tect sor in as large amounts as gpl20 and
gp4l (in cither infected cells or virions).
Alternatively, sor may participate in the early
events in viral replication (from penetration
to synthesis of proviral DNA) or in potenti-
ating the cellular environment in which rep-
lication occurs. Further studies will be nec-
essary to evaluate these possibilities.
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A Parathyroid Hormone—Related Protein Implicated
in Malignant Hypercalcemia: Cloning and Expression

L.
R. G
C. DP.
P.J.

J. Suva, G. A. WinsLow, R. E. H. WETTENHALL,

. HAMMONDS, J. M. MOSELEY, H. DIEFENBACH-JAGGER,
Robpa, B. E. Kemp, H. RODRIGUEZ, E. Y. CHEN,
Hupbson, T. J. MarTIN, W. 1. WooOD

Humoral hypercalcemia of malignancy is a common complication of lung and certain
other cancers. The hypercalcemia results from the actions of tumor factors on bone and
kidney. We report here the isolation of full-length complementary DNA clones of a
putative hypercalcemia factor, and the expression from the cloned DNA of the active
protein in mammalian cells. The clones encode a prepro peptide of 36 amino acids and
a mature protein of 141 amino acids that has significant homology with parathyroid
hormone in the amino-terminal region. This previously unrecognized hormone may be
important in normal as well as abnormal calcium metabolism.

YPERCALCEMIA IS FREQUENTLY

associated with malignant disease.

Humoral hypercalcemia of malig-
nancy (HHM) occurs in cancer patients
without bony metastases often in association
with squamous cell carcinoma of the lung,
where it is a major contributor to morbidity
and complicates clinical management (1-3).
The hypercalcemia is caused by tumor prod-
ucts acting on bone to promote resorption
and on the kidney to restrict calcium excre-
tion (2—4). The biochemical similarities be-
tween primary hyperparathyroidism and the
HHM syndrome (2, 5) pointed to the likeli-
hood that these tumors produce a substance
that has actions very similar to parathyroid
hormone (PTH). This tumor factor is dis-
tinct from PTH, however, since PTH radio-
immunoassays usually fail to detect in-
creased levels of the hormone in plasma
from HHM subjects (2, 3, 6) and since PTH
messenger RNA is not found in the tumors
of such patients (7). Using a bioassay based
on the stimulation of adenosine 3',5'-mono-
phosphate (cAMP) levels in the PTH-re-
sponsive rat osteogenic sarcoma cell line
UMRI106-01, we have recently purified a
protein of M, 18,000 from the conditioned
medium of a human lung cancer cell line
(BEN) derived originally from a patient
with HHM syndrome (8). Similar or identi-
cal biological activities have also been identi-
fied in extracts of tumors from HHM pa-
tients (9, 10), from animal tumor models of

the syndrome (10, 1I), and from condi-
tioned media from cultures of two such
tumors (8, 12). The amino acid sequence of
the first 16 residues of the BEN cell-derived
protein has been determined, and 8 of the
16 residues are identical with human PTH
(8). We describe here the isolation of com-
plementary DNA (cDNA) clones, the com-
plete primary structure, and the active
expression in mammalian cells of the PTH-
related protein from BEN cells.

Clones of the PTH-related protein were
isolated from a ¢cDNA library of BEN cell
RNA by screening with oligonucleotide
probes based on NH,-terminal sequence
data obtained from the purified protein
(13). Two 72-base oligonucleotides were
synthesized corresponding to a 24-—amino
acid NH,-terminal sequence (8); one used
codons based on mammalian frequency ta-
bles (14) and the second used codons from
PTH for the positions of amino acid match.
A total of 250,000 primary, oligo(dT)-
primed, cDNA clones in the vector Agtl0
were screened with a mixture of the two
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oligonucleotide probes. Six positive clones
were identified with insert lengths from 900

to 1350 bp. The map and DNA sequence of

three of these clones (BRF.50, BRF.52, and
BREF.61) is shown in Fig. 1. The probes
match the cloned DNA sequence either with
two 11-bp matches separated by a single
mismatch or with two separate 12- and 11-
bp matches.

The cloned sequences include a single
long open reading frame of 531 bp begin-
ning with a methionine residue (Fig. 1C).
No other ATG codons are found in this
‘reading frame. The DNA sequence sur-

Table 1. Amino acid analysis of purified PTH-
related protein. A highly purified sample of PTH-
related protein from BEN cell medium was chro-
matographed on a Brownlee Cg (2.1-mm) col-
umn. The peak fraction was used for analysis in a
Beckman 6300 amino acid analyzer. The molar
vield of each amino acid was converted to residues
with the assumption of a total of 140 amino acids
(the translated length without tryptophan). ND,
not determined.

Amino Residues Residues
acid (sample) (theoretical)
D+N (Asx) 11.6 12
€ (Thr) 9.5 12
S (Ser) 10.5 14
E+Q (Glx) 20.3 17
P (Pro) 9.2 7
G (Gly) 11.9 10
A (Ala) 73 5
C (Cys) ND 0
Vv (Val) 4.7 5
M (Mer) 0 0
I (Ile) 4.6 kS
I (Leu) 10.4 12
Y (Tyr) 1.7 2
F (Phe) 2.9 3
H (His) 6.5 8
Koo (Lys) 19.1 17
R  (Arg) 99 12
W  (Trp) ND (1)
Total 140 140
A B
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Fig. 1 (A)

rounding the ATG codon is that cxpcctcd
for the initiation of eukaryotic RNA transla-
tion (15). After a 36—amino acid leader, the
NH,-terminal sequence of the mature pro-
tein begins. This translated protein sequence
matches exactly a 38—amino acid NH,-ter-
minal sequence determined for the purified
protein (with the exception of a single unde-
termined residue) (Fig. 1C). The amino acid
sequence of both tryptic fragments deter-
mined from the purified protein is also
found in the translated ¢cDNA sequence
from amino acids 38 to 50 and 67 to 79.
The ¢cDNA clones predict a mature, full-
length protein of 141 amino acids with an

M, of 16,000. This compares with an M, of

18,000 determined by SDS gel electropho-
resis for the purified protein (8). The pre-
dicted amino acid composition for the 141—
amino acid protein also compares well with
that determined for the purified material
(Table 1). Both the molecular weight and
composition data suggest that the purified

BEN cell protein contains all or nearly all of

the 141 amino acids predicted for the full-
length protcin The mature protein contains
no cysteine or methionine and no potential
NH,-linked glycosvlation sites.

Sequence homolog} of the translated pro-
tein with PTH from several species is shown
in Fig. 2. Most of the homology occurs in
the first 20 residues although the remainder
of the protein does show limited homology
with PTH. There 1s little homology between
the leader sequence of the protein and PTH.
However, the overall structure of the leader
sequence suggests that it may function in a

manner analogous to the prepro sequence of

C

=22 GTCCCGAGCG CGAGCGGAGA CGATGCAGCG GAGACTGGTT CAGCAGTGGA
-36 MO R AR B A0 g

79 GTGGAGGGTC TCAGCCGCCG CCTCAAAAGA GCTGTGTCTG AACATCAGCT
E G L S R R L K R R NS B H Q L

-10 v
-

PTH (I16). A hydropathy plot (Fig. 1A)
shows that the leader sequence contains a
hvdrophobic core of amino acids flanked by
charged residues as expected for a secretion
signal sequence (17). Cleavage of this signal
sequence after glycine —8 or serine —6 (18)
would leave a short, basic pro sequence like
that found for PTH which would be cleaved
off to give the mature protein.

The COOH-terminal extension of the
PTH-related protein beyond the length of
PTH starts with a basic peptide of 25 amino
acids Lontammg 60% lysine and arginine
residues. This is followed by a sequence of
33 amino acids which is not homologous to
any known protein. The role of this basic
peptide and the sequence that follows will
await further studies. However, it is possible
that cleavage within the basic sequence
could release the COOH-terminal peptide
as a newly found hormone. Precursor pro-
teins containing multiple hormones separat-
ed by basic sequences have been described in
other systems (19, 20).

The DNA sequence of the three clones
shown in Fig. 1 is the same in the coding and
3’ untranslated regions with the exception of
a single nucleotide near the 3’ end (legend to
Fig. 1). At 23 bp 5’ of the initiating ATG, the
5' end of clone BRF.52 diverges from the
other two. Presumably, two alternatively
spliced RNAs give rise to these two types of
cDNA clones that code for the same protein,
although a ¢cDNA cloning artifact cannot be
excluded. In the 5’ sequence of all three
clones, only one ATG codon, the initiating
ATG, is found in the open reading frame.
Figure 1B shows that the RNA from BEN

hgal
GCGTCGCGGT GTTCCTGCTG AGCTACGCGG TGCCCTCCTG CGGGCGCTCG
SRy R P U G R S

CCTCCATGAC AAGGGGAAGT CCATCCAAGA TTTACGGCGA CGATTCTTCC
L H D K G K S R BN 2 L R R VR A e
B RURARE ) B

25
i
1

pvull
179 TTCACCATCT GATCGCAGAA ATCCACACAG CTGAAATCAG AGCTACCTCG
BB s LA R LOB R BT R A LECS

INF

GAGGTGTCCC CTAACTCCAA GCCCTCTCCC AACACAAAGA ACCACCCCGT
BV S N S K ;AR N ) N N P AN

279 CCGATTTGGG TCTGATGATG AGGGCAGATA CCTAACTCAG GAAACTAACA
K

SR TR SoD. PR G R SRR TR,

—{T7} P
AGGTGGAGAC GTACAAAGAG CAGCCGCTCA AGACACCTGG GAAGAAAAAG
NICSE e g2 S Qo P sk 7 B ER G R0

T 1114 4

smal
379 AAAGGCAAGC CCGGGAAACG CAAGGAGCAG GAAAAGAAAA AACGGCGAAC
G R P G K R K E Q E K K K B VRS

91 K

479 ACCACCTGTC TGACACCTCC
H L S P

A AC AAG

ACAACGTCGC
L W e e ¢

TAT AAT

sacl
TGGAGCTCGA TTCACGGAGG
E L D S R R

ATT TGTAAATACT

CATTGGTCAT TGTGAATATT
AAATGTATCT TGGTGCTGCT

879 CTATTTTGTG GTTGATTTTA
979 GTCTAATAAA ATATAATCTA

TTTTTTTTTG
GAATTTCTAT

ATGAATGCCT
ATTAC

CCAAGGCTAA TCCAATTATT
ATTTTTTGTA ACATAATGCA

AAATATAATT ATCCAAATTG

o

TCGCTCTGCC TGGTTAGACT CTGGAGTGAC TGGGAGTGGG CTAGAAGGGG

R S A W LS - R iy G S G L E G D
CATTGAAATT TTCAGCAGAG ACCTTCCAAG GACATATTGC AGGATTCTGT
H O

GTAAATGCAT TGGAATAAAA CTGTCTCCCC CATTGCTCTA TGAAACTGCA
ATTATCACAT TTACCATAAT TTATTTTGTC CATTGATGTA TTTATTTTGT
CTTTAGATAT ACATATCAAG TATGTTGATA AATGACACAA TGAAGTGTCT

* dral
ATTTTCCTTC GTGCATGTAA AAATAACAGT ATTTTAAATT TGTAAAGAAT

. Map of the cDNA clones and a schematic drawing of the PTH-related protein. The insert of cach of the three cDNA clones, BRF.50, BRF.52,

and BRF.61, is shown as a single line. The dotted portion of BRE.52 diverges from 50 and 61. The coding region of the protein is shown as a box. Solid box,
pre sequence; stippled box, pro sequence; lined box, basic peptide. The hydropathy plots are trom the method of Kyte and Doolittle (26). The corresponding
coding region of PTH and its hvdropathy plot are shown for comparison. (B) Blot of PTH-related protein RNA. Polyadenylated RNA from BEN cells was
subjected to electrophoresis on a 1% agarose-formaldehyde gel (27), transferred to nitrocellulose, and hybridized to a probe consisting of the full-length
c¢DNA insert of BRF.50. (C) DNA sequence of the cDNA clones. The three clones have the same DNA sequence with the exception of bp 938 (*) which is C
in BRE.52 and T in BRF.50 and BRF.61, and except for a divergent 5 end of BRF.52. The differing 5’ ends are not shown. The underlined amino acids in-
dicate the location of the NH,-terminal and tryptic amino acid sequences. The gaps in the underlining show residues that were uncertain.
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Fig. 2. Homology of PTH-related protcin and PTH. The sequences arc human PTH-related protein
(hPTHTrD) reported here; and human (h), bovine (b), porcine (p), and rat (r) PTH (28).

cells coding for the PTH-related protein is a
broad band centered at about 1350 bp with
some material as high as 1700 bp. Variable
splicing in the 5" untranslated region as well as
variable 3’ poly(A) sequences probably ac-
count for this broad band. Clones containing
a poly(A) sequence at the 3’ end have not yet
been isolated. The three clones shown in Fig.
1 all end within 8 bp of one another and
contain the poly(A) addition sequence, AA-
TAAAA, at bp 983. On the basis of the RNA
size estimated from Fig. 1B, it appears that
the clones contain nearly all of the 3" untrans-
lated region.

Expression of active PTH-related protein

Fig. 3. (Top) The PTH-related protein expres-
sion plasmid pCIS2.BRF1.1. The expression plas-
mid was constructed by using a vector similar to
pF8CIS9080 (29) but with the factor VIII gene
from Cla I to Hpa I removed. The complete
coding region of BRF.52 was inserted in this
vector by using the Dra 1 site near the 3’ end of
the cDNA clone. A Cla I site was synthesized and
placed 20 bp 5’ of the initiating ATG. The human
PTH expression plasmid pRK5.PTHI1.1 was as-
sembled from a genomic clone containing the
COOH-terminal coding region and from synthet-
ic DNA to reconstruct the complete 5" coding
portion of the processed gene (30). The expres-
sion vector used for PTH is similar to that above,
except that it lacks the SV40-dhfr transcription
unit (37) in pCIS2.BRF1.1 and has some changes
in the spliced 5 untranslated region of the hybrid
CMV, immunoglobulin G intron (29). (Bottom)
Expression of PTH-related protein and PTH in
mammalian cells. COS-7 monkey kidney cells
(32) were cotransfected with the plasmids de-
scribed above and pRSVneo (33) (or with
pRSVneo alone) by the calcium phosphate pre-
cipitation method (34). For 100-mm dishes of
cells, 5 pg of PTHrP or PTH expression plasmid
and 1 pg of pRSVneo were used. After 72 hours,

10- and 100-pl aliquots of the cell medium were
assayed for PTH-like activity by determining the
stimulation of cAMP levels in UMRI106 cells (8).
Cyclic AMP levels were determined by radioim-
munoassay (Chemicon, International, San Die-
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was achieved by construction of a mammali-
an expression vector containing the full-
length ¢<DNA sequence. Figure 3 shows this
vector in which a cytomegalovirus promoter
directs the synthesis of the PTH-related
protein. This vector was constructed so that
the full-length protein would be synthe-
sized, including its putative prepro se-
quence. We expect that cleavage of this
sequence is required for the secretion and
generation of an acrive molecule. A vector
was also constructed for the expression of
PTH as a positive control (sce Fig. 3).
When these plasmids were transiently trans-
fected into COS-7 monkey kidney cells,

0 kb
6 op

O

IgG splice

pCIS2.BRF1.1

SVE
poly (A)
4 [ ]

HBsAg
poly (A)
DHFR
Plasmid PTH
transfected  equivalents (ug/l)
PTHrP 48
PTH 260
Neo <0.5

20). Activity in the COS-7 supernatants is report-
ed as PTH equivalents with a human PTH(1--34)
standard curve.

PTH-like activity could be detected in both
culture media (Fig. 3, bottom). No activity
was found with a control neomycin genc
plasmid. PTH-like activity was determined
as a stimulation of cAMP levels in the
osteoblast-like cell line UMR106 (8).

A PTH-related protein has been isolated
and the active protein expressed from
recombinant DNA—derived ¢cDNA clones.
This demonstrates the existence of a previ-
ously unrecognized PTH-like protein as a
product of a human lung cancer cell line.
The propertics of this protein (8) are very
similar to those demonstrated in tumor ex-
tracts trom patients with HHM (9, 10), and
it is likely that this protein (pchaps with
other related factors) has a role in the patho-
genesis of HHM syndrome, acting on kid-
ney to promote calcium retention and phos-
phorus and cAMP excretion, or on bone to
increase resorption, or on both. The identi-
fication of this protein provides new insights
into the pathogenesis of HHM, and has
implications for our understanding of nor-
mal calcium and phosphorus metabolism.
The protein may be the result of a gene
duplication of a common ancestor of the
PTH gene, as it has clear homology with
PTH itself. The homology of the NH,-
terminal region appears to be sufficient to
explain the interaction of the tumor-derived
protein with the PTH receptor. The difter-
ences in the remainder of the molecule
explain why most antisera have failed to
detect elevated PTH levels in serum of pa-
tients with HHM syndrome (3). The se-
quence homology can also explain why,
with a few antisera used in studies over the
past several years, some “PTH” immunore-
activity has been detected, albeit at low
levels and nonparallel to standard PTH (21).
Furthermore, the application of very high
concentrations of PTH antisera has led to
the conclusion in some immunohisto-
chemical studies that such tumors do pro-
duce PTH (22, 23), even when PTH is not
detected in the sera of such patients (23).

The contribution of the PTH-related pro-
tein to the biochemical abnormalities in
HHM remains to be determined, and in-
deed the relative contribution of the kidney
and the skeleton to hypercalcemia is the
subject of debate (3, 4, 24). The high inci-
dence of elevated nephrogenous cAMP in
normocalcemic patients with lung cancer (5)
suggests that production of the protein may
occur even more commonly than suspected.
It will be important to investigate the use of
sensitive assays for this protein in the early
diagnosis and management of lung cancer.
Its physiological function could be of con-
siderable interest, particularly in view of its
production by human keratinocytes in cul-
ture (25).
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Does the Release of Potassium from Astrocyte
Endfeet Regulate Cerebral Blood Flow?

OLAF B. PAuLsoN AND Eric A. NEWMAN*

Local increases in neuronal activity within the brain lead to dilation of blood vessels
and to increased regional cerebral blood flow. Increases in extracellular potassium
concentration are known to dilate cerebral arterioles. Recent studies have suggested
that the potassium released by active neurons is transported through astrocytic glial
cells and released from their endfeet onto blood vessels. The results of computer
simulations of potassium dynamics in the brain indicate that the release of potassium
from astrocyte endfeet raises perivascular potassium concentration much more rapidly
and to higher levels than does diffusion of potassium through extracellular space,
particularly when the site of a potassium increase is some distance from the vessel wall.
On the basis of this finding, it is proposed that the release of potassium from astrocyte
endfeet plays an important role in regulating regional cerebral blood flow in response

to changes in neuronal activity.

OY AND SHERRINGTON, IN 1890,

suggested that “the brain possesses

an intrinsic mechanism by which its
vascular supply can be varied locally in cor-
respondence with local variations of func-
tional activity” (1, p. 105). Such an intrinsic
homeostatic mechanism would help to
maintain an adequate supply of oxygen and
nutrients to the brain despite widely varying
levels of neuronal activity. Although the
existence of such a regulatory process has
been established (2-5), the mechanism that
links neuronal activity and regional cerebral
blood flow (rCBF) remains unknown. Inter-
stitial concentrations of potassium and hy-
drogen ions, adenosine, and several neuro-
transmitters vary with neuronal activity.
These substances all cause changes in arteri-
ole diameter (6, 7) and have been implicated
in the regulation of rCBF. However, the
relative importance of each of these factors is
not known.

Extracellular K™ concentration ([K*],)
varies widely during periods of neuronal
activity and can rise from a quiescent level of
approximately 3 mM to a maximum level of
more than 10 mM (8). Cerebral arteries and

arterioles (but not capillaries) are extremely
sensitive to changes in K concentration,
increasing in diameter as much as 50% in
response to a change in [K'], from 3 to 10
mM (9, 10). This sensitivity to K" could be
an important factor in regulating rCBEF.
Potassium released by active neurons could
diffuse through extracellular space to the
ablumenal wall of arterioles and cause arteri-
ole dilation. The resulting decrease in vascu-
lar resistance (11) would increase rCBF,
thus bringing a greater supply of oxygen to
precisely the region where it is needed, to
the activated portion of the brain. However,
arterioles are widely spaced within the brain
[they are often separated by more than 500
pm (12)] and may not necessarily be near
regions of activated tissue. Thus, the K*
released by active neurons would have to
diffuse tens or hundreds of micrometers
before reaching arterioles and effecting dila-
tion.
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