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The effects of transforming growth factor- (TGF-P)
on thegrowth ofand collagenproduction byNRK52E
cells, a clonal line establishedfrom normal rat kid-
ney epithelial cells, have been characterized NRK52E
cells were grown in the absence orpresence of TGF-P
for 4 days followed by incubation for 24 hours in
serum-free medium containing [3H]proline. The se-

creted and cell-associated collagens produced by
control and experimental cultures were isolated by
limited pepsin digestion and differential salt frac-
tionation. TGF-P inhibited proliferation by about
50% but did not affect overall culture morphology.
Both protein and collagen synthesis were increased
in experimental cultures, but the increase in total
collagen production exceeded that of total protein
synthesis. Although NRK52E cells grown in the pres-
ence ofTGF-P continued toproduce the same types of
collagen (types I, III, IV, and V), their relative
amounts were changed In the experimental cultures,
type I collagen production was increased eightfold
types III and V collagen levels were increased two-

fold, but type IV production was only slightly en-

hanced. In addition to increasing total collagen pro-
duction by aboutfivefold, TGF-P increased the ratio
of type I to type III about threefold but minimally
affected the ratio ofsecreted to cell-associated mole-
cules. Thesefindings establish that TGF-P specifically
affects collagen production in NRK52E cells and that
these alterations differ in many waysfrom the affects
ofepidermal growth factor. Because TGF-P increased
total collagen expression these results provide addi-
tional evidence implicating this growth factor as a

positive mediator of matrix accumulation in renal
disease. (AmJPathol 1992, 140:45-55)

The deposition of increased amounts and possibly differ-
ent types of extracellular matrix (ECM) components char-
acterize the histology of the end-stage kidney.15 Even

though ultimately destroying renal function, the molecular
basis of this progressive sclerosis remains unresolved.
Although the pathogenesis of these changes is likely to
be -complex, 36 current evidence implicates certain
peptide growth factors and cytokines as mediators of
both proliferation and sclerosis in the kidney.2 3'7-10 Can-
didate molecules include platelet-derived growth factor,
fibroblast growth factor (FGF), epidermal growth factor
(EGF), or its functional homolog, transforming growth fac-
tor-alpha, transforming growth factor-beta (TGF-,B), and
the cytokine interleukin-1.3,14 The roles these potential
mediators play in both acute and chronic functional and
structural changes in the kidney, however, remain incom-
pletely understood.

Several lines of evidence now suggest a role for
TGF-, in causing the altered ECM production that occurs
during kidney disease. These include: 1) transforming
growth factor-p release occurs during platelet activa-
tion, 11'15'16 and thus its likely presence at sites of injury in
the kidney; 2) transforming growth factor-P affects the
growth and state of differentiation of cells and cell lines
derived from the kidney9'17-2; 3) the control of ECM me-
tabolism and the regulation of expression of the integrin
family of receptors that interact with matrix components
represent major biologic effects of TGF-p2>26; and 4)
transforming growth factor-p has been implicated in al-
tered growth and matrix production by renal cells in cul-
ture.9'10'21'27 Additionally recent evidence directly links
increased TGF-P levels with development of glomerulo-
nephritis28-9 and with antiglomerular basement mem-
brane disease30 in animal models.

Epithelial cells in the kidney likely contribute to the
excess and altered matrix accumulation in response to
injury.2'3'10'31 Hence delineation of the effects of growth
factors and cytokines, both alone and in combination, on
matrix production by renal epithelial cells is relevant for
delineating the pathogenetic mechanisms underlying
these changes. We have elected to study the effects of
certain growth factors on ECM production by NRK52E
cells, a permanent clone with a stable collagen pheno-
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type.3244 We have recently reported the effects of EGF
on cell growth and collagen synthesis by these cells.'
The present studies evaluate the effects of TGF-3 in this
system.

Materials and Methods

Materials

The sources for tissue culture plasticware, powdered me-
dium (Dulbecco's modified Eagle's medium [DMEM]
containing 4.5 g/liter glucose), tissue culture reagents,
fetal bovine serum (FBS), and for biochemical proce-
dures have been previously detailed.33 36 [3H]Proline
(specific activity = 108 Ci/mmol) was purchased from
Amersham Corporation, Arlington Heights, Illinois. Trans-
forming growth factor-,B1 (porcine) was purchased from
R&D Systems, Minneapolis, Minnesota. NRK52E cells
were obtained from the American Type Culture Collec-
tion; their origin and characterization have previously
been detailed.3234

Growth of Cells and Metabolic Labeling

NRK52E cells were grown under standard culture con-
ditions (contro[) or in medium supplemented with 3 ng/ml
TGF-P (Experimenta). In these experiments, all cultures
were seeded with the same passage and number (-4 x
106 cells/150 mm dish) of cells and were grown simulta-
neously in medium supplemented with the same lot of
FBS. Control cultures were grown in 150-mm diameter
plastic dishes containing 50 ml standard medium
(DMEM supplemented with 10% FBS and 50 ,ug/ml gen-
tamycin sulfate). The cultures were fed on the third day
after subculture by removing the medium and replacing
it with an equal volume of fresh standard medium. Four
days after subculture, the medium was replaced with 25
ml/dish of labeling medium (DMEM supplemented with
50 ,ug/ml gentamycin, 1 mg/ml bovine serum albumin, 50
,g/ml ascorbic acid, 100 ,g/ml ,-aminopropionitrile, and
20 ,uCi/ml [3H]proline). After incubation for about 24
hours, the clarified culture medium and the acid-soluble
fraction derived from the cell layer were prepared as pre-
viously described.3 36'37 Experimental cultures were
grown in the same manner as control cultures, except
both the standard and labeling media were supple-
mented with 3 ng/ml TGF-P. The secreted and cell-
associated fractions then were isolated identically to the
control cultures. DNA levels were determined by the di-
phenylamine method3436 for control and experimental
cultures grown in the same ways described above, ex-
cept radioactive proline was omitted during the serum-

free incubation procedures. All DNA values were deter-
mined in triplicate, and the mean values were used in all
calculations. In each instance, the standard error of the
mean for DNA levels was less than 5%.

Isolation and Characterization of NRK52E
Cell Culture Medium and Cell Layer
Collagens

The secreted and cell-associated collagens were iso-
lated with the use of pepsin and separated by differential
salt fractionation into preparations containing either types
and Ill or types IV and V collagen molecules using pre-

viously detailed procedures.333 37 Collagen a-chains
were isolated by molecular sieve chromatography on
agarose A-5m.333839 Quantitative analysis was per-
formed by chromatography of the collagen a-chain frac-
tions on carboxymethyl (CM)-Trisacryl (LKB Instruments,
Gaithersberg, MD) as previously detailed.'33'43637 All
values were normalized to the equivalent amount of DNA
in the original cultures. The data presented in this report
represent the results obtained in one experimental eval-
uation of the effects of TGF-, NRK52E cells, which are
typical of those obtained in several independent deter-
minations.

Results

Effects of TGF-P on NRK52E Cell Growth

Five days after subculture, control cultures of NRK52E
cells displayed a monolayer of cobblestone-shaped cells
(Figure 1 A). When exposed to TGF-, for 5 days, the over-
all pattern of cell shape remained the same (Figure 1 B).
The density of the cells was decreased, however. This
decrease in culture density was reflected in an approxi-
mate 45% decrease (2.10 mg DNA/10 dishes) in the ex-
perimental cultures compared with the DNA content of
control cultures, which was 3.85 mg/10 dishes. Thus
these studies establish that, as is the case for other epi-
thelial cells,24.' TGF-, inhibits NRK52E cell growth.

Effects of TGF-4 on Protein and Collagen
Synthesis by NRK52E Cells

The effects of exposure to TGF-1 on total protein and
collagen synthesis were assessed initially by determining
the amounts of radioactivity recovered at various points
during the isolation of the collagen molecules. Approxi-
mations of the rates of total protein synthesis exhibited by
NRK52E under each condition were obtained by evalu-
ating the amounts of nondialyzable radioactivity recov-



TGF-p Effects on Collagen Synthesis 47
AJPJanuary 1992, Vol. 140, No. 1

_ L'4J
Figure 1. Phase contrast microscopy ofcontrol andNRK52E cell cultures exposed to TGF-r3 A: NRK52E cells grown in the absence of TGF-4P.
B: NRK52E cells grown and labeled in the presence of TGF-0. Magn#fTcation, x 125.

ered in the acid extracts of the cell layers and in the
(NH4)2SO4 precipitates. The amount of radioactivity in-
corporated into total acid-soluble proteins was increased
from 1.6 x 105 cpm/,g DNA (control cultures) to 3.1 x
105 cpm/,ug DNA in the experimental cultures. Thus
growth in the presence of TGF-1 resulted in 90% in-
crease in total cell-associated incorporated radioactivity.
Similar levels of increases into cell-associated proteins
before pepsin digestion also were observed (Table 1 B,
line 1). Larger increases in the amounts of radioactivity
incorporated into total secreted protein were observed in
the experimental cultures (Table 1A, line 1). Overall the
amount of radioactivity incorporated into total protein be-
fore pepsin digestion was increased 220% in the exper-
imental cultures (Table 1C, line 1). These findings indi-
cate that TGF-4 enhanced the rate of total protein syn-
thesis.

To approximate initially the effects of this growth factor
on collagen production, the amounts of radioactivity re-
covered after pepsin-resistant digestion and in the colla-
gen a-chain fractions were evaluated. These evaluations
indicated that TGF-, increased the amounts of radioac-
tivity recovered as secreted pepsin-resistant molecules
and collagen a-chains fourfold to fivefold (Table 1 A, lines
2, 3) and twofold to threefold in the cell-associated frac-
tions (Table 1 B, lines 2, 3). Overall TGF-,B caused an

approximate 2.5- to 3.5-fold increase in the amount of
radioactivity incorporated into collagenous proteins (Ta-
ble 1 C, lines 2, 3). Furthermore these analyses indicate a
greater stimulation of total collagen production than total
protein synthesis. Therefore these initial evaluations indi-
cate that TGF-p specifically enhanced total collagen pro-
duction.

Quantitative Evaluation of the Effects of
TGF-P on Collagen Production by
NRK52E Cells

To quantitate the effects of TGF-P on collagen production
by NRK52E cells, the collagen chains recovered in each
fraction from control and experimental cultures were sep-
arately chromatographed on CM-Trisacryl as previously
detailed.'3437 Chromatographic analysis of the chains
recovered in the types + IlIl fractions from control (Fig-
ure 2A, B) and experimental cultures (Figure 2C, D)
showed, in each instance, the presence of type and
type IlIl components. The analysis indicated, however,
that TGF-P altered their ratio. The total radioactivity recov-
ered in each chain was determined, and data reduction
was performed to establish the amount of radioactivity
initially recovered as that genetic type of collagen chain.
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Table 1. Effects of Transforming Growth Factor-4 on Protein and Collagen Synthesis by Normal Rat
Kidney Epithelial Cells

[3H]Proline incorporated (CPM/,ug DNA x 10-2)

Control +TGF-P (%)

A. Secreted
1. 0-30% (NH4)2SO4
2. Pepsin-resistant

+ IlIl fraction
IV + V fraction

3. Collagen a chains
+ Il l fraction

IV + V fraction
B. Cell-associated

1. 0-30% (NH4)2SO4
2. Pepsin-resistant

+ IlIl fraction
IV + V fraction

3. Collagen a chains
+ IlIl fraction

IV + V fraction
C. Total

1. 0-30% (NH4)2SO4
2. Pepsin-resistant

+ IlIl fraction
IV + V fraction

3. Collagen a chains
+ IlIl fraction

IV + V fraction

149.5

4.2
0.7

3.3
0.3

790.3

28.6
5.7

14.8
2.0

939.8

32.8
6.4

18.1
2.3

461.8 (311)

23.1 (550)
2.9 (414)

17.5 (530)
1.1 (366)

1594.3 (202)

86.5 (302)
12.6 (221)

44.5 (301)
4.4 (220)

2056.1 (219)

109.6 (334)
15.5 (242)

62.0 (343)
5.5 (239)

Incorporation of [3H]proline in the absence or presence of 3 ng/ml TGF-P into each fraction was determined as described in Materials and
Methods. Line 1: radioactivity recovered in the 0-30% (NH4)2SO4 fractions. Line 2: radioactivity recovered in the 4.5 M NaCI insoluble fraction
after dialysis against 0.5 M HOAc/0.9 M NaCI. Line 3: radioactivity recovered as collagen a chains after chromatography of the types + IlIl
and types IV + V fractions on agarose A-5m. The values in parentheses represent the percent of the radioactivity recovered in a fraction from
NRK52E cells exposed to TGF-P relative to the corresponding control value.

These evaluations (Table 2A, B) indicated that the
amount of radioactivity recovered in type Ill molecules
was increased -2.5-fold in both the secreted and cell-
associated fractions derived from the experimental cul-
tures. In contrast, the production of type molecules was
enhanced more than 1 0-fold in the secreted molecules
and -7.5-fold in the cell-associated molecules. Thus al-
though TGF-P increased production of both collagen
types, it differentially affected their expression.
We have previously documented that NRK52E cells

produce type IV molecules containing the al (IV) chain
and type V molecules containing al (V), a2(V), and a3 (V)
components.33 CM-Trisacryl chromatographic evalua-
tions of the chains recovered in the secreted and cell-
associated types IV + V fractions from control (Figure
3A, B) and experimental cultures (Figure 3C, D) estab-
lished that the cells continued to produce molecules con-
taining the same profile of type IV and type V compo-
nents when grown in the presence of TGF-,B. After nor-
malization to DNA levels followed by data reduction
(Table 2A, B), these analyses indicated that TGF-f3 min-
imally altered the production of molecules containing the
otl (IV) chain but increased production of molecules con-
taining type V components. Thus TGF-P again differen-
tially affected the expression of these two collagen types.

Summation of the amounts of radioactivity corre-
sponding to each genetic type of collagen chain recov-

ered in the different fractions (Table 2C) indicated that
exposure of NRK52E cells to TGF-P resulted in collagen
type-specific changes. These results are summarized in
Figure 4. The relative amount of total type collagen pro-
duced was increased eightfold, type Ill synthesis was
increased -2.5-fold, type IV production was essentially
unchanged, and the amount of radioactivity recovered in
type V molecules was increased -80%. Overall total col-
lagen production was enhanced almost fivefold on pro-
longed exposure to this growth factor (Table 2C and Fig-
ure 4).
We have previously documented that EGF alters the

compartmental distribution (increases the ratio of se-
creted to cell-associated molecules) of the collagen
types produced by NRK52E cells.34 To evaluate this pos-
sibility for TGF-P, the ratios of the amounts of radioactivity
recovered in the secreted and cell-associated fractions
for each type of collagen were calculated from the data in
Table 2, and these results are presented in Table 3. Ex-
posure to TGF-P resulted in an increase in the ratio of
secreted to cell-associated type molecules but a de-
crease in this ratio for types 111, IV, and V molecules. Be-
cause type collagen constituted the major collagen type
produced by NRK52E cells exposed to TGF-,, a slight
increase (-10%) in the ratio of secreted to cell-
associated total collagen occured.

Our previous studies have demonstrated an -50%
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Figure 2. Carboxymethyl-Trisacryl chromatographies of collagen chains recovered in the types I + HIIfractions synthesized by control and
NRK52E cells groum in the absence or presence of TGF-p. A: An aliquot (349,000 cpm) of collagen a chains recovered after agarose
chromatography ofthe secreted types I + IlIfractionsfrom controlNRK52E cell cultures was chromatographed B: An aliquot (529,000 cpm)
ofcollagen a chains recovered after agarose chromatography ofthe cell-associated types I + HIIfractionsfrom controlNRK52E cell cultures
was chromatographed. C: An aliquot (537,000 cpm) ofcollagen a chains recovered after agarose chromatography ofthe secreted types I +
HIIfractionsfrom NRK52E cells chronically exposed to TGF-3 was chromatographed. D: An aliquot (622,000 cpm) of collagen a chains
recovered after agarose chromatography of the cell-associated types I + HIfractionsfrom NRK52E cells chronically exposed to TGF-3 was
chromatographed. The amounts ofradioactivity eluting in the positions corresponding to either the al(I) or al(III) chains, respectively, were
individually determinedfor each chromatography to establish the fraction of total radioactivity recovered as the genetic type of collagen
chain. These values are presented in Table 2.

increase in the ratio of type 1-homotrimer to type Ill colla-
gen results from exposure of NRK52E cells to EGF.3 The
data presented in this report indicate that TGF-P differ-
entially affects the amounts of radioactivity recovered in
these genetic types of collagen (Table 2 and Figures 2,
4). To quantify these changes, the ratios of type 1-homot-
rimer to type Ill collagen were calculated, and these re-

sults are presented in Table 4. Exposure to TGF-P in-
creased the ratio of type 1-homotrimers to type Ill mole-
cules in both the secreted and cell-associated fractions.
Overall, these changes resulted in an -300% increase in
this ratio.

Discussion

The results presented herein indicate that TGF-, inhibits
growth but increases total protein synthesis in a cell cul-
ture model of normal renal epithelial cells. Additionally
several changes in collagen metabolism occurred in re-

sponse to this growth factor. These include: 1) an en-

hancement of total collagen production; 2) a differential
enhancement of expression of the different collagen
types with the production of type collagen increased to
the greatest extent and the synthesis of type IV molecules
being the least affected; and 3) a substantial increase in
the ratio of type to type Ill collagen. Furthermore the
increase observed in total collagen production exceeded
the increase in total protein synthesis. Thus these findings
establish that TGF-p specifically and differentially affects
collagen production in NRK52E cells. It should be noted
that our conclusions regarding the effects of this growth
factor on collagen synthesis are based on values normal-
ized to the amount of DNA in the original cultures. Hence
our values reflect the amount of radioactivity recovered in
a specific genetic type of collagen or in total collagen per

cell. Even though there are -50% fewer cells in the ex-

perimental cultures, total collagen production per cell is
increased more than fivefold 'Table 2). Thus total colla-
gen accumulation is enhanced by exposure to TGF-P.
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Table 2. Summary of Carboxymethyl-Tr&sacryl Chromatographies of Collagen Chains Synthesized by NRK52E Cells in
the Absence or Presence ofTGF-4

[3H]Proline incorporated (CPM/,ug DNA)

Control +TGF-P (%)

A. Secreted molecules
a1 (I) 84 886(1055)
al (III) 132 322 (244)
a1 (IV) 1 1 (100)
al (V) 9 7 (78)
a2 (V) 7 6 (86)
a3 (V) 4 3 (75)

B. Cell-associated molecules
a1 (I) 408 3048 (747)
al (III) 403 1051 (258)
al (IV) 8 10 (125)
a1 (V) 46 99 (215)
a2 (V) 41 86 (210)
a3 (V) 38 59 (155)

C. Total collagen synthesized
a1 (I) 492 3934 (800)
al (III) 535 1380 (258)
a1 (IV) 9 11 (122)
a1 (V) 53 105 (198)
a2 (V) 50 93 (186)
a3 (V) 42 62 (148)
Total 1181 5585 (473)

Values presented were calculated from the amounts of radioactivity recovered from the appropriate areas of the corresponding CM-Trisacryl
chromatographies (Figures 4 & 5) of the collagen a chains recovered in the indicated fraction. The numbers in parentheses are the percentage
of the radioactivity recovered in a fraction from the cells grown in medium supplemented with TGF-p relative to that in the corresponding control
fraction.

Therefore these data provide further evidence implicat-
ing TGF-P as a positive mediator involved in the excess
collagen production and accumulation that occurs in
many renal diseases.

It is now well accepted that one of the major effects of
TGF-P is the regulation of ECM production.24 26'40 Trans-
forming growth factor-,B increases type collagen pro-
duction in normal rat kidney fibroblasts,17 stimulates total
collagen production in chick embryo fibroblasts,j1 in hu-
man dermal fibroblasts,42 in rat osteoblastlike cells,' and
in fetal calvarial bone cells.44 In contrast to our findings in
this system, in which TGF-1 alters the relative proportion
of type to type Ill molecules, this growth factor has been
reported to increase the production of both types I and Ill
collagen without altering their relative amounts in human
fetal lung fibroblasts.45 While stimulating collagen biosyn-
thesis in articular chondrocytes,46 TGF-, decreases col-
lagen synthesis in growth plate chondrocytes.40 Our con-
clusion that the changes in collagen production by
NRK52E cells in response to TGF-,B reflect a selective
effect on collagen synthesis rather than being a conse-
quence of changes in total protein production is based
on the following observations. First, the degree of stimu-
lation differed for each genetic type of collagen examined
(Table 2 and Figure 4). Second, total protein synthesis
was stimulated -2-fold (Table 1), but total collagen pro-
duction was increased almost fivefold (Table 2). In hu-
man gingival fibroblasts, the increase in collagen produc-

tion resulting from TGF-P exposure has been reported to
parallel that of total protein production.47 In human fetal
lung45 and normal rat kidney fibroblasts,48 in human in-
testinal smooth muscle cells,49 and in fetal rat lung epi-
thelial cells,50 however, similar selective increases in total
collagen production resulting from TGF-p exposure have
been documented. Thus our findings further support the
concept that collagen production is specially enhanced
by TGF-P and that this phenomenon occurs in renal ep-
ithelial cells.

Transforming growth factor-3 inhibits glomerular en-
dothelial, epithelial, and mesangial cell proliferation.21
Additionally this growth factor has been reported to stim-
ulate collagen21 and proteoglycan27 synthesis in mesan-
gial cells and to promote fibronectin accumulation in glo-
merular epithelial cells.21 Furthermore, as a general rule,
TGF-, inhibits proliferation of epithelial cells,26 and this
growth inhibition correlates with increased matrix, partic-
ularly collagen, accumulation. Recent evidence has di-
rectly linked enhanced collagen production resulting
from TGF-1 treatment with growth inhibition in kidney fi-
broblasts.17 Although our data are consistent with this
concept, several instances of an increase in collagen
production without associated growth inhibitory effects
also have been reported.45'49'50 Additionally evidence
suggests that the stimulation of ECM and proto-
oncogene gene expression by TGF-1 are controlled
through different pathways.5' Thus the relationship be-
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EFFLUENT VOLUME, MILLILITERS
Figure 3. Carboxymetbyl-Trisacryl chromatographies ofcollagen chains recovered in the types IV + Vfractions synthesized by NRK52E cells
grown in the absence orpresence of TGF-1. A: An aliquot (684,000 cpm) ofcollagen a chains recovered after agarose chromatography of
the secreted types IV + Vfractions from control NRK52E cell cultures was chromatographed. B: An aliquot (735,000 cpm) of collagen a

chains recovered after agarose chromatography of the cell-associated types IV + V fractions from control NRK52E cell cultures was

chromatographed C: An aliquot (398,000 cpm) of collagen a chains recovered after agarose chromatography of the secreted types IV + V
fractions from NRK52E cells chronically exposed to TGF-1 was chromatographed D: An aliquot (465,000 cpm) of collagen a chains
recovered after agarose chromatography of the cell-associated types IV + Vfractionsfrom NRK52E cells chronically exosed to TGF-1 was

chromatographed. The amounts of radioactivity eluting in the positions corresponding to either the al(IV), a3(V), a2(V) or al(V) chains,
respectively, were individually determinedfor each chromatography to establish thefraction oftotal radioactivity recovered as the genetic type
of collagen chain. These values are presented in Table 2.

tween increased matrix production and inhibition of pro-
liferation remains controversial.

In addition to indicating that TGF-P may be a positive
effector of collagen production in this renal epithelioid cell
line, our studies indicated that chronic exposure to TGF-P
did not significantly alter the culture distribution (secreted
versus cell-associated) of the collagens synthesized by
NRK52E cells (Table 3). In fact, with the exception of type
I collagen, this growth factor slightly promoted the reten-
tion of the other types of collagen by the cells. Further-
more, for the most part, the changes observed in the
relative amounts of the different collagen types secreted
into the medium paralleled those in the cell layers (Table
2 and Figure 4). Because the magnitude of stimulation
differed for each collagen type, these findings suggest
that TGF-P alters the collagen composition of the matrix
surrounding the cells. Alterations in the composition of
the ECM resulting from the action of TGF-j also have
been described in chick fibroblasts.52 Because the com-

position of the extracellular matrix not only governs nor-
mal cellular function but also its response to injury,23 it
can be speculated that this altered collagen profile may
create the milieu for the progression of tubular fibrosis.

Our findings show also that TGF-0 stimulates the ex-
pression of type molecules to a greater extent than it
does type Ill collagen. Consequently the ratio of type I to
type Ill molecules produced by NRK52E cells is in-
creased (Table 4). Changes in the ratio of type I to type III
collagen have been associated with wound healing. The
selective stimulation of type collagen by TGF-P in-
creases this ratio in NRK52E cells more than threefold. As
an increased proportion of type collagen is generally
associated with fibrotic responses,35 this finding also
suggests TGF-,B promotes the phenotype of an epithelial
cell undergoing fibrosis.

Although this report focuses on the isolated effects of
TGF-,B, clearly this peptide does not impact on cells in
vivo in the absence of other factors, such as platelet-
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Figure 4. Effects of TGF-4 on the relative amounts of the genetic types of collagen synthesized by NRK52E cells. Values presented were
calculatedfrom the data in Table 2. The valuesfor types I, III, or IV collagen represent the values obtainedfor their respective chains. Those
for type Vcollagen are the sums ofthe radioactivities obtainedfor the al(V), oa2(V), and a3(V) chains. The values calculatedfor each collagen
tpe produced by the cells grown in the presence of TGF- were normalized to the value calculatedfor the corresponding type ofcollagen
synthesized by the control cultures.

derived growth factor (PDGF), interleukin-1, EGF, and
FGF.31114 In this regard, it should be noted that the
effects of TGF-P differ markedly from those previously
reported for EGF on the NRK52E cells.3 Comparison of
the effects of these peptides (Table 5) indicates that they
affect both growth and total collagen production in di-
rectly opposite ways. First, whereas the production of
type III is the most sensitive to EGF, type collagen pro-
duction is most affected by TGF-,. Second, EGF results
in a more than 1 0-fold increase in the ratio of secreted to
cell-associated molecules, but TGF-P minimally impacts

this aspect of collagen metabolism. Finally, whereas the
ratio of type to type III collagen is increased by about
50% by EGF, this ratio is enhanced about threefold by
TGF-1. Similar disparate effects of these growth factors
on collagen production have previously been docu-
mented in both kidney fibroblasts48 and fetal rat lung ep-
ithelial cells.50 The actions of TGF-,B on renal epithelial
cells likely do not occur in a milieu devoid of other growth
factors and cytokines. Because we have now docu-
mented the disparate effects of EGF and TGF-, in this
system, further investigations into the effects of TGF-P in

Table 3. Effects of TGF-3 on the Culture Distribution of the Genetic Types of Collagen Synthesized byNRK52E Cells

[3H]Proline incorporated (CPM/t,g DNA)

Secreted Cell-associated Ratio

Type collagen
Control 84 408 0.21
+ TGF-B 886 3048 0.29

Type IlIl collagen
Control 132 403 0.33
+ TGF-p 322 1051 0.31

Type IV collagen
Control 1 8 0.12
+TGF-p 1 10 0.10

Type V collagen
Control 20 125 0.16
+ TGF-p 16 244 0.07

Total collagen
Control 240 944 0.25
+ TGF-p 1225 4353 0.28

Values presented were derived from the data in Table 2. Values for the amounts of type V collagen are the sum of the amounts of
radioactivities recovered in the al (V), a2(V), and a3(V) fractions. Ratio is the ratio of secreted to cell-associated radioactivity recovered in the
indicated preparation.

* TOTAL

I
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Table 4. Effects of TGF-P on the Amounts of Type I and Type III Collagen Synthesized byNRK52E Cells
[3H]Proline incorporated (CPM/,ug DNA)

Type Type IlIl Ratio

Secreted molecules
Control 84 132 0.6
+TGF-,B 886 322 2.75 (430%)

Cell-associated molecules
Control 408 403 1.01
+TGF-p 3048 1051 2.90 (287%)

Total
Control 492 535 0.92
+ TGF-p 3934 1373 2.86 (311%)
Values presented were derived from the data in Table 2. Ratio is the ratio of the amounts of radioactivity recovered in type l-homotrimer

molecules to that recovered in type Ill molecules in the indicated preparation. Numbers in parenthesis represent the percent change from
control values in the ratios.

combination with other factors on matrix production are
required for understanding the overall role of TGF-p in
renal disease.

Increased synthesis and deposition of ECM compo-
nents characterize the end-stage of many renal dis-
eases.25 In addition to the recent evidence indicating
that TGF-, affects growth and matrix production by glo-
merular cells,9'21 22 altered levels of this growth factor
have been directly linked to the pathogenesis of an ani-
mal model of glomerulonephritis.21 9 Although most
studies have focused on the glomerulus, it should be
noted that fibrosis and tubular sclerosis are likewise
structural hallmarks of many renal pathologies, and inter-
stitial fibrotic disease is an almost constant companion of
chronic renal diseases.53 Our studies have employed
NRK52E cells as a model for investigating the effects of
growth factors for several reasons. First, others have in-
dicated that NRK52E cells are derived from the normal
tubular epithelial cell.32 Second, we have previously
demonstrated their stable collagen phenotype33 that dif-
fers from that reported for the glomerular epithelial cell,
which essentially only expresses type IV collagen in cul-
ture.56 The stable collagen phenotype offers the ad-
vantage of minimizing possible variations in collagen pro-

duction, which have been reported for primary cultures of

renal epithelial cells,57 that could obscure growth factor
effects. It should be noted that the collagen phenotype
(expression of types 1, 111, IV, and V collagens33) of
NRK52E cells is similar to that of MCT cells, which were
derived from proximal tubular epithelial cells.`8 Likewise
the normal morphology of NRK52E cells (Figure 1 A) re-
sembles that of primary cultures of rabbit proximal tubule
cells,10 and TGF-p inhibits also the proliferation of primary
cultures of rabbit proximal tubule cells.10 However TGF-,B
induces a clustering of rabbit proximal tubule epithelial
cells in culture,10 a change that did not occur with
NRK52E cells (Figure 1 B). Thus, although the properties
of NRK52E cells suggest a renal tubule epithelial cell or-
igin, clearly the cells have adapted in culture, and hence
the relevance of our findings to the issue of tubular fibro-
sis remains speculative. Regardless the findings pre-

sented herein and our previous results34 establish the
initial paradigm for comparing the effects of TGF-p with
those of other growth factors on collagen production by
an epithelial cell of renal origin.
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Table 5. Comparison of the Effects of TGF-0 and EGF onNRK52E Cells

Growth factor

TGF-,B* EGFt

Growth Inhibited Stimulated
Total collagen production Increased Decreased
Collagen type most affected Type Type IlIl
Ratio of secreted to

cell-associated molecules Increased -10% Increased -10-foldt
Ratio of type to type IlIl

collagen molecules Increased -300% Increased -50%t
* Data presented in this report.
t Data from 34.
t Result obtained under conditions of chronic exposure to EGF.
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