy women
who are followed over time, and breast cancer incidence is
documented. Logistic and methodological issues such as
population size, single blood sampling, and assay variability
affect the outcome of all three approaches. Because prospec-
tive studies are larger and better designed, they will be re-
viewed here.

An early prospective study found that 71 of the 2600 pre-
menopausal and 40 of the 1180 postmenopausal women
studied developed breast cancer (372). The lack of significant
relation between breast cancer and serum PRL levels led to
the conclusion that PRL is not an important risk factor for the
disease. This is in contrast with two larger studies of a Swed-
ish cohort that included approximately 170 cases of breast
cancer (373), and the Nurses Health Study that included
approximately 850 cases (374). Both found a 30% increased
risk of breast cancer in postmenopausal women with ele-
vated serum PRL levels and an 80% increased risk if tumors
were also ER/progesterone receptor positive. Reanalysis of
the Nurses Health Study database revealed that the increased
risk also included 42- to 55-yr-old women (375).

Despite the apparent link between serum PRL and a mod-
est increase in breast cancer risk, treatment of a small number
of patients with metastatic breast cancer with bromocriptine
did not result in tumor remission (376). This failure could be
due to several causes such as tumor unresponsive to PRL at
an advanced metastatic stage, as is often the case with re-
sistance to antiestrogen therapy (377). Another explanation,
which has recently gained credence, pertains to the role of
locally produced PRL, which is insensitive to bromocriptine
(reviewed in Refs. 81, 369, 370, and 378).

Pioneering studies by Vonderhaar and Clevenger (re-
viewed in Ref. 81) showed that PRL is detected in breast
cancer specimens and is expressed and released by T47D and
MCF?7 breast cancer cells. The mitogenic activity of local PRL
is supported by the suppression of T47D cell proliferation by
PRL antisense oligonucleotides and anti-PRL antibodies
(379), and by hPRL antagonists (126, 128, 380, 381). Growth
of tumors derived from T47D cells in nude mice was retarded
by treatment with the G129R hPRL antagonist (382). In ad-
dition, PRL overexpressing MDA-MB-435 breast cancer cells
showed accelerated proliferation in vitro and formed faster
growing tumors in nude mice (115).

PRL also affects cell motility and migration (139, 383).
However, others argue that activated Stat proteins, and by
implication PRL, are actually associated with a suppression
of breast cancer invasion and metastasis. Nevalainen ef al.
(384) found lower expression of activated Stat5 in node-
positive breast cancer samples and metastases than in the
normal breast or less advanced tumors. This was supported
by in vitro studies showing that activation of the PRLR in
MDA-MB-231 cells suppressed mesenchymal properties and
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invasive propensity (385). Stat5 activation by PRL increased
E-cadherin, the invasion-suppressive adhesion molecule,
both in vitro and in transplanted tumors in vivo (386). Al-
though the latter findings do not negate the ability of PRL to
stimulate tumor growth, they raise the intriguing possibility
that PRL suppresses metastatic progression in advanced tu-
mors. A switch between tumor promotion to suppression is
not uncommon, as exemplified by TGFf, which plays a dual
role in tumorigenesis by inhibiting growth of normal epi-
thelial cells but accelerating the malignant process of late
tumor stages (387).

PRL also acts as a survival factor in breast cancer cells, as
is evident from its protection of ceramide-induced apoptosis
(388) and antagonism of growth arrest induced by y-irradi-
ation (389). This protection may be due to the ability of PRL
to activate the PI3K-Akt survival pathway (134, 389) and to
stimulate expression of antiapoptotic proteins. The latter is
supported by up-regulation of Bcl-2 in breast cancer cell lines
treated with PRL (390) and the increase in Bcl-2 expression
in tumor xenographs derived from PRL-overexpressing
breast cancer cells (115).

Given the antiapoptotic functions of PRL, we reasoned
that PRL may antagonize cytotoxic effects of anticancer
drugs. Taxol is a microtubule stabilizing agent used as an
effective chemotherapeutic agent in ovarian and breast can-
cer (391). Incubation of MDA-MB-468 and MDA-MB-231
cells with taxol induced a dose-dependent decrease in cell
viability (Fig. 10). This was completely reversed by pretreat-
ment with low doses of PRL. Importantly, PRL also protected
these cells from cisplatin and vinblastine, two drugs that
induce cell death by different mechanisms than taxol (E. W.
LaPensee and N. Ben-Jonathan, unpublished observations).
This suggests that PRL opposes the cytotoxic effects of che-
motherapeutic agents. The clinical implication is that high
circulating PRL levels, increased local PRL production, or
increased expression/activity of the PRLR in breast cancer
may underlie failure of chemotherapy in some patients. If so,
suppression of PRL or blockade of its action could improve
the efficacy of anticancer drugs.

Unfortunately, there are no large-scale epidemiological
studies that examine whether an inverse correlation exists
between serum PRL levels or tumor PRLR expression and
patient responsiveness to chemotherapy. One exception is a
small study reporting that abnormally high serum PRL levels
are associated with poor response to taxol in metastatic
breast cancer (392). This issue should inspire epidemiologists
to look for an association between PRL and chemoresistance.

Within the human breast, only the epithelium has a tu-
morigenic potential. However, cross talk between the stroma
and the epithelium is critical not only for proper develop-
ment and function of the normal breast, but also during
tumorigenesis (reviewed in Refs. 393-395). These authors
discuss the many parallels between mammary gland devel-
opment, i.e., ductal proliferation, invasion and branching,
and properties associated with tumor progression. Indeed,
stromal-derived growth factors such as TGFB, IGF-II, and
hepatocyte growth factor; cytokines such as IL-6; and MMPs
play multiple roles in tumor growth, angiogenesis, and in-
vasion (393, 395).

Estrogen production by the breast serves as an excellent
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FiG. 10. PRL protects breast cancer cells from taxol-induced cyto-
toxicity. Top panel, MDA-MB-468 cells were treated with increasing
doses of taxol (0—625 ng/ml) for 5 d. Cell viability (in all panels) was
determined by the MTT assay. The low dose of 5 ng/ml effectively
inhibited cell viability by 90%. Second panel, MDA-MB-468 cells were
treated with increasing doses of PRL (0.2—25 ng/ml) in the presence
or absence of taxol (3 ng/ml) for 5 d. All doses of PRL antagonized
taxol-induced cytotoxicity. Third panel, MDA-MB-231 cells were
treated with increasing concentrations of taxol (0—625 ng/ml) for 5 d.
Cell viability was 10-50% lower in the taxol-treated cells. Bottom
panel, MDA-MB-231 cells were exposed to 3 ng/ml of taxol in the
presence or absence of PRL (0.2-25 ng/ml) for 5 d. Taxol-induced cell
death was not observed when cells were incubated with PRL (E. W.
LaPensee and N. Ben-Jonathan, unpublished observations).

example of bidirectional interactions between the stroma and
the epithelium in the promotion of tumor growth (reviewed
in Refs. 393 and 396). Similar to PRL, estrogen is provided to
the breast from two sources: the circulation and local syn-
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thesis. Breast aromatase is highly efficient in converting an-
drogens to estrogens, serving as the primary source of es-
trogens to the breast in postmenopausal women. In breast
cancer patients, aromatase activity is elevated in adipose
tissue adjacent to the tumor in response to prostaglandin E2
and IL-11, which are produced by the tumor epithelium,
fibroblasts, and infiltrating macrophages. In turn, locally
produced estrogen stimulates tumor growth and up-regu-
lates prostaglandin E2 production, thus establishing a pos-
itive feedback loop that stimulates tumor growth and
progression.

We propose a model of reciprocal stromal-epithelial in-
teractions that involves local PRL production in breast cancer
(Fig. 11). The model is based on the following information
and assumptions: 1) PRL is primarily produced in breast
adipose tissue (44), with lesser production by the epithelium;
2) PRL expression in breast adipose tissue is normally low,
but can be increased by cAMP-activating ligands (42, 44); 3)
PRL up-regulates its receptor in breast cancer cells (115); 4)
PRLR expression is higher in tumors than in normal tissue
(397); 5) PRL is mitogenic (128) and antiapoptotic (390) in
breast cancer cells; and 6) PRL antagonizes the cytotoxic
effects of anticancer drugs (see Fig. 10).

The model described above assumes that PRL production
by normal breast adipose tissue is suppressed by a local
PRL-inhibiting factor (PIF) but increases during tumorigen-
esis in response to tumor-derived factors that decrease PIF
production, antagonize its actions, or stimulate PRL synthe-
sis by the adipocytes. Elevated adipocyte-derived PRL dif-
fuses to neighboring tumors cells, where it up-regulates the
PRLR, increases cell proliferation, decreases apoptosis, and
antagonizes anticancer drugs. Although this concept is based
on some yet unproven assumptions, it should serve as a
working model for future studies.

In rodents, PRL-secreting pituitary isografts as well as
daily PRL injections increase spontaneous mammary tumors
(reviewed in Refs. 81, 370, 398, and 399). Because there is
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relatively little extrapituitary PRL production in rodents,
animal models that overexpress PRL in the mammary glands
most closely resemble the human situation. Transgenic mice
that overexpress mammary PRL develop ERa-positive and
ERa-negative mammary tumors (400). Also, transgenic mice
overexpressing the rPRL gene developed mammary carci-
nomas at 11-15 months of age (401). On the other hand,
overexpression of hPRL in mouse MEC using a whey acidic
protein-hPRL transgene resulted in functional defects and
benign mammary lesions but no carcinomas (299). However,
in this model PRL is overexpressed in a well-differentiated
gland that is less amenable to tumorigenesis.

C. Prostate

There are many parallels between breast and prostate can-
cer, including the effects of dietary, genetic, biochemical, and
hormonal factors on their pathogenesis (reviewed in Ref.
402). Like estrogens in breast cancer, the central role of an-
drogens in prostate cancer is undisputed. In both cases, ste-
roidal deprivation or receptor blockade suppress growth of
receptor-positive tumors. However, advanced tumors and
metastatic disease often escape hormonal regulation and ren-
der such treatments ineffective. In both cancers, the potential
role of PRL has been overlooked because of nonsupportive
epidemiological evidence. Indeed, a large Swedish prospec-
tive study found no difference in serum PRL levels in 144
men diagnosed with prostate cancer and 289 age-matched
controls (403). However, there is increasing evidence that
locally produced PRL, much like in breast cancer, plays a
more substantial role in prostate tumorigenesis than previ-
ously appreciated.

Nevalainen and co-workers proposed that autocrine PRL,
via Jak2/Stat5a/b signaling, promotes prostate cancer
growth (404-406). An autocrine loop was established by
showing that PRL as well as long and short PRLR isoforms
are expressed in normal human prostate epithelial cells. Sub-

F1G. 11. A hypothetical model depict-
ing the role of locally produced PRL in
reciprocal stromal-epithelial interac-
tions that promote breast cancer
growth. Under normal conditions, PRL
production is higher in breast adipo-
cytes than in epithelial cells but is pre-
sumably controlled primarily by a PIF.
During tumorigenesis, PRF secreted by
tumor cells increases PRL secretion
from adipocytes, either by antagonizing
a PIF or by directly stimulating PRL
synthesis. Adipocyte-derived PRL dif-
fuses to the tumor and up-regulates its
PRLR expression, increases cell prolif-
eration, and antagonizes chemothera-
peutic agents.
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sequent studies revealed that PRL activated Jak2 and Stat5 in
androgen-independent CWR22Rv prostate cancer cells and
organ cultures of human prostate cancer. Cell incubation
with high doses of the hPRL antagonist A1-9G129R-hPRL
decreased cell viability. About 50—-60% of 180 hormone-in-
sensitive human prostate cancer specimens were positive for
PRL. This agreed with an earlier report that activated (phos-
phorylated) Statba/b is associated with a high Gleason score
(high grade, hormone refractory and metastatic disease) in
prostate cancer (407). Notably, this notion is completely op-
posite to a report by this group that expression of activated
Stat5 in breast cancer is associated with a lower metastatic
potential (384).

Data on the action of exogenous or autocrine PRL in hu-
man prostate cancer cells are conflicting. For example, di-
hydrotestosterone stimulated LNCaP cell proliferation but
had no effect on the androgen-insensitive DU145 and PC3
cells, whereas PRL increased the proliferation of DU145 and
PC3 cells but exerted only a weak effect on the LNCaP cells
(408). Another report, however, showed that PRL had no
effect on PC3 and DU145 cell proliferation but partially in-
hibited Trail-induced apoptosis, possibly via enhanced Akt/
PKB phosphorylation in PC3 cells (409). These authors con-
cluded that exogenous PRL functions as a antiapoptotic
factor rather than as a mitogen. Incubation of PC3 and DU145
cells with the S179D hPRL antagonist caused delayed sup-
pression of cell proliferation, which was attributed to in-
creased expression of the short PRLR isoform; the effect of
exogenous PRL was not determined (410).

PRL has also been linked to prostate growth and hyper-
plasia in rodents. Hyperprolactinemia, induced by pituitary
grafting (411) or sulpiride injections (412) in rats, and trans-
genic overexpression of PRL in the mouse (413, 414) caused
stromal hyperplasia and epithelial dysplasia in the prostate.
The prostate size is reduced in PRL-deficient mice (415),
whereas PRLR deficiency reduces the incidence of tumor
formation caused by SV40 T-antigen-induced prostate car-
cinogenesis (416). Stat5a deficiency in mice is also associated
with a distinct prostate morphology such as increased dis-
organization within acinar epithelium of the ventral pros-
tates (417). In vitro studies also support the role of PRL in
promoting prostate growth in rodent cells and organ cul-
tures. PRL is mitogenic in the rat dorsal and lateral prostate
and acts as a survival factor for the prostate epithelium under
androgen-deprived conditions (418, 419), with the same
group also reporting that the rat prostatic epithelium also
expresses its own PRL (420).

Research in this area should benefit from studying human
breast and prostate cancer xenografts in nude mice. How-
ever, the hPRLR is insensitive to mPRL (53). For example,
Stat5 was activated in T47D xenografts in nude mice by hPRL
but not mPRL. Thus, xenografts implanted in mice are not
exposed to the effects of circulating PRL. This issue has
important implications for xenograft studies that address the
role of PRL in tumorigenesis and in translating drug efficacy
and antagonist response from animal models to human sub-
jects. Mice engineered to express the hPRL gene and crossed
into animmunodeficient background should provide a much
better model for examining the relationship between PRL
and breast cancer.

Ben-Jonathan et al. ® Prolactin in Rodents vs. Humans

Synopsis. There are major differences in the etiology of pro-
lactinoma formation between rodents and humans, espe-
cially with respect to the prominent role of estrogens in
rodents but not in humans. With the large selection of human
breast and prostate cancer cell lines, many aspects of the
function of PRL as a mitogen, survival, and/or differentia-
tive factor under in vitro conditions can be studied with
human cells. On the other hand, rodents, especially immune-
deficient mice, are indispensable for studying growth and
metastasis of human xenografts under in vivo conditions, but
with a major caveat that mPRL does not affect human cells.

IX. Conclusions and Perspectives

We now go back to our original query: Can we learn from
rodents about PRL in humans? The answer is that although
some features of PRL and its actions are similar among the
species, many are not. Yet, in some respects, there are no
alternatives to animal experimentation, and rodents provide
the most comprehensive base of information, especially on
systems that are inaccessible in humans. Those aspects of
PRL with a clear disparity among the species as well as future
challenges in research are summarized below.

Owerall regulation of PRL. The regulation of pituitary PRL
production/release is more complex and centralized in ro-
dents than in humans. Under hypothalamic coordination, the
inhibitory effect of dopamine is balanced by multiple stim-
ulatory factors. This integration comes into play during the
reproductive cycle, pregnancy, and lactation, and under
stress conditions. The situation in humans is different. Al-
though the inhibitory action of dopamine is undisputed,
many of the PRL secretagogues, which are so prevalent in
rodents, are less critical in humans. The best example is
estrogen, which unlike its prominent position in rodents, has
little effect on pituitary PRL in humans. Instead, many of the
controls of PRL in humans have shifted from a central site to
the periphery. At each extrapituitary site PRL is indepen-
dently regulated by local factors and acts as a typical cyto-
kine. Because nonpituitary PRL-producing sites contribute
minimally to circulating PRL levels, many such sites in hu-
mans have escaped notice until recently. The challenge for
future research is to learn more about PRL as an autocrine/
paracrine factor in different human tissues in health and
disease. In this respect, rodents cannot serve as an appro-
priate model.

Role of PRL in reproduction. In a broad sense, PRL is critical for
reproduction in both rodents and humans, given that lacta-
tion represents a continuum of the reproductive process.
However, the participation of PRL in other components of
the reproductive axis is highly species-specific. In rodents,
PRL is altered during the estrous cycle and the first half of
pregnancy, followed by replacement of its functions by pla-
cental lactogens. By virtue of its well-established luteotropic
activity and maintenance of progesterone production, PRL is
mandatory for successful pregnancy in rodents. The status of
PRL in human reproduction, with the exception of lactation,
is more enigmatic. On the one hand, PRL is not an important
player during the menstrual cycle and does not support CL
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function. On the other hand, human pregnancy is distin-
guished by dramatic increases in PRL production by the
maternal and fetal pituitaries as well as the decidua. The
challenge for future research is to clarify the putative roles of
PRL during human pregnancy, e.g., support of implantation,
prevention of immune rejection of the conceptus, fetal
growth, and development and/or the initiation of parturi-
tion. Unfortunately, without suitable animal models, this
task would be extremely difficult.

Relationships between PRL, GH, and placental lactogens. Given
the close interactions and overlapping functions between
members of the PRL/GH/PL family, PRL should not be
viewed in isolation, especially in humans. Despite a low
sequence homology between the three hormones, they all
bind to and activate the hPRLR. The rodent PRLR, on the
other hand, is activated by some PL, but notby GH. Although
binding of a ligand from one species to a receptor from
another species is not an issue under normal physiological
conditions, potential cross activity is relevant to the design
and interpretation of many experiments. Among these are
the effects of PRL derived from culture media on cultured
cells, and the lack of binding of mPRL to the hPRLR, which
deprives human xenotransplants in athymic mice of a proper
exposure to circulating PRL. The challenge for future re-
search is to understand better the structure-function char-
acteristics of the PRL receptor that underlie its promiscuity.
In addition, overlapping vs. complementary or even oppos-
ing actions of PL, GH, and PRL at different human cells
should be investigated. This knowledge would also help in
the design of more specific and potent PRL receptor
antagonists.

PRL and PRLR variants. The pleuropotency of PRL is derived
from the heterogeneity of the PRL proteins, receptor iso-
forms, and the multiple signaling pathways. Here, more is
known about PRL/PRLR variants in humans than in rodents.
Although recombinant hPRL is used successfully in many in
vitro applications, there is insufficient information on the
importance of modifications such as phosphorylation, gly-
cosylation, cleavage, or oligomerization under in vivo con-
ditions. There is also a large number of PRLR isoforms in
human malignancy with unclear functions. The challenge for
future research is to determine whether PRL modifications
affect its half-life and binding affinity and/or confer an en-
tirely different set of activities as is the case with 16K PRL.
The precise tissue distribution, interactions, and specific sig-
naling pathways that are mediated by the various PRLR
isoforms in human cells should also be undertaken.

Metabolic functions of PRL. After being overlooked for a long
time, this aspect of PRL has recently come into focus, in tune
with the growing interest in obesity and diabetes. The rat
may be a better model than the mouse for analyzing some
metabolic aspects of PRL in live animals. On the other hand,
the large repertoire of murine and human primary adipo-
cytes and cell lines that express the PRLR provide an excel-
lent opportunity to study interactions between PRL and met-
abolic hormones such as insulin, glucocorticoids, and
catecholamines that affect adipogenesis, glucose, and lipid
metabolism. Being an emerging field with little fundamental
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knowledge, there are multiple challenges for future research.
These include examination of PRL action on insulin release
and B-cell functions in males and nonpregnant females, as
well as explorations of PRL effects on the liver, a key organ
in metabolic homeostasis that expresses high levels of the
PRLR. Another issue of great interest is whether PRL is
involved in human obesity and insulin resistance via its
capacity to alter the production and release of adipokines
such as leptin, adiponectin, and IL-6.

PRL and tumorigenesis. As attention has shifted from circu-
lating PRL to locally produced PRL in breast and prostate
cancer, such tumors in rodents do not fully represent tumor
microenvironment in humans. Many cell lines with different
properties are available to determine whether PRL is a mi-
togen, a differentiation factor, or both, and whether such
properties change with the stage of the tumor. However,
such studies are limited because cancer cells adapted to grow
on plastic culture dishes do not truly represent the behavior
of primary tumors in humans. The challenge for future re-
search is to generate mice that express hPRL and compare
growth of human cancer xenografts with and without PRL
input. In addition, epidemiologists should examine whether
elevated PRL and/or tumor with high expression of the
PRLR are associated with increased resistance to chemother-
apy in breast or prostate cancer patients. Finally, the gener-
ation of potent PRL agonists and antagonists and the deter-
mination of their efficacy in clinical trials is a major goal in
this area of research.
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