In summary, the nonrandom deletion of
Xq in several immortal male Ni-transformed
Chinese hamster cell lines suggested that
this region of the X chromosome may har-
bor one or more senescence-inducing se-
quences, since microcell transfer of an intact
Chinese hamster X chromosome resulted in
dominant clonal senescence. Reintroduction
of an active X chromosome may have com-
plemented a genetic defect, possibly the loss
of a growth regulatory gene. The high inci-
dence of male transformations in Chinese
hamsters suggested that inactivation of this
senescence gene was important in Ni trans-
formation and further suggested that female
cells may be more resistant to transforma-
tion by this deletion mechanism if this gene
was active in both of the female X chromo-
somes. Negative growth control has been
attributed to a tumor suppressor gene (18),
and repression of c-fos expression has been
described in senescent human fibroblasts
(19). The X chromosome has also been
reported to be active in oncogenic transfor-
mation. A human synovial sarcoma with an
X;18 translocation has been reported (20),
and the mcf-2 and A-raf-1 proto-oncogenes
and tissue inhibitor of metalloproteinases, a
putative suppressor gene, have been local-
1zed to the human X chromosome (21). The
highly conserved nature of X chromosomal
genes (22) suggests that the human X chro-
mosome may also contain a senescence-
inducing gene, and in preliminary experi-
ments we have also observed senescing
activity of the human X chromosome (23).
Loss or inactivation of this senescence gene
by hypermethylation may be associated with
the acquisition of immortality, and may
represent an early event associated with Ni-
induced transformation.
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Effect of Cytochrome P450 Arachidonate Metabolites
on Ion Transport in Rabbit Kidney Loop of Henle

BruNO EscaLANTE, DAvID ErLij, JoHN R. FALCK, JoHN C. MCGIFF

In the medullary segment of the thick ascending limb of the loop of Henle (nTALH),
arachidonic acid (AA) is metabolized by a cytochrome P450—dependent monooxyge-
nase to products that affect ion transport. The linkage between changes in ion

transport and AA metabolism in isolated cells of the mTALH was examined. AA
produced a concentration-dependent inhibition of 3°Rb uptake—an effect that was
prevented by selective blockade of cytochrome P450 monooxygenases. Inhibition by
cytochrome P450 blockade of the effect of AA on 3°Rb uptake could be circumvented
by addition of the principal products of AA metabolism in the mTALH.

HE MEDULLARY SEGMENT OF THE

thick ascending limb of the loop of

Henle (mTALH) contributes to the
regulation of extracellular fluid volume as
indicated by its high capacity to reabsorb
NaCl, thereby establishing the solute gradi-
ent for water reabsorption (7). The n\TALH
serves as the principal site of action of the
most potent class of diuretic agents, which
comprises furosemide and the other “loop”
diuretic drugs (1). In cells isolated from the
mTALH of the rabbit, arachidonic acid
(AA) is specifically metabolized by a cy-

B. Escalantc and J. C. McGiff, Department of Pharma-
cology, New York Medical College, Valhalla, NY 10595,
D. Exly, De%lrtment of Physiology, State University of
Il\lle% 3York, ownstate Medical antcr, Brooklyn, NY
J. R. Falck, Department of Molecular Genetics, Univer-
sity of Texas, Health Science Center, Dallas, TX 75235.

tochrome P450-dependent pathway to one
or more products that can affect Na*- and
K*-dependent adenosine triphosphatase
(Na*,K*-ATPase) activity when tested in
vitro on cell membranes (2, 3). A local or
circulating (4, 5) modulator of the Na*,K*-
ATPase in vivo has long been sought. We
propose that cytochrome P450 AA metabo-
lites influence transport function locally in
the mTALH.

In order to demonstrate that ion transport
in intact mTALH cells is linked to AA
metabolism, we studied the effects of cy-
tochrome P450 AA metabolites on trans-
port by measuring ®¢Rb uptake in cells
isolated from the mTALH and manipulat-
ing the flux of AA through the cytochrome
P450 pathway. Movement of %°Rb reflects
that of K* and is a reliable estimate of ion
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transport (6). The addition of AA to isolated
mTALH cells inhibited 3¢Rb uptake, and
the effect was dependent on metabolism of
AA by a cytochrome P450-related monoox-
ygenase. Both inhibition of cytochrome
P450 monooxygenase and depletion of cy-
tochrome P450 blocked the effects of AA on
86Rb uptake by mTALH cells. This block-
ade could be overcome by the addition of
AA metabolites that we identified as prod-
ucts of cytochrome P450-dependent AA
metabolism in mTALH cells (7).

A homogeneous population of isolated
mTALH cells was prepared by an immu-
noaffinity procedure (8). Freshly adherent
mTALH cells were fluorescently stained to
visualize Tamm-Horsfall protein (Fig. 1). In
six different experiments, 95 to 99% of cells
were found to react with goat antibody to
Tamm-Horsfall protein and fluorescein iso-
thiocyanate—labeled rabbit antibody to goat
immunoglobulin G (IgG). Freshly isolated
mTALH cells, examined by transmission
electron microscopy, had the appearance of
mTALH cells in situ, with numerous mito-
chondria, large nuclei, and few or no micro-
villi (8, 9).

Incubation of mTALH cells with '4C-
labeled AA resulted in the formation of
cytochrome P450 AA metabolites (Fig. 2,
inset), which accounted for 10 to 15% of
the recovered radioactivity. Formation of
cytochrome P450 AA metabolites was not
affected by the cyclooxygenase inhibitor in-
domethacin (7 pM). Separation by reverse-
phase high-performance liquid chromatog-
raphy (HPLC) revealed that the AA
metabolites from immunoaffinity-purified
mTALH cells had retention times indistin-

Fig. 1. Detection of Tamm-Horsfall in in
isolated m’|I“AfI:,H cells. (A) Phase-contrast photo-
mi of immun -pre; mTALH
ccmrbed to the surfaccty %f l:arc.flture dish
coated with antibodies to goat immunoglobulin
G (IéG)' (B) Fluorescence photomi h of
the field shown in (A) (see text). Cells were

essentially as described (8). New
White rabbits (1 to 1.5 kg) were anes-
thetized with sodium pentobarbital (30 mg per

of body mass). The inner stripe of the
kidney outer medulla was cut into strips, finely
diced in Hanks’ buffer Krebs (HBK) containing
0.1% co nase, and incubated at 37°C for 3
min in 20 ml of 0.1% collagenase-HBK (pH
7.4). After dispersion, the sample was centrifuged
at 300¢ for 5 min and the su| tant removed.
The cell pellet was suspended 1n 10 ml of Dulbec-
co’s modified ’s medium (DMEM) contain-
ing 10 mM Hepes (pH 7.4) and 125 pl of goat
antiserum to human uromucoid (50 mg of gro—
tein per milliliter) (Organon Teknika; lot 33185),
and incubated for 20 min on ice. After a further
centrifugation, the cells were resuspended in 5 ml
of phosphate-buffered saline (PBS); 1 ml of the

suspension was added to each of five 100-mm-diameter culture dishes coated with donk

guishable from those of AA metabolites
generated by mTALH cells isolated by cen-
trifugal elutriation (3). Initially, we had re-
ported that 5,6-epoxyeicosatetraenoic acid
(5,6-EET) and 11,12-dihydroxyeicosatet-
raenoic acid, a product of 11,12-EET, could
be identified in outer medullary cells isolated
by centrifugal elutriation—a procedure
yielding, on average, 80% mTALH cells
(range of 65 to 90%) (3). The immunoaf-
finity procedure (8) virtually excludes cells
from proximal tubules and collecting ducts,
which have been reported to generate 5,6-
EET and 11,12-EET, respectively (10, 11).
Two products, 20-hydroxyeicosatetraenoic
acid (20-HETE) and 20-carboxyarachidonic
acid (20-COOH-AA) were identified with
the aid of gas chromatography-mass spec-
trometry as principal products of AA metab-
olism in mTALH cells of the rabbit (7). The
retention times on HPLC and the biological
activities of authentic standards of 20-HETE
and 20-COOH-AA were identical to those
of the principal AA metabolites synthesized
by immunoaffinity-purified mTALH cells
(Fig. 2).

To assess activities of the Na*,K*-
ATPase and the Na* ,K*2CI~ cotransporter
in mTALH cells, we examined 86Rb uptake
in the presence and absence of 1 mM furo-
semide, which inhibits the cotransporter (1),
and 1 mM ouabain, which inhibits the
ATPase. ®Rb uptake increased in a time-
dependent manner and reached a saturation
point in 5 to 10 min (Fig. 3). Both ouabain
and furosemide inhibited 5°Rb uptake.
Moreover, the inhibitory effects of furose-
mide and ouabain were not additive, which
suggests that they act at different points in a

antibodies

to goat IgG (Efﬁma; lot 18F8812) for 5 min at 24°C. The dishes were then washed with PBS and the
es

suspended tu

800

and cells were collected by centrifugation.

common pathway.

Addition of AA (1 uM) significantly de-
creased the rate of 3°Rb uptake (Fig. 4) in a
concentration-dependent manner. The effect
of AA on 36Rb uptake was blocked by
eicosatetraynoic acid (ETYA) (30 pM) (Fig.
4, inset), which is a competitive inhibitor of
AA metabolism by all pathways (12); thus
presumably AA has to be metabolized by
mTALH cells in order for it to inhibit Rb
uptake. Indomethacin (1 pM) did not af-
fect the action of AA on 3¢Rb uptake (Fig.
4, inset). However, inhibition of the cy-
tochrome P450 pathway with SKF 525A
(100 uM) blocked the effect of AA on
86Rb uptake (Fig. 4, inset), suggesting that
AA metabolites generated by the cy-
tochrome P450 pathway mediate the AA
effect (2). Indomethacin and SKF 525A
had no effect on ®Rb uptake in the ab-
sence of added AA.

To confirm the role of the cytochrome
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Fig. 2. (A) Concentration-dependent cffect of
authentic AA metabolites of the cytochrome P450
pathway on #Rb uptake. Isolated mTALH cells
were incubated with various concentrations of
cither 20-HETE (striped bar) (n = 4) or 20-
COOH-AA (solid bar) (n = 4) for 10 min. 36Rb
(1 uCi) was added 2 min before measurement of
uptake. Each bar represents the mean + SEM.
Significance of inhibition of #*$Rb uptake (cx-.

gggd as a percentage) by 20-H and 20-
H-AA, compared with control (C), was
determined by analysis of variance and Newman
Keuls’ test (*, P < 0.05). (B) HPLC chromato-

of AA metabolites formed by mTALH cclls.

retention times of peaks 1 and 2 (P, and P,)
co nd to thosc of authentic standards of
20-HETE and 20-COOH-AA (7).
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Fig. 3. Effect of furosemide and ouabain on 8Rb
uptake by mTALH cells. Cells were incubated
with 1 mM furosemide (» = 3) (), 1 mM
ouabain (n = 3) (A), furosemide and ouabain (n
= 3) (O), or solvent (n = 7) (@) for 10 min
before addition of #Rb at time zero. Uptake was
stopped after various times and radioactivity mea-
sured. Each value represents the mean + SEM.
Freshly isolated cells (40 to 80 wg of protein per
milliliter) were incubated on ice for 20 min in
K*-free Hanks’ balanced salt solution (6, 16):
136.8 mM NaCl, 1.26 mM CaCl,, 0.49 mM
MgCl,, 0.33 mM NaH,PO,, 416 mM
NaHCO;, and 5.5 mM glucose. Uptake was
initiated by adding 3*Rb (1 nCi) (specific activity,
0.3 pg/pCi) and K* (to give a final concentration

3000

2000

1000

T
TD
O
T

88RDb uptake (pg Rb/ug protein)

0 5
Time (min)

_.
O—H O—i| C—
o

U,-»cB'——i

of 5 mM) to 1 ml of cell suspension in a shaking water bath at 37°C. At the indicated time points,
200-pl portions of the cell suspensions were added to 75 .l of Hanks’ balanced salt solution, 75 pl of
silicone oil, and 75 ul of dioctylphthalamate. The cells were centrifuged through the oil (13,000g for
30 s), the supernatant was discarded, and the radioactivity present in the cell pellet was determined in
a scintillation counter. The pellets were homogenized and their protein content was measured.

P450 system in mediating the effect of AA
on 86Rb uptake, we depleted mTALH cells
of cytochrome P450—which reduces the
metabolism of AA by mTALH cells (13).
This was achieved with CoCl,, which induc-
es heme oxygenase activity and thereby en-
hances the catabolism of cytochrome P450
and other heme-containing enzymes (14).
Rabbits were treated with CoCl, (50 mg
per kilogram of body mass) (13) or saline
solution for 2 days. In mTALH cells pre-
pared from saline-treated rabbits, AA pro-
duced a concentration-dependent inhibi-
tory effect on 36Rb uptake, whereas in
mTALH cells prepared from CoCl,-treated
rabbits, AA had no effect on ®*Rb uptake
(n = 3). The effect of CoCl, on the action
of AA was related to a >60% decrease in
the ability of mTALH cells to metabolize
AA by the cytochrome P450 pathway
[1.239 + 0.483 and 0.524 * 0.267 pg of
AA converted per milligram of protein per
5 min for cells from saline-treated and
CoCl,-treated rabbits, respectively (mean
+ SEM values, n = 3)].

Both 20-HETE and 20-COOH-AA in-
hibited ®SRb uptake in a concentration-
dependent manner (Fig. 2). Further, when
we tested these metabolites on mTALH cells
from CoCl,-treated rabbits, in which AA (1
pM) was without effect on **Rb uptake,
both metabolites inhibited **Rb uptake
[391 + 67,372 + 54,172 = 69,and 157
64 pg of 8*Rb per microgram of protein per
2 min (mean * SEM, n = 3) for control,
AA (1 uM), 20-HETE (1 uM), and 20-
COOH-AA (1 pM), respectively].

Thus, our experiments show that immu-
noaffinity-purified mTALH cells provide a
suitable system in which to evaluate the
activity of the Na*,K*-ATPase. Inhibition
by ouabain indicates that more than 80% of
the ®*Rb uptake in these cells is mediated
through the Na*,K*-ATPase. Inhibition of
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86Rb uptake by furosemide presumably is
related to a secondary effect of the drug on
the Na*,K*-ATPase. Furosemide is known
to block the Na®,K*2CI~ cotransporter
that mediates Na* entry into mTALH cells
(1). Because Na*,K*-ATPase activity is
driven by the cytoplasmic Na* concentra-
tion, any procedure that interferes with Na*
entry into the cell will reduce the activity of
the pump. Similar inhibitory effects of oua-
bain and furosemide on O, consumption by
mTALH cells have been described (9). Be-
cause the rate of O, consumption is driven
by adenosine triphosphate (ATP) hydrolysis
and because a major fraction of AT hydrol-
ysis in mTALH cells reflects the activity of
the Na* K*-ATPase, the observed inhibi-
tion of O, consumption by ouabain and
furosemide is in agreement with our conclu-
sion that these agents affect Na*,K*-
ATPase activity (15, 16). We have also
found that ouabain and furosemide, as well
as AA, inhibit O, consumption in mMTALH
(17).

Thus, our results show that AA inhibits
86Rb uptake in mTALH cells, an effect
which is mediated by AA metabolites that
are generated through a cytochrome P450—
dependent pathway. Because the results ob-
tained with furosemide indicated that block-
ing the Na* ,K*2CI~ cotransporter can also
lead to an inhibition of 3*Rb uptake, our
findings are insufficient to identify whether
the primary effect of AA metabolites is on
the Na*,K*-ATPase, the cotransporter, or,
possibly, both. In order to define the prin-
cipal site of action of mMTALH AA metabo-
lites, we compared the effects of 20-HETE
and 20-COOH-AA to those of furosemide
and ouabain on Na* and K" content of
mTALH cells. The effects of cytochrome
P450 AA metabolites resembled that of
furosemide: they decreased both the Na*
and K™ concentration of mTALH cells. In
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Fig. 4. Effect of AA on 3°Rb uptake. Cells were
incubated with 1 pM AA (n = 5) (O) or solvent
alone (@) for 10 min. 3*Rb was added at time
zero; uptake was stopped after various times and
radioactivity measured. Each point represents the
mean = SEM. (Inset) Effect of inhibitors of AA
metabolism on 8*Rb uptake. Cells were incubated
with solvent (n = 21) (thin diagonal stripes), 1
pM AA (n = 23) (horizontal stripes), 30 uM
ETYA plus 1 pM AA (n = 6) (solid bar), 1 uM
indomethacin plus 1 pM AA (n = 5) (thick
diagonal stripes), and 100 uM SKF 525A plus 1
wM AA (n = 5) (open bar). 3°Rb uptake was
measured 5 min after addition of 3Rb (1 pCi).
Each bar represents the mean + SEM. Signifi-
cance compared with solvent control was deter-
mined by analysis of variance and Newman Keuls’
test (¥, P < 0.05).

contrast, ouabain increased the Na™ concen-
tration and decreased that of K* (18). The
products of AA metabolism by cytochrome
P450, therefore, appear to affect the trans-
port function of mTALH cells by virtue of
affecting the Na*,K*2Cl™ cotransporter.
An inhibitory effect on the cotransporter
should result in natriuresis and diuresis, a
result that has been recently reported for
20-HETE (19).
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Identification of the Hepatocyte Growth Factor
Receptor as the c-met Proto-Oncogene Product

DONALD P. BOTTARO, JEFFREY S. RUBIN, DONNA L. FALETTO,
ANDREW M.-L. CHAN, THOMAS E. KMIECIK, GEORGE F. VANDE WOUDE,

STUART A. AARONSON

Hepatocyte growth factor (HGF) is a plasminogen-like protein thought to be a
humoral mediator of liver regeneration. A 145-kilodalton tyrosyl phosphoprotein
observed in rapid response to HGF treatment of intact target cells was identified by
immunoblot analysis as the B subunit of the c-met proto-oncogene product, a
membrane-spanning tyrosine kinase. Covalent cross-linking of '2*I-labeled ligand to
cellular proteins of appropriate size that were recognized by antibodies to c-met

directly established the c-met product as the cell-surface receptor for HGF.

EPATOCYTE GROWTH FACTOR
H (HGF) was first purified from hu-

man and rabbit plasma and rat
platelets on the basis of its ability to stimu-
late mitogenesis of rat hepatocytes (1-3).
Thus, HGF may act as a humoral factor
promoting liver regeneration after partial
hepatectomy or liver injury (4). The same
factor was purified from human fibroblast
culture medium and shown to act on mel-
anocytes and a variety of epithelial and
endothelial cells (5). Together with evidence
of HGF expression in several organs (5-8),
these findings indicate that HGF may also
act as a paracrine mediator of proliferation
for a broad spectrum of cell types. Molecular
cloning of HGF revealed structural similar-
ity to plasminogen and related serine prote-
ases (5, 9, 10). Recent evidence that HGF
induces rapid tyrosine phosphorylation of
proteins in intact target cells suggests that a
tyrosine kinase receptor might mediate its
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mitogenic signal (5).

The human mammary epithelial cell line
B5/589 is particularly sensitive to the mito-
genic effects of HGF (5). Intact serum-
starved B5/589 cells were treated with HGF
(approximately 100 ng/ml) for 10 min at
37°C and solubilized on ice. Phosphotyrosyl
proteins were isolated from cell lysates by
immunoprecipitation with antibody to

Fig. 1. Tyrosine phosphorylation of pl45 in
B5/589 human epithelial cells in re-
sponse to HGF. (A) Immunoblot of phosphoty-
rosyl proteins from untreated control cells (C),
treated with HGF, and with EGF (Collaborative
Research). HGF was purified as described (5).
Serum-starved cells were exposed to growth fac-
tor (100 ng/ml) for 10 min at 37°C as indicated,
detergent-solubilized on ice, and immunoprecip-
itated with monoclonal antibody to pTyr (Up-
state Biotechnology). Immunoprecipitated pro-
teins were resolved by 7.5% SDS-PAGE (30) and
immunoblotted with the same antibody (31). (B)
Autoradiogram of 32P-labeled phosphoproteins

phosphotyrosine (anti-pTyr). These pro-
teins were resolved by SDS—polyacrylamide
gel electrophoresis (SDS-PAGE) and im-
munoblotted with the same antibody. Sev-
eral phosphotyrosyl proteins were detected
in untreated cells by this method (Fig. 1A).
Treatment of intact cells with HGF induced
phosphorylation of a 145-kD protein
(p145) (Fig. 1A, center lane). B5/589 cells
exposed to epidermal growth factor (EGF)
displayed tyrosine phosphorylation of the
EGEF receptor, but not p145 (Fig 1A, right
lane). When lysates from control and HGF-
treated cells that had been labeled with
[*2P]orthophosphate were used for immu-
noprecipitation with anti-pTyr, phosphoryl-
ation of pl45 was specifically detected in
HGF-treated cells (Fig. 1B). Phosphoamino
acid analysis of 32P-labeled p145 confirmed
the presence of phosphotyrosine and revealed
the presence of phosphoserine as well (Fig.
1C). The HGF-stimulated phosphorylation
of p145 on tyrosine and its apparent molec-
ular weight were consistent with the possibil-
ity that p145 represented the receptor tyro-
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from control (C) and HGF-treated cells. Serum-starved cells were mctabohcally labeled with
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37°C as indicated and detergent

2 of (B) was

t-solubilized on ice. Phosﬁos
with anti-pTyr and resolved by 7.5% SDS-PAGE. (C) P
performed as described (32). The dotted circles indicate the migration of unlabeled

m‘ihosphatc (1.0 mCi/ml) (32). The cells were treated with HGF (100 ng/ml) for 10 min at

hotyrosyl proteins were immunoprecipitated
phoammo acid analysis of p145 from lanc

phosphoserine (pS), phosphothreonine (pT), and phosphotyrosine (pY).
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