
was used for the fibronectin receptor (14) .  
Our approach with electrostatically comple- 
mentary peptides is different from either of 
these techniques. 
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Expression of a Calcium-Mobilizing Parathyroid 
Hormone-Like Peptide in Lactating Mammary Tissue 

A survey of rat tissues by RNA analysis, aimed at uncovering the physiological 
fi~nction of the parathyroid hormone-like peptide (PTH-I,P) associated with hypercal- 
celnia of malignancy, revealed the presence of a 1.5-kilobase messenger RNA encoding 
this peptide in lactating mammary glands. PTH-LP messenger RNA is expressed in 
mammary tissue only during lactation; it appears and disappears rapidly (2 to 4 hours) 
as a function of the sucking stimulus. The identity of this messenger RNA was 
confirnled by cloning the rat PTH-12 complementary DNA, which predicts a peptide 
with strong similarity to the hunian homolog. Moreover, extracts from laczating 
mammary tissue stimulated parathyroid hor~none-dependent adenylate cyclase. These 
findings suggest that PTH-LP plays a physiological role in lactation, possibly as a 
hormone for the mobilization or transfer (or both) of calciun~ to the milk. 

I'AKATIIYROII) HORMONE-LIKE PEP- 

tide produced by many tumors 
fro111 patients with hu111oral hyper- 

calcem~a of malignancy (HHM) (1) was 
recently characterized. Am~no-terminal se- 
quence analys~s (2- 4) and subsequent cDNA 
cloning (5-7) revealed a peptide of approxi- 
mately 16 kn, with amino-term~nal ho~ilol- 
ogy to PTH. A synthetic peptide containing 
amino acids 1 to 34 of the human PTH-LP 
produces the same effects on renal arid os- 
teoblast membranes in vitro and on calcium 
and inorganic phosphate fluxes in vivo (8, 9) 
as the peptide 1-34 of hullan YTH, thus 
explaining the resemblance of the H H M  
syndrome to hyperparathyroidism. In addi- 
tion to t~u~ilors, theonly other cells reported 
to produce PTH-LP are hltman keratino- 
cytes in culture (10); however, the physio- 
logical hnctio~l of the peptide is unkr~own. 

To investigate fiirther the expression and 
fi~nction of lyTI I-L1'. we screened RNAs 
fro111 adult and embryonic rat tissues for 
hybridization to a human PTH-LP cDNA 

levels of this mKNA were sccn in RNA 
from rat Leydig cell tumor, which secretes a 
l'TI3-LP and causes hypercalcemia in rats 
(1 1). Skin and spleen $aie weak hybridiza- 
tlon sig~rals; however, the actual production 
and possible fi~nction of the pept~de in these 
tissues remain to be elucidated. No M'H-LP 
mRNA was detected in RNA from nonlac- 
tating mammary gland, in KNAs from 
brain, testis, intestine, kidney, liver, lung, 
parathyroid-thyroid gland, rat osteosarco~ila 
(ROS 1712.8), aid heart of nonlactating 
animals, or in RNAs from these tissues in 
lactating animals. Moreover, this mRNA 
was not detected in rat embryos, in placenta, 
or in Itidney and skin of newborn rats. Thus, 
we have 110 evidence to support a role for 
this peptide in development, although we 
cannot exclude the possibiliry that small 
amounts of this mRNA may he expressed in 
specific embryonic tissues, si~ice whole em- 
bryo 1WA was used for this iuialysis. 

Furrher study showed that the expression 
of PTH-LP mRNA in mammary tissue was 

(Fig. 1). Anlong all the nor~i~al  tissues exam- 
ined, relatively high levels of a 1.5-kb PTH- 
~p n l ~ ~ ~  Ltected only ill RNA frolrl Dcl>ar~rnent of Hone Hiolop and Osteoporosis l<e 

search, Mcrck Sharp & Dolirnc Research Laboratorics, 
lactating mammary tissue. However, similar west Point. PA 19486. 
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closely related to lactation. PTH-LP mRNA 
was not detected in nonlactating or develop- 
ing mammary tissue during pregnancy (Fig. 
2). However, on the first day postpartum, 
when suckling had begun, PTH-LP mRNA 
was clearly present in the dams' mammary 
tissue. With suckling litters present, mam- 
mary tissue PTH-LP mRNA reached the 
highest concentration at approximately 24 
hours postpamun and was maintained at 
about half that concentration from day 2 to 
day 20 postpartum. Mammary tissue PTH- 
LP mRNA became undetectable 24 hours 
after litters were removed. 

To fiuther define the temporal relation 
between PTH-LP mRNA expression and 
lactation, we removed suckling litters at 2 
days postpartum and dissected the mamma- 
ry tissue of the dams at 30 min or at l, 2,3, 
or 4 hours later. PTH-LP mRNA decreased 
sharply between 1 and 2 hours after removal 
of the pups and became undetectable afkr 4 
hours (Fig. 2). In another experiment, pups 
were removed from their mothers for 4 
hours and were returned for 4 hours, during 
which time they were observed to be suck- 
ling. ~ a m m ~  tissue from these dams con- 
tained PTH-LP mRNA levels comparable 
to those seen in tissues of other lactating 
dams at the time these pups were removed. 
Finally. dams that had their litters removed 
2 da+ earlier were given surrogate litters to 
allow us to determine whether mammary 
tissue PTH-LP mRNA expression was relat- 
ed to milk production or ;o sucking per se. 
For 3 days the litters were suckling. Howev- 

er, upon dissection, the mammary tissue of 
the dams had atrophied, and the pups' di- 
gestive tracts were filled with air, indicating 
that in this case sudung did not stimulate 
milk production. Mammary tissue from 
these dams did not contain detectable levels 
of PTH-LP mRNA. Thus, lactating mam- 
mary tissue appears to be required for PTH- 
LP expression. 

We confinned that this mRNA encodes a 
PTH-LP by using human PTH-LP cDNA 
to isolate a corresponding rat cDNA 
(prPLP1). The rat cDNA encodes a peptide 
of 177 amino acids, consisting of a 36- 
residue putative prepro-leader sequence fol- 
lowed by the 1 4 1 6 0  acid residue PTH- 
LP (Fig. 3). The first 11 1 amino acids of the 
rat PTH-LP, which include the PTH-like 
amino-terminal domain, are identical to the 
human PTH-LP except for two substitu- 
tions + ~ e r ~ ~  and Arg9% + ~ 9 ) .  
Since the amino-terminal residue of rat PTH 
is alanine, PTH-LP shares 9 of the first 13 
amino acids with rat PTH, as compared to 8 
of 13 with human PTH. This finding could 
explain why human M'H-LP is more potent 
than human PTH in rat systems (8, 9). 

The rat and human PTH-LPs diverge 
considerably in the carboxyl-terminal do- 
main, where only 8 of the last 30 amino 
acids are identical. Although fiagment 1-34 
of PTH-LP produces virtually all known 
effects of PTH, conservation of residues 35 
to 111 between rat and human PTH-LP 
suggests that this domain may have biologi- 
cal importance. Strong conservation is seen 

Flg. 1. Tissue distribution of rat 
PTH-LP mRNA. (Top) Each lane 
contains total RNA (20 pg) from 
the indicated tissues. Abbrevia- 
tions: Intes, intestine; Mam-, non- 
lactating mammary gland; Mam +, 
lactating mammary gland; ROS, 
ROS 1712.8 osteosarcorna cells: 
and Pt gln, parathyroid gland: 
(Bottom) RNA was extracted on 
the day of gestation indicated by 
the numbers above each lane. Ab- 

a breviations: Uts, uterus; Emb, em- 

5 bryo; PI, placenta; Tx, thorax; Ab, 
-1 abdomen; Nb kd, newborn kidney; 

Nb sk, newborn skin; and Leydig, *28S Leydig cell tumor. Total RNAs 
were prepared from rat tissue by 
the procedure of Chirgwin et al. 
(24, separated by electrophoresis 
on a 1% agarosc gel containing 
0.66M formaldehyde, and trans- 
ferred to nitrocellulose (23). The 
filters were hybridized at 42°C in 

50% formamide, 6 x  saline sodium citrate (SSC) ( l x  SSC is 0.15M sodium chloride and 0.015M 
sodium citrate, pH 7), 5x Denhardt's solution, and sheared herring sperm DNA (0.1 mglml). The 
hybridization probe used was the 408-bp Ava I fragment of-the human PTH-LP cDNA 10B5 (7). 
Filters were hybridized for 20 hours in the same solution containing 1 x lo6 cpm of the 32P-labeled 
DNA per &ter of solution. The filters were washed once for 20 min in 0.1 x SSC and 0.5% SDS at 
65°C. Autoradiography was done for 10 days at -70°C with two intenslfylng screens. Uniform loading 
of RNA in each lane was monitored by ethidium bromide staining of the 28s and 18s ribosomal 
RNAs. 

not only in the coding sequence, but also in 
the 3' untranslated sequences which are 
about 90% identical to one (5) of the two 
alternatively spliced (7) human PTH-LP 
mRNAs. The conserved AT-rich motifs pre- 
sent in this region may account for the rapid 

Table 1. The stimulation of PTH-sensitive ade- 
nylate cydase by lactating mammary tissues. Tis- 
sues from lactating dams or from dams that had 
their pups removed after birth were obtained 24 
hours postpamun. Tissue extracts were prepared 
essentially as described (25). PTH-sensitive ade- 
nylate cydase was assayed by the method of 
Rodan et al. (13). The values are means * SEM of 
at least three experiments. ND, not determined. 

3H-labeled CAMP 
Ex- (a,unts w r  well in 8 mid ..--. 

Non- With PTH 

XThe FTH antagonist [~-Trp-12,Tyr-34]bovinc PTH- 
(7-34)NH2 (26) at 4 was uscd in thcsc apaimcn~. 

, + 
n u 7  
r.! P I 

Flg. 2. (a) Rat PTH-LP mRNA in lactating and 
nonlactating mammary tissue. Total RNA (20 
pg) from rat mammary tissue was hybridized to 
the human PTH-LP cDNA under the conditions 
described in the legend of Fig. 1. The g indicates 
the day of gestation; d indicates the day postpar- 
tum with (+) or without (-) litters. Leydig 
indicates Leydig cell tumor. (b) lTH-LP mRNA 
is expressed in rat mammary tissue in response to 
sudding. Mammary tissue RNA was extracted at 
the following times after the titter was removed: 
(lane A) 30 min, (lane B) 1 hour, (lane C) 2 
hours, (lane D) 3 hours, or (lane E) 4 hours. 
RNA from manunay tissue at 2 days postpartum: 
(lane F) with the h e r ,  (lane G) with the litter 
removed for 4 hours, (lane H) with the litter 
removed for 4 hours and then returned for 4 
hours, (lane I) with litter removed for 8 hours. 
(Lane J) Mammary tissue RNA from a mother 
that for 2 days was without a titter and then was 
given a surrogate litter for 3 days. 
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ATG CTG CGG AGG CTG GTT CAG CAG TGG AGC GTC CTG GTG TTC CTG CTC AGC TAC TCC GTG 6 0Fig' 3' N ~ ~ ~ ~ ' ~ ~ ~ ~ rPLP net L e u  A r g  A r g  L e u  V a l  G l n  G l n  T r p  S e r  V a l  Leu  V a l  Phe Leu  L e u  S e r  T y r  S e r  V a l  1 6  
predictedaminoac~dse- h p L p  a a , * , , n' , , # 

buence of the rat M'H-
-

CCC TCC CGC GGG CGC TCG GTG GAG GGG CTT'P (rPL1')' The 177-
P P P s A G y  A S I G G y  Lamino acid open reading ~ P L P  

frame beeins with a 36-
CAC CAG CTA CTG CAT GAC AAG GGC AAG TCC ATC C A I  GAC TTG CGC CGC CGT TTC TTC CTC 1 8 0xllino acid putative pre-

rPLP H i s  g~ L e u  L e u  Hir Asp L y r  Qy Lyr_ S c r  I l e  G l n  A l p  L e u  A r g  & A r g  Phe Phe Leu 29
pro-leader sequence. ~ P L P  a 8 * * 8 , a * * , , , a , , , 

~ h carrow identi& the 
CAC CAT CTG ATT GCG GAG ATC CAC ACA GCT GAA ATC AGA GCT ACC TCG GAG GTG TCC CCT 240putative 'leavqe point 

rPLP H i s  H i s  L e u  I l e  A l a  Glu I l e  "1.1 T h r  A l a  G l u  I l e  A r g  A l a  T h r  S e r  G l u  V a l  S e r  P:o 44bctwcc~lthc lcader and ~ P L P  a I a 8 ' a 8 * , , * ' a * 

AAC TCC AAA CCT GCT CCC AAC ACC AAA AAC CAC CCT GTG CGG TTT GGG TCA GAT GAT GAG 300;;:; A:" + L y  p r o m " .  A:n T l r  +A:" H!. P p  v.1 A r g  P l e  G!y s:r A l p  11. G!u 64 

rat ITH; amino acid dif-
ferences bctween rat and GGC AGA TAC CTA ACT CAG GAA ACC AAC A A G  GTG GAG ACG TAC AAA GAG CAG C C A  C T C  A A G  360 

rPLP G l y  A r g  T y r  Leu  T h r  G l n  G l u  T h r  A r n  L y s  V a l  G ] u  T v r  T y r  & G I "  G l n  P r o  Leu  Lyr 84thcl~urnan(l~l'LP)pep- h p L P  a 4 , , , , , a , , , , a , , 

tidc are boxed. Asterisks 
designate rcsid~lcscom- ACG ccc GGG A A G  AAG A A G  AAA GGC A A G  CCG GGG AAA CGC AGA GAA CAG GAG AAA AAA AAS 470 

to either human ;;F'; T 1 r  P:o G!y L y r  L y s  L y s  L y s  G l y  L y s  P r o  G l y  L y r  A r g  A r g  G l u  G l n  G l u  L y r  L y s  L y r  104 , , , , , , 

PTH or rat rTH but not 
both. A A g t l O  cDNA li-
brary was prcpared from 
Irydig cell tumor poly-
adcuylated RNA csscu-
t idy as dcscribed (7). 
l'ortions of the librarv 

CCC CAC ACC TCC CCG ACC TCG ACC TCC CTG GAG CCC AGC TCA AGG ACG CAT TGA 534 
rPLP P r o  H i s  T h r  S e r  P r o  T h r  S e r  T h r  Ser L e u  G l u  P r o  S e r  S e r  A r g  T h r  H i s  * 141 
hPLP l H i s  L e u  S e r  Asp  T h r  S e r  T h r ]  ' ' ' ' ' ' ; * 

CGA AGG ACT CGG TCT GCC TGG CCA GGC ACA ACT GGG AGT GGC CTG CTT GAG GAC CCC CAG 480  

wcrc probcd with thi 
human cDNA fragmcnt described in thc legcud to Fig. 1. The human probc (408 bp) contaius only 45 
base n~ismatchesbcnveen nuclcotidcs 1 and 400 of the rat sequcuce. The cDNA was subclotled into the 
Rluc Script plasmid vector (pRS, Stratagene), and both strands were sequenced by the dideoxy 
termination method as dcscribed (24). 

turnover of tliis message (half-time <2 
hours) in mammary tissue, since similar 3' 
untranslated sequences are present in the 
rapidly turned over messages encoding a 
variety of cytokines and cellular oncogenes 
(12). 

We examined the adenylate cyclase-stim-
dating activity of mammary tissue extracts 
in IY1'H-sensitivecells to deternline whether 
PTH-L1' mRNA is actually translated (13). 
This method had been used to detect and 
purify PTH-I,P activity in tumors associated 
with HHM (2-4). Extracts from lactating 
tissue stimulated the production of 'H-la-
beled adenosine 3',5'-monophosphate 
(CAMP)in a dose-dependent manner (Table 
1). This stimulation was inhibited by the 
ITH antagonist [D-Trp-12,Tyr-34lbovine 
IYrH-(7-34)NH2,indicating that the lactat-
ing mammary tissue actually produces a 
PTH-like activity. 

Thus, the PTH-like peptide, initially char-
acterized by its association with the clinical 
syndrome of HHM, is, in fact, produced by 

L e u  Leu  G l u  Asp  P r o  Gln 124  
S e r  G l y  L e u  G l u  G l y  Asp  

rPLP A r g  A r g  T h r  A r g  Ser  A l a  T r p  r o  G T y V h r  T h r  G l y  S e r  
hpLP , , 8 , 4 rn ' Leu  Asp  S e r  G l y  V a l  T h r  

rat m,immary tissue during lactation. Com-
plementary DNA cloning reveals that the rat 
and human peptides are similar. The potent 
eEects of this peptide on calcium metabo-
lism (8, 9) and its production during lacta-
tion suggest that ITH-LP may act as a 
hormone that is produced by the mammary 
gland for the mobilization of bone calcium 
or its transfer to milk (or both). This possi-
bility had previously been raised as an expla-
nation for the bone loss during lactation 
(14). This hypothesis is also supported by 
the clinical observation of Rude rt  a\. (15) 
that during lactation, normal sentm calcium 
levels were maintained in a hypoparathyroid 
patient without the need for supplemental 
therapy. Determination of serum PTH-1,P 
concentrations during lactation shodd cor-
roborate this assumption. 

The correlation between PTH-LP expres-
sion and lactation suggests a possible regula-
tory role for pro lac ti^^. The prolactin synthe-
sis inhibitor bromocriptine was shown to 
block the large fl~xof calcium into milk and 

G l y' 

the related increase in calcium mobilization 
from the gltt and the skeleton (16-18). 
Bromocriptine also reversed bone loss in 
hyperprolactinemic women ( 19). However, 
the mechanism of action of prolactin in the 
regulation of calcium homeostasis is not 
known (18-20). Since estrogen suppresses 
lactation (21), a possible relation between 
prolactin, estrogen, PTH-19, and metabolic 
bone diseases such as postmenopausal osteo-
porosis deserves hrther investigation. 
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