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Abstract. Transforming growth factor-␤ (TGF-␤) has both antiproliferative and hypertrophic effects on mesangial cells (MC).
However, it is not known if these processes are independent or if
they share common signaling pathways. Proliferation and hypertrophy are regulated by specific cell-cycle regulatory proteins,
where the cyclin-dependent kinase (CDK) inhibitors inhibit target
cyclin-CDK complexes. This study examined whether the growth
regulatory effects of TGF-␤ were determined by the CDK inhibitors p21 and p27. Accordingly, cultured MC from wild type
(⫹/⫹) and single and double null (⫺/⫺) p21 and p27 mice were
grown in 5% serum in the presence or absence of TGF-␤1 (2
ng/ml). Proliferation ([3H]-thymidine incorporation, cell number, cell cycle) and hypertrophy ([3H]-leucine incorporation,
total protein content, forward light scatter) were measured after

24 h, 48 h, and 96 h. TGF-␤ inhibited proliferation in ⫹/⫹ and
p21/p27 double ⫺/⫺ MC to a similar extent. TGF-␤ induced
hypertrophy in ⫹/⫹ MC (18.0% increase at 48 h), and to lesser
extent in p21 ⫺/⫺ (12.8%) and p27 ⫺/⫺ MC (11.5%) measured by forward light scatter analysis. In p21/p27 double
⫺/⫺, the hypertrophic effects of TGF-␤ were significantly
reduced (3.9% at 48 h). Similar results were obtained by
measuring hypertrophy by total protein and [3H]-leucine incorporation. In conclusion, the CDK inhibitors p21 and p27 are
not required for the antiproliferative effects of TGF-␤. However, the hypertrophic growth effects of TGF-␤ are reduced in
the absence of both p21 and p27. These data suggest that the
regulation of the antiproliferative and hypertrophic effects of
TGF-␤ may be distinct processes.

Transforming growth factor-␤ (TGF-␤) is an important cytokine in renal disease (1,2). TGF-␤ mediates extracellular matrix protein accumulation, cell proliferation, and hypertrophy,
and it also regulates the immune response. TGF-␤ induces
growth arrest in many cell types including mesangial cells
(3,4). Cell proliferation is regulated at the level of the cell cycle
(5), where progression through the cell cycle requires that
cyclin-dependent kinases (CDK) be activated by partner cyclins. Cyclin-CDK complexes are negatively regulated by cyclin-kinase inhibitors (CKI), which inhibit cell proliferation by
causing cell-cycle arrest. Two families of CKI have been
identified on the basis of sequence homology and their target
cyclin-CDK complexes that are inhibited. The INK4 family of
CKI, p15INK4b (p15), p16INK4a, and p18INK4c, specifically inhibit G1 CDK. The CIP/KIP family of CKI, which includes
p21CIP1/WAF1 (p21), p27KIP1 (p27), and p57KIP2, share homol-

ogy at the amino terminus and inhibit G1- and S-phase cyclinCDK complexes. Cell-cycle arrest induced by TGF-␤ is mediated by several cell-cycle proteins. TGF-␤ decreases the
levels of cyclins D, E, and A, and it also decreases the activity
of CDK4 and CDK2 (6). p15 and cdc25A participate in the
antiproliferative effects of TGF-␤ (7,8). Although TGF-␤ increases the levels of p21 and p27 (9,10), the importance of
these CKI in this process remains to be fully elucidated.
In contrast to an increase in cell number during proliferation,
an increase in cell size (not cell number) characterizes hypertrophy. Glomerular cell hypertrophy occurs during many forms
of chronic renal disease, including diabetic nephropathy (11),
and may antecede the development of glomerulosclerosis (12–
14). TGF-␤ induces cell hypertrophy in mesangial (15), vascular smooth muscle (16), and renal epithelial cells (17). Cell
hypertrophy induced by glucose is also partially mediated by
TGF-␤ (17,18). There is a growing body of literature showing
that cell hypertrophy is regulated by specific cell-cycle proteins
(5,19). We have shown that high glucose induces hypertrophy
in normal mesangial cells but not in mesangial cells lacking
p27 and that high glucose induced cell hypertrophy when p27
levels were restored into p27 null cells (20). Experimental
diabetic nephropathy is associated with glomerular hypertrophy in normal mice but not in p21 null mice (21). Terada et al.
(22) showed that the forced overexpression of p21 and p27 in
tubular LLC-PK1 cells stimulated the de novo protein synthesis
in the presence of epidermal growth factor and increased cell
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size. Overexpression of p21 induced hypertrophy in vascular
smooth muscle cells (23), and Wolf and Stahl (24) and BraunDullaeus et al. (25) have demonstrated that angiotensin II–
induced cell hypertrophy requires p27 accumulation. The effect of TGF-␤ on hypertrophy has also been linked to the cell
cycle (17). However, the role of p21 and p27 in TGF-␤–
mediated cell hypertrophy remains to be elucidated.
It has been suggested that these CKI may have redundant
roles. Thus, to clarify the function of p21 and p27 in mediation
of the antiproliferative and hypertrophic effects of TGF-␤, we
used mesangial cells lacking both p21 and p27. Our results
showed that the antiproliferative effect of TGF-␤ was independent of p21 and p27. In contrast, the hypertrophic growth
effects of TGF-␤ was reduced in the absence of both p21 and
p27. Taken together, our data shows that the role of these CKI
are distinct in the growth effects of TGF-␤ in mesangial cells.

Materials and Methods
Cell Culture
p21 null (⫺/⫺) mice (originally provided by Tyler Jacks, Massachusetts Institute of Technology, Cambridge, MA) and p27 ⫺/⫺ mice
(originally provided by James M. Roberts, Fred Hutchinson Cancer
Research Center, Seattle, WA) were developed by gene-targeting.
p21/p27 double ⫺/⫺ mice were produced by intercrossing the individual null strains (provided by Matthew Fero, Fred Hutchinson
Cancer Research Center, Seattle, WA). Mesangial cells were derived
from wild type (⫹/⫹) mice, single p21 ⫺/⫺, single p27 ⫺/⫺, and
p21/p27 double ⫺/⫺ mice by the standard sieving method as described previously (26). In brief, kidneys from six to eight mice from
each strain and genotype were pooled for glomerular isolation. Mesangial cells were identified by well-characterized methods, and several early passage cells were isolated from each mouse strain and
frozen away for future study. For all experiments, we typically performed studies on three separately frozen cell stocks, which we
referred to as “clones,” each given the arbitrary numbers 1, 2, and 3.
Cells were cultured in 2:1 mixtures of Dulbecco’s modified Eagle’s
medium (DMEM) and Ham’s F-12 medium, containing 20% fetal calf
serum (FCS), L-glutamine (0.68 mM), penicillin (100 U/ml), streptomycin (100 g/ml), and 10 mM Hepes, pH 7.4. Cell cultures were
incubated at 37°C in a humidified atmosphere of 5% CO2/95% air
with media changes every 2 to 3 d. Cells were grown to subconfluence
and then detached by trypsinization (0.05% trypsin/0.02% ethylenediaminetetraacetic acid).
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synchronized in low serum (0.2%) for 24 h. The media was changed
to 5% FCS with or without the presence of 2 ng/ml of TGF-␤. Cells
were detached by trypsinization at 24 h, 48 h, and 96 h, and cell
number was determined by Coulter counter (Beckman Coulter, Inc.,
Fullerton, CA). Total protein content was determined by the bicinchoninic acid (BCA) method according to the manufacture’s instructions after cells on the dishes were hydrolyzed by 0.4 N NaOH and
neutralized with 0.2 N acetic acid. Protein content was corrected for
cell number. Quadruplicate wells were counted for each group at
every time point.

[3H]-Thymidine Incorporation and
[3H]-Leucine Incorporation
Relative rates of DNA synthesis and protein synthesis were assessed by measuring [3H]-thymidine (27) and [3H]-leucine incorporation (20), respectively. Mesangial cells were plated onto 24-well
culture dishes at 4 ⫻ 103 cells/well and synchronized in low serum
(0.2%) for 24 h and then switched to media containing 5% FCS with
or without the presence of 2 ng/ml of TGF-␤. Cells were pulsed with
[3H]-thymidine (2 Ci/ml) or [3H]-leucine (5 Ci/ml) for the last 4 h
at each time point studied. The supernatant was removed, and cells
were washed three times with phosphate-buffered saline and precipitated with ice-cold 10% trichloroacetic acid (TCA). Cells were allowed to dry, then they were solubilized in 0.4 N NaOH. After
incubation at 37°C for 20 min, cells were neutralized with 0.2 N acetic
acid. The solubilized material was counted in a liquid scintillation
counter for [3H]-thymidine incorporation and [3H]-leucine incorporation. Incorporation was corrected for cell number. Quadruplicate wells
were counted for each group at every time point.

Flow Cytometry
Mesangial cells were plated onto 10-cm culture dishes at a density
of 1 ⫻ 104 cells/well and synchronized in low-serum (0.2%) for 24 h,
then switched to media containing 5% FCS with or without the
presence of 2 ng/ml of TGF-␤. Cells were harvested by trypsinization
at 24 h, 48 h, or 96 h and fixed in iced 70% ethanol and kept at ⫺20°C
until analysis. Fixed cells were suspended in 1 ml of propidium iodide
staining solution (50 g/ml propidium iodide, 30 units/ml RNase A,
0.1% Triton X-100, 4 mM sodium citrate) and incubated at 37°C for
10 min before adding NaCl at a final concentration of 138 mM NaCl.
Typically, 10,000 gated events were collected on a FACscan machine
(Beckton Dickinson, Franklin Lakes, NJ) and analyzed by using
CELLQUEST software (Beckton Dickinson). Cell-cycle analyses
were performed by Flowjo Software (Tree Star, Inc., San Carlos, CA).

Assessment of Proliferation and Hypertrophy

Assessment of Apoptosis

For all experiments, cells were synchronized in low-serum (0.2%)
for 24 h to prevent apoptosis. To determine the role of p21 and p27,
mesangial cells were incubated with medium containing 5% FCS in
the presence or absence of 2 ng/ml (80 p.m.) of TGF-␤1 (R&D
System Inc., Minneapolis, MN). Proliferation was measured by cell
counts, [3H]-thymidine incorporation, and flow cytometry (see below). Hypertrophy was measured by total protein content and [3H]leucine incorporation, and cell size was assessed by forward light
scatter on flow cytometry (see below). Proliferation and hypertrophy
were measured at 24 h, 48 h, and 96 h. Each experiment was
performed a minimum of four times.

Apoptosis was measured by staining with Hoechst 33342 (Sigma
Bioscience, St. Louis, MO), as we have previously described (28).

Cell Counts and Total Protein Content
For the determination of cell number, mesangial cells were plated
onto 24-well culture dishes at a density of 4 ⫻ 103 cells/well and were

Statistical Analyses
Statistical significance was determined by t test. P ⬍ 0.05 was
considered statistically significant.

Results

The Antiproliferative Effect of TGF-␤ Does Not
Require p21 or p27
To evaluate the contribution of p21 and p27 to the antiproliferative effects of TGF-␤, we studied mesangial cells derived
from ⫹/⫹ and p21/p27 double ⫺/⫺ mice. The effect of TGF-␤
on DNA synthesis was measured by [3H]-thymidine incorpo-
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Figure 1. The effect of transforming growth factor–␤ (TGF-␤) on [3H]-thymidine incorporation. TGF-␤ decreased [3H]-thymidine incorporation, a marker of DNA synthesis, in wild-type mesangial cells (⫹/⫹ cell) exposed to 5% fetal calf serum at all time points (24, 48, and 96 h).
TGF-␤ also reduced [3H]-thymidine incorporation in p21/p27 double null mesangial cells (double ⫺/⫺ cell) at all time points studied. The
values are the mean of four experiments; [3H]-thymidine incorporation was corrected for cell number. □, not treated with TGF-␤; 䡵, treated
with 2 ng/ml of TGF-␤. * P ⬍ 0.05.

ration (Figure 1). TGF-␤ decreased [3H]-thymidine incorporation in ⫹/⫹ cells at all time points (31.8% at 24 h, 37.3% at
48 h, and 21.4% at 96 h compared with control cells not
exposed to TGF-␤; P ⬍ 0.05 at all time points). TGF-␤ also
reduced [3H]-thymidine incorporation in p21/p27 double ⫺/⫺
cells at all time points studied (42.2% at 24 h, 54.4% at 48 h,
and 40.9% at 96 h compared with cells not exposed to TGF-␤;
P ⬍ 0.05).
The effect of TGF-␤ on cell number of ⫹/⫹ and p21/p27
double ⫺/⫺ mesangial cells is shown in Figure 2. TGF-␤ inhibited the increase in cell number induced by FCS (a source of
growth factors) in ⫹/⫹ mesangial cells at 48 h (20.8%) and 96 h
(50.5%) (P ⬍ 0.05 versus no TGF-␤). TGF-␤ also inhibited cell
number in p21/p27 double ⫺/⫺ mesangial cells at 48 h (13.6%)
and 96 h (37.8%) (P ⬍ 0.05 versus no TGF-␤). Moreover, the
decrease in cell number at 48 h and 96 h was similar in control
(⫹/⫹) cells compared with p21/p27 double ⫺/⫺ cells.
The effect of TGF-␤ on cell-cycle progression at 24 h was
also measured by flow cytometry. TGF-␤ increased the G1
subpopulation in ⫹/⫹ cells from 53.1% to 61.4%. TGF-␤ also
increased the G1 subpopulation from 51.2% to 64.1% in p21/
p27 double -/- mesangial cells. These data suggests that TGF-␤
arrests mesangial cells at G1/S. To exclude the possibility that
apoptosis induced by TGF-␤ accounted for these differences,
apoptosis was quantified after a 48-h incubation with 2 ng/ml
of TGF-␤. The number of apoptotic cells was not significantly
different in cells incubated with or without TGF-␤ in all the
different types of mesangial cells studied (apoptosis rate: 0.6 ⫾

0.2% versus 0.8 ⫾ 0.3% in ⫹/⫹ cell, 0.4 ⫾ 0.4% versus 0.9 ⫾
0.7% in p21 ⫺/⫺ cell, 0.8 ⫾ 0.3% versus 0.5 ⫾ 0.3% in p27 ⫺/⫺
cell, and 0.5 ⫾ 0.2% versus 1.2 ⫾ 0.9% in p21/p27 double ⫺/⫺
cell; n ⫽ 4). Analysis of the G2/M phase showed similar changes
to that described for G1 phase (data not shown).

Hypertrophy Is Reduced in the Absence of Both p21
and p27

TGF-␤ induces hypertrophy in mesangial cells (15). Hypertrophy was measured by assessing cell size by forward light
scatter analysis, [3H]-leucine incorporation and total protein
content. Cell size was measured in the G1 and G2/M phases of
the cell cycle.
Figure 3 shows the cell size distribution in G1 phase measured by flow cytometry analysis in control and experimental
mesangial cells exposed to TGF-␤. At 24 h, the mean forward
light scatter in wild-type (control) cells exposed to TGF-␤ was
12.3% higher than ⫹/⫹ cells not exposed to TGF-␤. In contrast, there was no significant increase in forward light scatter
in single p21 ⫺/⫺, single p27 ⫺/⫺, and p21/p27 double ⫺/⫺
cells at 24 h. After exposure to TGF-␤ for 48 h, there was an
increase in the forward light scatter in ⫹/⫹ MC (18.0%),
single p21 ⫺/⫺ MC (12.8%), and single p27 ⫺/⫺ (11.5%) MC
(P ⬍ 0.05 in each cell type versus no TGF-␤). In contrast, there
was no significant increase in cell size measured by forward
light scatter in p21/p27 double ⫺/⫺ cells after incubation with
TGF-␤ for 48 h (Figure 3). At 96 h, TGF-␤ induced hypertrophy in ⫹/⫹ cells (30.2%), single p21 ⫺/⫺ (25.5%), and single

J Am Soc Nephrol 13: 1172–1178, 2002

TGF-␤ and Mesangial Hypertrophy

1175

Figure 2. The effect of TGF-␤ on proliferation of mesangial cells. TGF-␤ inhibited the increase in cell number induced by 5% serum in
wild-type mesangial cells (⫹/⫹ cell) at 48 h and 96 h. TGF-␤ also inhibited proliferation in p21/p27 double null mesangial cells (double ⫺/⫺
cell) at 48 h and 96 h. The values are the mean of four experiments. These data show that the absence of p21 and p27 did not alter the
antiproliferative response to TGF-␤. 䡩, not treated with TGF-␤; F, treated with 2 ng/ml of TGF-␤. * P ⬍ 0.05.

p27 ⫺/⫺ (20.8%) cells (P ⬍ 0.05 in each cell type versus no
TGF-␤). In contrast, the increase in cell size was significantly
reduced in p21/p27 double ⫺/⫺ cells (11.2%) at 96 h (Figure
3). To ensure that the reduction in hypertrophy in p21/p27
double ⫺/⫺ cells was not specific to one cell clone, similar
studies were also performed in another two clones of p21/p27
double ⫺/⫺ mesangial cells. These three clones were isolated
from the same pooled glomeruli derived from six p21/p27
double ⫺/⫺ mice. Hypertrophy measured by flow cytometry
was also reduced in these clones of p21/p27 double ⫺/⫺
mesangial cells (data not shown). This was done to ensure that
our results were not specific to a “clone” or “harvest” of cells.
Protein content is also used as a measure of hypertrophy
(20). Accordingly, we also determined whether the increase in
cell size induced by TGF-␤ correlated with an increase in
protein content and protein biosynthetic rates in mesangial
cells. Figure 4 shows that TGF-␤ increased the total protein
content per cell in ⫹/⫹ cells at 24 h (41.6%), 48 h (26.9%),
and 96 h (70.8%) (P ⬍ 0.05 versus no TGF-␤ at all time
points). New protein synthesis is another method to measure
hypertrophy. Figure 5 shows that the increase in total protein
content correlated with an increase in new protein synthesis
measured by the incorporation of [3H]-leucine per cell at 24 h
(38.0%), 48 h (51.2%), and 96 h (20.1%) (P ⬍ 0.05 versus no
TGF-␤ at each time point). In contrast, TGF-␤ increased neither total protein content (Figure 5) nor [3H]-leucine incorporation (Figure 4) in p21/p27 double ⫺/⫺ cells during the early
phase (24 h and 48 h) of TGF-␤–induced hypertrophy.

Figure 3. Effect of TGF-␤ on cell size. Cell size was measured by
forward light scatter of the G1 subpopulation and is expressed as an
increase compared with control cells not exposed to TGF-␤. TGF-␤
increased cell size (⫹/⫹, □) at all time points compared with control
⫹/⫹ cells not exposed to TGF-␤. Cell size was not increased by
TGF-␤ in p21 null (p21 ⫺/⫺, 1), p27 null (p27 ⫺/⫺, p), and
p21/p27 double null (double ⫺/⫺, 䡵) at 24 h. TGF-␤ increased cell
size in single p21 ⫺/⫺ and in single p27 ⫺/⫺ cells at 48 and 96 h, but
the increase was not as marked as ⫹/⫹ cells exposed to TGF-␤. In
contrast, cell size did not increase in p21/p27 double ⫺/⫺ cells at 24 h
and 48 h. Cell size increased at 96 h, but the increase was significantly
less compared with ⫹/⫹, p21 ⫺/⫺, and p27 ⫺/⫺ mesangial cells.
These results show that hypertrophy was significantly reduced in the
absence of p21 and p27, and this effect was more pronounced in the
absence of both CDK inhibitors. * P ⬍ 0.05.
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Figure 4. Effect of TGF-␤ on total protein content. TGF-␤ increased the total protein content, a marker of hypertrophy, in wild-type mesangial
cells (⫹/⫹ cell) at all time points. In contrast, TGF-␤ did not increase the total protein content in p21/p27 double null mesangial cells (double ⫺/⫺
cell) during the early time course (24 h and 48 h). However, TGF-␤ increased total protein content at 96 h. The values shown are means of four
experiments; total protein content was corrected for cell number. □, not treated with TGF-␤; 䡵, treated with 2 ng/ml of TGF-␤. * P ⬍ 0.05.

Discussion

Although TGF-␤ has been shown to regulate cell growth
(proliferation and hypertrophy), it is not known whether similar pathways mediate the regulation of these biologic effects.
Previous studies have shown that TGF-␤ decreases the levels
of specific cyclins and CDK and increases the levels of certain
CDK inhibitors. In the current study, we show that the CDK
inhibitors p21 and p27 are not required for the antiproliferative
effect of TGF-␤ on mesangial cells. In contrast, this is the first
study to show that the hypertrophic effect of TGF-␤ is reduced
in the absence of both p21 and p27.
Our results showed that p21 and p27 are not necessary for
TGF-␤–mediated antiproliferation in cultured mouse mesangial cells. TGF-␤ suppressed cell proliferation in mesangial
cells lacking p21 and p27 to a similar extent as control wildtype cells. TGF-␤ is known to cause apoptosis in some types of
cells including cultured mesangial cells (29). However, TGF␤–suppressed DNA synthesis measured by [3H]-thymidine incorporation, and cell-cycle analysis on flow cytometry clearly
showed that TGF-␤ induced G1 arrest. In addition, there was
no significant increase in apoptosis induced by TGF-␤ in all
the cell types used in this study.
Several studies have shown that the levels of p21 and p27 are
increased by TGF-␤ during TGF-␤–induced G1 arrest. These
results lead the authors to conclude that p21 and p27 were required for TGF-␤–induced antiproliferation (30). In contrast, in
certain cell types, p21 or p27 protein levels do not change in
response to TGF-␤ (31). In the current study, we demonstrate that
antiproliferative effects of TGF-␤ are independent of p21 or p27.

Thus, one interpretation could be that the increase in the expression levels of p21 and p27 by TGF-␤ might be secondary to
cell-cycle arrest. A similar paradigm has been shown for the
CDK-inhibitor p15, where p15 is increased by TGF-␤ (7), yet
cells lacking p15 undergo TGF-␤–induced G1 arrest (8,31).
Taken together, these results suggest that the absolute increase in
levels of cell-cycle proteins does not correlate with a role for that
gene alone in mediating antiproliferation. These results also show
the redundancy of many cell-cycle proteins.
The mechanisms underlying the hypertrophic effect of
TGF-␤ are not fully understood. Accordingly, we were particularly interested in the role of the CDK inhibitors p21 and p27
in mediating the hypertrophic effects of TGF-␤. Our data
showed that hypertrophy induced by TGF-␤ was reduced in
single p21 ⫺/⫺ and single p27 ⫺/⫺ mesangial cells compared
with control ⫹/⫹ mesangial cells. However, a second major
finding in this study was that the initial maximal TGF-␤–
induced hypertrophy required the presence of both the Cip/Kip
inhibitors, p21 and p27. This conclusion was based on the data
showing that in the absence of both p21 and p27 in p21/p27
double ⫺/⫺ mesangial cells, hypertrophy was significantly reduced compared with single ⫺/⫺ cells. The reduction in hypertrophy was not due to an absent responsiveness of the p21/p27
double ⫺/⫺ cells, because as stated earlier, we showed that
TGF-␤ inhibited their proliferation. Our data in single p21 ⫺/⫺
and p27 ⫺/⫺ cells also showed that the initial phase of hypertrophy was dependent on p21 or p27 and that in the absence of these
CDK-inhibitors, hypertrophy induced by TGF-␤ was delayed
compared with control cells expressing these genes. Finally, the
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Figure 5. Effect of TGF-␤ on [3H]-leucine incorporation. TGF-␤ increased new protein synthesis measured by the incorporation of [3H]-leucine
per cell in wild-type mesangial cells (⫹/⫹ cell) at all time points. In contrast, TGF-␤ did not increase [3H]-leucine incorporation in p21/p27
double null mesangial cells (p21/p27 double ⫺/⫺ cell) at the early time course (24 h and 48 h). TGF-␤ increased protein synthesis at 96 h (*
P ⬍ 0.05). The values shown are means of four experiments; [3H]-leucine incorporation was corrected for cell number. □, not treated with
TGF-␤; 䡵, treated with 2 ng/ml of TGF-␤. * P ⬍ 0.05.

finding that cell size increased at 96 h in p21/p27 double ⫺/⫺
cells suggests a cell-cycle–independent mechanism underlying the
later phase of TGF-␤–induced hypertrophy.
Several methods are used to measure cell hypertrophy, including protein:DNA content ratio and total protein content per
cell. Forward light scatter (flow cytometry) is the most accurate measure of cell size. However, there are difficulties in
evaluating the effect of TGF-␤ on cell size, because TGF-␤
also affects cell proliferation. During cell-cycle progression,
cell size increases physiologically from G1 phase to M phase.
Studies have shown that the mean cell size in G1 is smaller
than the G2 subpopulation. In the current study, we accordingly measured forward light scatter specific for individual
phases of cell cycle, G1 and G2/M. The results in both G1
phase and G2/M phase showed a similar increase in hypertrophy. The lack of hypertrophy (at 24 h and 48 h) in p21/p27
double ⫺/⫺ induced by TGF-␤ was also confirmed by measuring total protein content per cell and [3H]-leucine incorporation per cell. However, there was a discrepancy at the later
time point (96 h). Our results showed that TGF-␤ increased
total protein content and [3H]-leucine incorporation in p21/p27
double ⫺/⫺ cells to a similar magnitude compared with ⫹/⫹
cells. The increase in forward light scatter in p21/27 double
⫺/⫺ cells was less at 96 h compared with ⫹/⫹ cells. This
discrepancy might be explained in several ways. First, the
absence of these specific CDK inhibitors may be associated
with a delay in TGF-␤ responsiveness rather than completely
abolishing the hypertrophic effect of TGF-␤. Second, the
mechanisms of cell hypertrophy may be different in early and

later time points. Third, because the total protein and [3H]leucine incorporation was measured without trypsinization,
these measures could also reflect changes in extracellular proteins. Finally, because TGF-␤ increases the production of
extracellular matrix proteins, the measurement of adherent
cells could be affected.
Preisig proposed that cell hypertrophy is due to cell cycle–
independent and cell cycle– dependent mechanisms (19). Most
examples of hypertrophy are associated with growth arrest.
Studies have shown that CDK-inhibitors are involved in
growth arrest– dependent mechanisms of hypertrophy. Overexpressing the Cip/Kip inhibitors p21 or p27 induces hypertrophy
(22). Mesangial cell hypertrophy caused by high glucose is
associated with increased levels of p21 and p27 (32,33), and
hypertrophy is reduced in p27 ⫺/⫺ mesangial cells exposed to
high glucose (20). Moreover, glomerular hypertrophy is reduced in diabetic p21 null mice (21). However, in this study,
TGF-␤ induced cell-cycle arrest but the hypertrophy induced
by TGF-␤ was reduced in p21/p27 double ⫺/⫺ cells. This
suggests that hypertrophy induced by TGF-␤ is not secondary to
antiproliferation and that there is a mechanism of hypertrophy
independent of growth arrest and dependent on p21 and p27.
Owens has also shown that TGF-␤–induced hypertrophy may not
be a direct consequence of growth inhibition but rather occurs
concurrently due to additional effects of TGF-␤ distinct from
growth inhibition (16). Thus, we propose that cell hypertrophy is
independent of cell-cycle arrest and is dependent on p21 and p27.
It remains to be elucidated how p21 and p27 exert the hypertrophic function independently of regulation of cell cycle.
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We conclude that p21 and p27 are not required for the
antiproliferative effects of TGF-␤. However, the hypertrophic
growth effects of TGF-␤ were reduced in the absence of both
p21 and p27. These results suggest that the regulation proliferation and hypertrophy by TGF-␤ are distinct processes.

Acknowledgments
This work was supported by the National Institute of Health
(DK34198, DK52121, DK51096, DK56799), the Juvenile Diabetes
Foundation, and the George O’Brien Kidney Research Center
(DK47659). TM is supported by the Sankyo Foundation of Life
Science. We thank James M. Roberts and Matthew Fero for supplying
mice for cell harvesting.

References

1. Shankland SJ, Johnson RJ: TGF-␤ in glomerular disease. Miner
Electrolyte Metab 24: 168 –173, 1998
2. Wolf G, Ziyadeh FN: Molecular mechanisms of diabetic renal
hypertrophy. Kidney Int 56: 393– 405, 1999
3. MacKay K, Striker LJ, Stauffer JW, Doi T, Agodoa LY, Striker
GE: Transforming growth factor-␤. Murine glomerular receptors
and responses of isolated glomerular cells. J Clin Invest 83:
1160 –1167, 1989
4. Massague J, Blain SW, Lo RS: TGF-␤ signaling in growth
control, cancer, and heritable disorders. Cell 103: 295–309, 2000
5. Shankland SJ, Wolf G: Cell cycle regulatory proteins in renal
disease: Role in hypertrophy, proliferation, and apoptosis. Am J
Physiol Renal Physiol 278: F515–F529, 2000
6. Ewen ME, Sluss HK, Whitehouse LL, Livingston DM: TGF beta
inhibition of Cdk4 synthesis is linked to cell cycle arrest. Cell 74:
1009 –1020, 1993
7. Hannon GJ, Beach D: p15INK4B is a potential effector of
TGF-␤-induced cell cycle arrest. Nature 371: 257–261, 1994
8. Iavarone A, Massague J: Repression of the CDK activator
Cdc25A and cell-cycle arrest by cytokine TGF-␤ in cells lacking
the CDK inhibitor p15. Nature 387: 417– 422, 1997
9. Li CY, Suardet L, Little JB: Potential role of WAF1/Cip1/p21 as
a mediator of TGF-␤ cytoinhibitory effect. J Biol Chem 270:
4971– 4974, 1995
10. Polyak K, Kato JY, Solomon MJ, Sherr CJ, Massague J, Roberts
JM, Koff A: p27Kip1, a cyclin-Cdk inhibitor, links transforming
growth factor-beta and contact inhibition to cell cycle arrest.
Genes Dev 8: 9 –22, 1994
11. Ziyadeh FN, Sharma K: Role of transforming growth factor-␤ in
diabetic glomerulosclerosis and renal hypertrophy. Kidney Int
Suppl 51: S34 –S36, 1995
12. Fries JW, Sandstrom DJ, Meyer TW, Rennke HG: Glomerular
hypertrophy and epithelial cell injury modulate progressive glomerulosclerosis in the rat. Lab Invest 60: 205–218, 1989
13. Hostetter TH: Progression of renal disease and renal hypertrophy. Annu Rev Physiol 57: 263–278, 1995
14. Zatz R, Fujihara CK: Glomerular hypertrophy and progressive
glomerulopathy. Is there a definite pathogenetic correlation?
Kidney Int Suppl 45: S27–S29; discussion S30 –S31, 1994
15. Choi ME, Kim EG, Huang Q, Ballermann BJ: Rat mesangial cell
hypertrophy in response to transforming growth factor-␤ 1. Kidney Int 44: 948 –958, 1993
16. Owens GK, Geisterfer AA, Yang YW, Komoriya A: Transforming growth factor-␤-induced growth inhibition and cellular hypertrophy in cultured vascular smooth muscle cells. J Cell Biol
107: 771–780, 1988

J Am Soc Nephrol 13: 1172–1178, 2002

17. Franch HA, Shay JW, Alpern RJ, Preisig PA: Involvement of
pRB family in TGF-␤-dependent epithelial cell hypertrophy.
J Cell Biol 129: 245–254, 1995
18. Sharma K, Jin Y, Guo J, Ziyadeh FN: Neutralization of TGF-beta
by anti-TGF-␤ antibody attenuates kidney hypertrophy and the
enhanced extracellular matrix gene expression in STZ-induced
diabetic mice. Diabetes 45: 522–530, 1996
19. Preisig PA, Franch HA: Renal epithelial cell hyperplasia and
hypertrophy. Semin Nephrol 15: 327–340, 1995
20. Wolf G, Schroeder R, Zahner G, Stahl RA, Shankland SJ: High
glucose-induced hypertrophy of mesangial cells requires
p27(Kip1), an inhibitor of cyclin-dependent kinases. Am J Pathol
158: 1091–1100, 2001
21. Al-Douahji M, Brugarolas J, Brown PA, Stehman-Breen CO,
Alpers CE, Shankland SJ: The cyclin kinase inhibitor p21WAF1/
CIP1 is required for glomerular hypertrophy in experimental
diabetic nephropathy. Kidney Int 56: 1691–1699, 1999
22. Terada Y, Inoshita S, Nakashima O, Tamamori M, Ito H, Kuwahara M, Sasaki S, Marumo F: Cell cycle inhibitors (p27Kip1
and p21CIP1) cause hypertrophy in LLC-PK1 cells. Kidney Int
56: 494 –501, 1999
23. Kato S, Yamaguchi M, Fujii T, Miyagi N, Terasaki M, Hamada
T, Sugita Y: Overexpression of p21Waf-1 in vascular smooth
muscle cells: Regulation of proliferation, differentiation, and cell
size. Exp Mol Pathol 66: 39 –52, 1999
24. Wolf G, Stahl RA: Angiotensin II-stimulated hypertrophy of
LLC-PK1 cells depends on the induction of the cyclin-dependent
kinase inhibitor p27Kip1. Kidney Int 50: 2112–2119, 1996
25. Braun-Dullaeus RC, Mann MJ, Ziegler A, von der Leyen HE,
Dzau VJ: A novel role for the cyclin-dependent kinase inhibitor
p27(Kip1) in angiotensin II-stimulated vascular smooth muscle
cell hypertrophy. J Clin Invest 104: 815– 823, 1999
26. Wolf G, Schroeder R, Thaiss F, Ziyadeh FN, Helmchen U, Stahl
RA: Glomerular expression of p27Kip1 in diabetic db/db mouse:
role of hyperglycemia. Kidney Int 53: 869 – 879, 1998
27. Shankland SJ, Pippin J, Flanagan M, Coats SR, Nangaku M,
Gordon KL, Roberts JM, Couser WG, Johnson RJ: Mesangial
cell proliferation mediated by PDGF and bFGF is determined by
levels of the cyclin kinase inhibitor p27Kip1. Kidney Int 51:
1088 –1099, 1997
28. Hiromura K, Pippin JW, Fero ML, Roberts JM, Shankland SJ:
Modulation of apoptosis by the cyclin-dependent kinase inhibitor
p27(Kip1). J Clin Invest 103: 597– 604, 1999
29. Patel P, Varghese E, Ding G, Fan S, Kapasi A, Reddy K, Franki
N, Nahar N, Singhal P: Transforming growth factor-␤ induces
mesangial cell apoptosis through NO- and p53-dependent and
-independent pathways. J Investig Med 48: 403– 410, 2000
30. Sherr CJ: Cancer cell cycles. Science 274: 1672–1677, 1996
31. Nagahara H, Ezhevsky SA, Vocero-Akbani AM, Kaldis P, Solomon MJ, Dowdy SF: Transforming growth factor-␤ targeted
inactivation of cyclin E:cyclin-dependent kinase 2 (Cdk2) complexes by inhibition of Cdk2 activating kinase activity. Proc Natl
Acad Sci USA 96: 14961–14966, 1999
32. Kuan CJ, Al-Douahji M, Shankland SJ: The cyclin kinase inhibitor p21WAF1, CIP1 is increased in experimental diabetic nephropathy: Potential role in glomerular hypertrophy. J Am Soc
Nephrol 9: 986 –993, 1998
33. Wolf G, Schroeder R, Ziyadeh FN, Thaiss F, Zahner G, Stahl
RA: High glucose stimulates expression of p27Kip1 in cultured
mouse mesangial cells: Relationship to hypertrophy. Am J
Physiol 273: F348 –F356, 1997

