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ABSTRACT Renal hypertrophy is characterized by an
increase in cell size and protein content with minimal
hyperplasia. The mechanisms of control of this pattern of cell
growth have not been determined. The present studies exam-
ined whether the growth inhibitor elaborated by BSC-1 kidney
epithelial cells (GI), which has nearly identical biological
properties to transforming growth factor /3 (TGF-fi), could
transform a mitogenic stimulus into a hypertrophic stimulus
for rabbit renal proximal tubular cells in primary culture.
Insulin (10 ,ug/ml) plus hydrocortisone (50 nM) increased the
amount of protein per cell, cell volume, and [3Hjthymidine
incorporation at 24 and 48 hr in these cells. GI/TGF-f8 (10
units/ml) led to a minimal stimulation of [3H~thymidine incor-
poration. When added together with insulin plus hydrocorti-
sone, GI/TGF-j8 inhibited the stimulatory effect of these
mitogens on [3H]thymidine incorporation but did not block the
increase in protein per cell and cell volume-i.e., the cells
underwent hypertrophy. The fact that this pattern persisted for
48 hr indicated that GI/TGF-/3 exerted a prolonged inhibitory
effect on mitogenic-stimulated DNA synthesis rather than
delaying its onset. Amiloride-sensitive Na+ uptake (indicative
of Na+/H+ antiport activity) correlated with protein per cell
and cell volume rather than with DNA synthesis. P60 gel
chromatographic fractionation of conditioned medium har-
vested from proximal tubular cells yielded a fraction that
inhibited [3Hjthymidine incorporation in BSC-1 cells and
CCL 64 cells; the relative inhibitory activity on these cell lines
and the chromatographic behavior were similar to those
observed with GI/TGF-fi. These studies indicate that the
control of cell size may be regulated by autocrine mechanisms
mediated by the elaboration of growth inhibitory factors that
alter the pattern of the growth response to mitogens.

Renal hypertrophy is characterized by an increase in cell size
and protein content with only minimal hyperplasia (1). Why
the kidney should demonstrate a hypertrophic rather than a
mitogenic response to growth stimuli in vivo is unclear, but
the possibility exists that a factor produced by the cell
modifies its response to growth stimuli that otherwise would
cause cell proliferation. When BSC-1 (African green monkey
kidney) cells are grown to confluence, they produce a
polypeptide growth inhibitor (GI), which causes G1 arrest of
these cells at low density (2, 3). This growth inhibitor has
been shown to have nearly identical biological activity with
type , transforming growth factor (TGF-,B) derived from
human platelets, in that it competes for binding to the same
receptor and either stimulates or inhibits proliferation, de-
pending on the experimental conditions, in a manner similar
to TGF-,3 (4). Both TGF-p and GI inhibit thymidine incor-

poration into BSC-1 epithelial cells in a dose-dependent
manner (4), and TGF-,8 has been shown to prolong cell-cycle
time in NRK fibroblasts (5). The possibility that this trans-
forming growth factor plays a role in determining the growth
pattern of kidney cells with regard to cell size has not been
investigated.
We have recently shown that hypertrophy of renal proxi-

mal tubular cells in primary culture can be achieved by
exposure of the cells to single growth factors (e.g., insulin,
prostaglandin E1, hypertonic NaCI), whereas combinations
of growth factors (e.g., insulin with hydrocortisone) are
mitogenic in this system (6). Although a number of studies
have suggested that the mitogenic response is associated with
an increase in Na+/H+ antiport activity (7-13), recent evi-
dence indicates that these events may be dissociated (6,
14-16). We have reported an early increase in Na+/H+
antiport activity in association with in vitro hypertrophy of
rabbit renal proximal tubular cells (6), suggesting that stim-
ulation of this transport process may be associated with
growth in cell size rather than initiation of DNA synthesis.

In this paper, we examine the effects of GI/TGF-p8 on the
response of proximal tubular cells to the mitogenic stimulus
of insulin with hydrocortisone. This combination of growth
factors increases protein content (protein/cell), DNA syn-
thesis, and Na+/H+ antiport. We show that GI/TGF-,8
blocks the DNA stimulatory effect of insulin with
hydrocortisone but allows protein/cell, cell volume, and
Na+/H+ antiport to increase. Thus, cell hypertrophy rather
than hyperplasia was associated with the increase Na+/H+
antiport. Furthermore, since the proximal tubular cells pro-
duced a growth inhibitor that inhibited the growth of BSC-1
cells, it is possible that they are able to regulate their size and
total protein content in the presence of the appropriate
growth stimuli by an autocrine mechanism.

MATERIALS AND METHODS

Materials were obtained from the following sources: bovine
insulin and hydrocortisone were from Sigma, carrier-free
2Na' was from Amersham, and amiloride was from Merck
Sharp & Dohme. GI/TGF-,( was purified by high-perfor-
mance liquid chromatography as described (3). One unit of
activity was defined as the amount of inhibitor required to
inhibit incorporation of [methyl-3H]thymidine by 50% in 2- to
3-day cultures of BSC-1 cells in 5 ml of Dulbecco's modified
Eagle's medium (DME medium) supplemented with 0.4 ,ug of
biotin per ml and 0.1% calf serum. One unit is =4 ng of
protein.

Primary cultures of rabbit proximal tubular cells (6, 17)
were grown to confluence in DME/Ham's F-12 media (1:1)

Abbreviations: GI, growth inhibitor produced by BSC-1 kidney
epithelial cells; TGF-f3, transforming growth factor A.
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supplemented with human transferrin (1 Ag/ml), bovine
insulin (5 pug/ml), and hydrocortisone (50 nM) as described.
The insulin and hydrocortisone were then removed for 48 hr
to achieve growth arrest in Go/G1. Insulin (10 pug/ml) with
hydrocortisone (50 nM) were then added for various times
with or without GI/TGF-/3. [3H]Thymidine incorporation
(2-hr pulse), protein/cell, and cell volume (by Coulter
counter) were measured as described (6).
Na+/H' antiport was measured as amiloride-sensitive

Na' uptake (10 mM NaCl) into Na'-depleted ouabain-
treated cells using 22Na' as a tracer (6). Na' uptake was
measured in the absence and presence of 0.1 mM amiloride.
To determine whether proximal tubular cells produce a

growth inhibitor that inhibits DNA synthesis by BSC-1 cells,
cells were grown to confluence, the medium was removed,
and the cells were washed twice with DME medium/Ham's
F-12 medium. Fresh medium (DME/Ham's F-12) containing
transferrin (1 ,ug/ml) was then added for 48 hr and the
medium was then harvested. One liter ofconditioned medium
was concentrated to 1 ml by ultrafiltration using a YM 10
membrane, and the concentrate was subjected to gel filtration
on a 0.7 x 30 cm Bio-Gel P60 column (3). Fractions (1 ml)
were collected and were assayed for protein and for growth
inhibitory activity on BSC-1 cells and CCL64 cells as de-
scribed (3, 18).

RESULTS
Effects of GI/TGF-fi on [3H]Thymidine Incorporation. The

dose-response of GI/TGF-,8 on [3H]thymidine incorporaion
and cell count after 24 hr exposure in the absence and
presence of insulin and hydrocortisone are shown in Fig. 1.
GI/TGF-,/ alone resulted in minimal stimulation of DNA
synthesis, but only at a concentration of 10 units/ml. In
contrast, GI/TGF-f3 inhibited the stimulatory effect of insulin
and hydrocortisone on [3H]thymidine incorporation in a
dose-dependent fashion with a maximal effect at 5-10
units/ml. There was no effect of these factors on cell count
at 24 hr.
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FIG. 1. Dose-response effect of GI/TGF-,3 on [3H]thymidine
incorporation and cell number in proximal tubular cells. GI/TGF-j3
was added for 24 hr in the absence (control) and presence of insulin
(10 ,ug/ml) and hydrocortisone (50 nM). Confluent cells were
maintained in DME medium/Ham's F-12 medium containing trans-
ferrin for 48 hr prior to the addition of these agents.
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FIG. 2. Effect of GI/TGF-,f (10 units/ml) with and without
insulin and hydrocortisone on the time course of [3H]thymidine
incorporation.

Since TGF-,j has been shown to increase the length of the
cell cycle by prolonging G1 (5), we examined the time course
ofGI/TGF-f3 on [3H]thymidine incorporation at 0, 12, 24, and
48 hr in the presence and absence of insulin plus hydrocor-
tisone. [Quiescent proximal tubular cells initiate DNA syn-
thesis 10-12 hr after addition of this combination of growth
factors (6).] In Fig. 2, it may be seen that the stimuatory effect
of insulin plus hydrocortisone was inhibited at 12, 24, and 48
hr, indicating that GI/TGF-,B exerted a prolonged inhibitory
effect on DNA synthesis rather than delaying its onset.

Effects of GI/TGF-fi on Protein/Cell and Cell Volume. The
effects ofGI/TGF-p on protein/cell were examined at 12, 24,
and 48 hr in the absence and presence of insulin with
hydrocortisone. Whereas blockade of stimulation of DNA
synthesis by these growth factors was observed in the
presence ofGI/TGF-P at 24 and 48 hr, protein/cell increased
significantly at both time points (Fig. 3). An increase in cell
volume within 24 hr was also observed (Fig. 4).

Effects of GI/TGF-fi on Na+/H+ Antiport. Uptake of 10
mM NaCl, using 22Na+ as a tracer, was studied at 1 min or
3 min. As shown in Fig. 5, 2 hr exposure to GI/TGF-,8 alone
had little or no effect on amiloride-sensitive Na+ uptake.
Amiloride-sensitive Na+ uptake by quiescent cells was stim-
ulated after 2 hr exposure to insulin and hydrocortisone; the
addition of GI/TGF-,B did not block this increased Na+
uptake. The increased Na+/H+ antiport correlated with the
increase in protein/cell and cell volume rather than with the
rate of [3H]thymidine incorporation.

Production of an Inhibitor of DNA Synthesis by Proximal
Tubular Cells. Medium conditioned 48 hr by confluent
proximal tubular cells was concentrated by ultrafiltration and
the concentrate was fractionated by P60 gel chromatography.
The ultraviolet absorption of the fractions at 280 nm indicated
a peak of protein in fractions 3 and 4. Assays of aliquots of
the fractions indicated growth inhibitory activity in fractions
5 and 6. Inhibition of [3H]thymidine incorporation was 30%
with BSC-1 cells and 97% with CCL 64 cells, using -40 ng of
protein per ml. Thus, the chromatographic behavior and the
relative activity of the proximal tubular cell-growth inhibitor
on the two cell lines are similar to those observed with the
BSC-1 cell-growth inhibitor, although the yield per liter of
conditioned medium was much less (10%).

DISCUSSION
The recently described homology between the BSC-1 GI and
TGF-,8 (4) has raised the possibility that this substance, which
has been isolated from a variety of normal tissues including
bovine kidney (19), human placenta (20), and human platelets
(21), may act as an important regulator of cell growth. Both
TGF-p (19-21) and the BSC-1 inhibitor (3) have been puri-
fied, and the amino acid composition and partial amino acid
sequence ofTGF-p have been determined (19-21). Release of
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FIG. 3. Effect of GI/TGF-,8 (10 units/ml) on protein/cell in the absence and presence of insulin (10 ,ug/ml) and hydrocortisone (50 nM).

this substance into the medium could act by attaching to
specific receptors on the same cells that produce it, leading
to autocrine control of the pattern of cell growth.
The present study examined whether the combination of

the BSC-1 growth inhibitor (GI/TGF-,f) with a stimulus that
is normally mitogenic to proximal tubular cells in primary
culture (i.e., insulin plus hydrocortisone) could transform the
pattern of growth stimulation from one of hyperplasia to one
of hypertrophy. Confluent proximal tubular cells arrested in
Go/Gj responded to high concentrations of GI/TGF-f3 alone
with a small increase in thymidine incorporation but respond-
ed in the opposite manner when GI/TGF-f3 was added to the
mitogenic combination of insulin plus hydrocortisone-i.e.,
stimulation ofDNA synthesis was blocked. Of interest is the
fact that protein/cell and cell volume increased at 24 and 48
hr. Thus, these cells conformed to the pattern of compensa-
tory renal growth that occurs in vivo, in which situation
protein/cell (or protein/DNA) increases with only a minor
increase in cell number (1).
The role of increased Na+/H+ antiport in the process of

cell proliferation has received a great deal of attention.
Despite the associations that have been drawn between the
mitogenic effects of growth factors, Na+/H+ antiport activ-
ity, and intracellular pH (7-13), evidence for a dissociation of
these effects also exists (6, 14-16). Work with mutant
fibroblasts lacking the Na+/H+ antiport demonstrates the
importance of the antiport, but also shows that it is not
needed if the cells are grown in a HCOj-containing medium

(22). These experiments also show that increase in intracel-
lular pH is necessary for mitogenesis (22). Selective inhibi-
tion ofNa+/H+ antiport by a high-affinity analog ofamiloride
in BALB/c 3T3 cells fails to inhibit the mitogenic response to
epidermal growth factor (EGF) (16). EGF stimulates cyto-
plasmic alkalinization in A431 cells via stimulation of
Na+/H+ exchange without stimulation of mitogenesis (14)
and Lys-bradykinin stimulates amiloride-sensitive Na+ up-
take in WI-38 cells without stimulation of DNA synthesis
(15). Finally, we have recently reported that early stimulation
of the Na+/H+ antiport occurs when cells hypertrophy in
vitro in the absence of stimulation of DNA synthesis (6).
The finding that GI/TGF-,B failed to block Na+/H+

antiport activity either alone or in combination with insulin
and hydrocortisone is consistent with the observed lack ofan
effect ofan impure preparation of the BSC-1 growth inhibitor
on amiloride-sensitive Na+ uptake by isolated rabbit renal
brush border membrane vesicles (B. Sacktor and J. Kinsella,
personal communication). Although GI/TGF-,B has been
shown to decrease the Na+ content of BSC-1 cells (23), the
effect observed here on basal-stimulated or insulin/hydro-
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FIG. 4. Cell volume profiles of control cells and cells exposed to

GI/TGF-,B with or without insulin and hydrocortisone for 24 hr. Cell
volume is plotted as relative threshold, with a right shift indicating an
increase in cell volume.

FIG. 5. Amiloride-sensitive Na+ uptake of cells exposed for 2 hr
to GI/TGF-p (10 units/ml) in the absence and presence of insulin (10
,ug/ml) and hydrocortisone (50 nM). A 3-min uptake at 37°C was
carried out (6) on Na+-depleted oubain-treated cells by adding 5 x

10i cells in 20-80 ,ul of uptake buffer containing 10 mM NaCl, 110
mM Me4NC1, 3.4 mM KCl, 17.7 ,uM Tris base, and 28.3 mM Hepes,
and 22Na' (1 GCi per sample; 1 Ci = 37 GBq) with or without 0.1 mM
amiloride.
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cortisone-stimulated Na' influx (total or amiloride sensitive)
was minimal.
Of interest was the dissociation between Na+/H' antiport

and thymidine incorporation in these studies. Insulin and
hydrocortisone increased Na+/H' antiport, protein/cell,
and thymidine incorporation; addition of GI/TGF-13 blocked
stimulation ofthymidine incorporation with little effect on the
other two parameters. Thus, the previously described asso-
ciation of early stimulation of Na+/H' antiport and a
subsequent increase in cell size and protein content was also
observed in the present situation.
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