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S6 kinase acts as a driver for renal hypertrophy and matrix accu-
mulation, two key pathologic signatures of diabetic nephropathy.
As a post-translational modification, S6 kinase undergoes acetyla-
tion at the C terminus. The role of this acetylation to regulate kid-
ney glomerular cell hypertrophy and matrix expansion is not
known. In mesangial cells, high glucose decreased the acetylation
and enhanced phosphorylation of S6 kinase and its substrates rps6
and eEF2 kinase that lead to dephosphorylation of eEF2. To deter-
mine the mechanism of S6 kinase deacetylation, we found that tri-
chostatin A, a pan-histone deacetylase (HDAC) inhibitor, blocked
all high glucose–induced effects. Furthermore, high glucose in-
creased the expression and association of HDAC1 with S6 kinase.
HDAC1 decreased the acetylation of S6 kinase and mimicked the
effects of high glucose, resulting in mesangial cell hypertrophy and
expression of fibronectin and collagen I (�2). In contrast, siRNA
against HDAC1 inhibited these effects by high glucose. A C-termi-
nal acetylation-mimetic mutant of S6 kinase suppressed high
glucose–stimulated phosphorylation of S6 kinase, rps6 and eEF2
kinase, and inhibited the dephosphorylation of eEF2. Also, the
acetylation mimetic attenuated the mesangial cell hypertrophy and
fibronectin and collagen I (�2) expression. Conversely, an S6
kinase acetylation-deficient mutant induced all the above effects of
high glucose. Finally, in the renal glomeruli of diabetic rats, the
acetylation of S6 kinase was significantly reduced concomitant
with increased HDAC1 and S6 kinase activity. In aggregate, our
data uncovered a previously unrecognized role of S6 kinase
deacetylation in high glucose–induced mesangial cell hypertrophy
and matrix protein expression.

Nephropathy, a major microvascular complication of diabetes,
is associated with altered hemodynamics with early microalbu-
minuria followed by macroalbuminuria and finally loss of renal

function (1). Hyperglycemia adversely affects multiple renal cell
types, including podocytes, endothelial cells, and glomerular
mesangial cells in diabetic nephropathy. Although loss of podo-
cytes contributes significantly to diabetic nephropathy, albuminu-
ria regresses in more than 50% of patients (2). Renal hypertrophy
occurs very early and is characterized by an increase in cell protein
content (3, 4); it occurs in both type 1 and type 2 diabetes (5, 6).
Subsequently, mesangial expansion associated with glomerular
hypertrophy, thickening of glomerular and tubular basement
membranes, and accumulation of matrix proteins such as
fibronectin and collagen in the mesangium and interstitium occur
and correlate well with the progression of kidney injury (4–9). A
mouse model deficient in undergoing mesangial expansion is
resistant to renal hypertrophy and matrix protein expression in
diabetes (10). These results demonstrate a crucial role of mesangial
cells in the development of diabetic nephropathy.

High glucose initiates several interconnected signal trans-
duction pathways including mTOR signaling. mTOR is the cat-
alytic subunit of two evolutionarily conserved distinct com-
plexes, mTORC14 and mTORC2. mTORC1 regulates a wide
variety of cell functions, including cell size. For example, dTOR
regulates organ size in Drosophila, suggesting its role in cell
size control (11). We and others have shown previously that
mTORC1 contributes to glomerular hypertrophy, including
mesangial cell hypertrophy and matrix protein expansion, two
pathologic features of diabetic nephropathy (12–17). mTORC1
phosphorylates two important substrates, 4EBP-1 and S6
kinase. Upon phosphorylation, they contribute to ribosome bio-
genesis and protein synthesis to increase cell mass (18–20). Addi-
tionally, S6 kinase phosphorylates additional substrates that regu-
late insulin sensitivity, adipocyte differentiation, DNA damage
sensing, metabolism, and stress granule formation (21, 22).

Ribosomal protein S6 kinase exists in two forms, S6 kinases 1
and 2, which belong to the AGC kinase family and are encoded
by two distinct genes (23). Two isoforms of S6 kinase 1 have
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been identified that are generated by alternative splicing of the
same mRNA. The longer 85-kDa S6 kinase contains an extra 23
amino acids in its N terminus. The p85 S6 kinase 1 has recently
been shown to be a secreted metastatic oncoprotein in breast
cancer (24). The most extensively studied isoform of ribosomal
protein S6 kinase is the p70S6 kinase (S6 kinase), which pos-
sesses 502 amino acids. Phosphorylation of S6 kinase at its
hydrophobic motif site Thr-389 is necessary for its activation.
Although mTORC1 has been identified as the kinase that phos-
phorylates S6 kinase at this site, mTORC1-independent phos-
phorylation has been reported (25, 26). In renal cells, including
glomerular mesangial cells, we have shown that mTORC1-acti-
vated S6 kinase regulates cell hypertrophy and matrix protein
expression (15, 27). Along with its activation of phosphorylation by
mTORC1, S6 kinase undergoes other post-translational modifica-
tions such as ubiquitination and acetylation. Both these modifica-
tions are mediated by growth factor signaling and are independent
of the phosphorylation of S6 kinase (23, 28, 29). These post-trans-

lational modifications of S6 kinase do not affect its kinase activity.
However, it is proposed that these modifications may help to
recruit the S6 kinase in specific subcellular compartments (23).
The goal of this study was to investigate the role of S6 kinase acety-
lation in response to high glucose in the glomerular mesangial
cells. We show that high glucose induces deacetylation of S6
kinase. The histone deacetylase HDAC1 is required for this action
and mTORC1-mediated phosphorylation of the kinase. Deacety-
lation of S6 kinase is necessary for mesangial cell hypertrophy and
matrix protein expression. Furthermore,weshowintherenalglom-
eruli of diabetic rats that increased S6 kinase activation is associated
with its decreased acetylation and enhanced levels of HDAC1.

Results

High glucose decreases acetylation of S6 kinase

Among other AGC kinases, the C-terminal region of S6
kinase contains an autoinhibitory motif that blocks its activity

Figure 1. High glucose activates S6 kinase in association with decrease in its acetylation. Glomerular mesangial cells were incubated with 25 mM glucose
(high glucose (HG)) for the indicated duration. 5 mM glucose plus 20 mM mannitol was used for time 0. A, C, and D, the cleared cell lysates were immunoblotted
with anti-acetyllysine and anti-actin (A), phospho-S6 kinase Thr-389 and S6 kinase (C), and phospho-rps6 Ser-240/244 and rps6 (D) antibodies. B, the cell lysates
were immunoprecipitated with S6 kinase antibody followed by immunoblotting (IB) with anti-acetyllysine and S6 kinase antibodies as indicated. Molecular
weight markers are shown at the left margin. Quantifications are shown at right. Mean � S.D. (error bars) of three to four experiments is shown. In A and B, *, p �
0.001 versus 0 h. In C and D, *, p � 0.05; **, p � 0.01; #, p � 0.001 versus 0 h.
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(21). Downstream of the autoinhibitory site, several lysine res-
idues (Lys-484/485/493) undergo acetylation (23, 29 –31). To
systematically initiate our study, we examined the acetylation of
proteins in mesangial cells in response to 25 mM glucose. High
glucose decreased the acetylation of multiple proteins (Fig. 1A).
Immunoprecipitation of S6 kinase followed by anti-acetyllysine
immunoblotting showed decreased acetylation of this kinase by
high glucose (Fig. 1B). Correspondingly, reduced acetylation
was associated with increased phosphorylation of S6 kinase at
the activating hydrophobic motif site Thr-389 (Fig. 1C). Con-
sequently, the phosphorylation of rps6, an S6 kinase sub-
strate, was significantly increased (Fig. 1D). These results
demonstrate a congruence between high glucose–induced
S6 kinase deacetylation and its activation by mTORC1-me-
diated phosphorylation.

Because protein deacetylation is controlled by HDACs, we
considered using a pan-inhibitor, trichostatin A (TSA) (32).
TSA significantly prevented the deacetylation of S6 kinase
induced by high glucose (Fig. 2A). TSA also inhibited the high
glucose–stimulated activating phosphorylation of S6 kinase
and its substrate rps6 (Fig. 2, B and C). Similarly, phosphoryla-
tion of another substrate of S6 kinase, eEF2 kinase, was sup-

pressed by TSA (Fig. 2D). Phosphorylation of eEF2 kinase
inhibits its activity, resulting in a decrease in phosphorylation
and activation of eEF2 (33). High glucose reduced eEF2 phos-
phorylation, which was restored by TSA (Fig. 2E). One possibility
is that TSA may directly affect mTROC1 activity and as a result
affect the phosphorylation of S6 kinase. To test this, we deter-
mined the phosphorylation of 4EBP-1, another direct substrate of
mTORC1 (34). As shown in Fig. 2F, high glucose increased the
phosphorylation of 4EBP-1, which was not inhibited by TSA.
These data demonstrate a role for HDAC in deacetylation and
activation of S6 kinase, including phosphorylation of its down-
stream substrates in response to high glucose in the absence of
effect on other aspects of mTORC1 kinase activity.

HDAC1 regulates S6 kinase acetylation

Class I HDACs, including HDAC1, are abundantly expressed
in the renal cortex, including renal fibroblasts and tubular epi-
thelial cells (35). High glucose increased the expression of
HDAC1 protein in a time-dependent manner in mesangial cells
(Fig. 3A). Increased expression was detected at 2 h of incubation
with high glucose. Interestingly, high glucose did not have any
effect on expression of HDAC1 mRNA (Fig. 3B), indicating lack

Figure 2. HDAC inhibitor reverses high glucose–induced inhibition of S6 kinase acetylation to decrease its activity. Mesangial cells were treated with 0.5
�M TSA for 1 h prior to incubation with 25 mM glucose (HG) for 24 h. A, the cell lysates were immunoprecipitated with S6 kinase antibody followed by
immunoblotting (IB) with anti-acetyllysine and anti-S6 kinase antibodies as indicated. B–F, cleared cell lysates were immunoblotted with phospho-S6 kinase
Thr-389 and S6 kinase (B), phospho-rps6 Ser-240/244 and rps6 (C), phospho-eEF2 kinase Ser-366 and eEF2 kinase (D), phospho-eEF2 Thr-56 and eEF2 (E), and
phospho-4EBP-1 Thr-37/46 and 4EBP-1 (F) antibodies. Molecular weight markers are shown at the left margin. Bottom panels show quantification of the blots.
Mean � S.D. (error bars) of three (A) and four (B–F) independent experiments is shown. For A and E, *, p � 0.05 versus normal glucose (NG); **, p � 0.05 versus
HG. In B–D and F, *, p � 0.01 versus NG; **, p � 0.01 versus HG. In F, there was no significant difference between HG and HG plus TSA.
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of regulation at the transcript level. To examine the interaction
of HDAC1 with S6 kinase, we expressed FLAG-tagged HDAC1
along with HA-tagged S6 kinase. Reciprocal immunoprecipita-
tion and immunoblotting revealed association of these two pro-
teins in mesangial cells (Fig. 3, C and D). Importantly, high
glucose increased the association of endogenous S6 kinase with
HDAC1 (Fig. 3, E and F). Because HDAC1 is a nuclear protein,
we tested the levels of HADC1 in the nucleus. High glucose
time-dependently increased the levels of HDAC1 in the nuclear
fraction of mesangial cells (Fig. 4A). Similarly, we detected
increased expression of HDAC1 in the cytosol in response to
high glucose (Fig. 4B). Interestingly, we found increased phos-
phorylation and localization of S6 kinase in the nucleus in addi-
tion to the cytosol of high glucose–treated mesangial cells (Fig.
4, C and D). Note that the expression of S6 kinase protein and
mRNA did not change with high glucose (Fig. 4, C–E). As we
have shown above that HDAC1 associates with S6 kinase, we
tested their association in the nucleus. As shown in Fig. 5, A and
B, S6 kinase in the nucleus associated with HDAC1 in the pres-
ence of high glucose. Similarly, the cytosolic fraction also
showed this association (Fig. 5, C and D). Interestingly, the
HDAC1-associated S6 kinase was phosphorylated in both
nucleus and cytosol (Fig. 5, E and F). These results demonstrate

that high glucose increases the level of HDAC1 in both nuclear
and cytosolic fractions and its association with the S6 kinase.

Next, we examined the effect of HDAC1 on the acetylation of
S6 kinase. Interestingly, expression of HDAC1 reduced the
acetylation of S6 kinase in normal glucose–treated cells, similar
to treatment with high glucose (Fig. 6A). Furthermore, HDAC1
increased the activating phosphorylation of S6 kinase, resulting in
phosphorylation of its substrates rps6 and eEF2 kinase (Fig. 6, B, C,
and D). Consequently, HDAC1 decreased the phosphorylation of
eEF2, similar to high glucose treatment (Fig. 6E). To confirm the
involvement of HDAC1, we used siRNA against this deacetylase.
Down-regulation of HDAC1 reversed the reduced acetylation of
S6 kinase induced by high glucose (Fig. 7A). Consequently,
siHDAC1 inhibited high glucose–stimulated S6 kinase as judged
by its phosphorylation, phosphorylation of rps6/eEF2 kinase, and
dephosphorylation of eEF2 (Fig. 7, B–E).

HDAC1 regulates high glucose–induced mesangial cell
hypertrophy and matrix protein expression

Renal hypertrophy is seen in early stages of diabetic kidney
injury. In mesangial cells, high glucose causes hypertrophy (15,
36). We have shown above that HDAC1 regulates the high
glucose–induced phosphorylation of rps6 and eEF2 kinase by

Figure 3. High glucose increases expression of HDAC1 protein. A and B, mesangial cells were incubated with 25 mM glucose (HG) for the indicated duration.
A, cell lysates were immunoblotted with HDAC1 and actin antibodies. B, expression of HDAC1 mRNA was determined as described under “Experimental
procedures.” n � 5; mean � S.D. (error bars) is shown. C–F, association of S6 kinase with HDAC1. C and D, mesangial cells were transfected with HA-S6 kinase
and FLAG-HDAC1 as indicated. Cell lysates were immunoprecipitated with nonimmune IgG, anti-HA (C), or anti-FLAG (D) antibody. The immunoprecipitates
were immunoblotted with FLAG and HA antibodies, respectively. E and F, mesangial cells were incubated with HG or NG for 24 h. Cell lysates were immuno-
precipitated with S6 kinase (E) or HDAC1 (F) antibody followed by immunoblotting (IB) with HDAC1 and S6 kinase antibodies, respectively, as indicated.
Molecular weight markers are shown at the left margins. Mean � S.D. (error bars) of three to four experiments is shown. *, p � 0.001 versus 0.05 versus zero time
point or NG.
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S6 kinase, suggesting a role of this deacetylase in the initiation
and elongation phase of mRNA translation, a rate-limiting step
in protein synthesis necessary for hypertrophy. TSA signifi-
cantly inhibited the protein synthesis and hypertrophy of mesan-
gial cells evoked by high glucose (Fig. 8, A and B). Similarly, siRNA
against HDAC1 produced identical results (Fig. 8, C and D). In
contrast, expression of HDAC1 increased the protein synthesis
and induced hypertrophy of mesangial cells, similar to that
observed with high glucose (Fig. 8, E and F). Along with cell hyper-
trophy, high glucose enhances matrix protein expression in
mesangial cells (15, 36). TSA as well as siRNA against HDAC1
significantly inhibited high glucose–stimulated fibronectin and
collagen I (�2) expression (Fig. 9, A–D). Conversely, expression of
HDAC1 increased the expression of both these proteins, similar to
high glucose treatment (Fig. 9, E and F).

C-terminal acetylation of S6 kinase regulates its activity and
mesangial cell pathology by high glucose

Our work in renal cells has established a role for S6 kinase in
cell hypertrophy and matrix protein expansion (15, 27). Our
results above demonstrate a conclusive role of HDAC1 in S6
kinase deacetylation, mesangial cell hypertrophy, and matrix
protein expression. S6 kinase undergoes acetylation at three
C-terminal lysine residues (Lys-484/485/493) by the histone
acetyltransferase p300/PCAF (23, 29 –31). We first determined
whether the C-terminal acetylation of S6 kinase is required for
high glucose–induced activation of this kinase. We used an
acetylation-mimetic mutant in which the three lysine residues
of the S6 kinase were replaced by alanine (TKA). Expression of
TKA blocked the high glucose–stimulated activating phosphor-

Figure 4. High glucose increases levels of HDAC1 and S6 kinase in the nuclear and cytosolic fractions. Mesangial cells were incubated with 25 mM glucose
(HG) for the indicated duration. Nuclear and cytosolic extracts were prepared as described under “Experimental procedures.” Nuclear (A and C) and cytosolic (B
and D) extracts were immunoblotted with the indicated antibodies. The bottom part in each panel shows quantification of the blots. n � 3; *, p � 0.001– 0.05
versus 0 h. E, mesangial cells were incubated with high glucose for the indicated time periods. Total RNAs were used for real-time RT-PCR with S6 kinase and
GAPDH primers as described under “Experimental procedures.” Mean � S.D. (error bars) of nine measurements is shown.
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ylation of S6 kinase, resulting in inhibition of phosphorylation
of its two substrates, rps6 and eEF2 kinase (Fig. 10, A–C). Con-
sequent to the mitigation of eEF2 kinase phosphorylation, TKA
reversed the high glucose–reduced eEF2 phosphorylation (Fig.
10D). To confirm the role of S6 kinase acetylation, we used an
acetylation-deficient S6 kinase mutant (TKR). Expression of
TKR increased the phosphorylation of S6 kinase and its sub-
strates rps6 and eEF2 kinase, similar to that observed with high
glucose treatment (Fig. 10, E–G). Due to enhanced inactivating
phosphorylation of eEF2 kinase, TKR decreased the phosphor-
ylation of eEF2, similar to high glucose (Fig. 10H). Together,
these results indicate that C-terminal deacetylation of S6 kinase

regulates the high glucose–induced activation of this kinase.
Furthermore, our data suggest that S6 kinase acetylation con-
trols the elongation phase of protein synthesis.

Our results above demonstrate that acetylation of S6 kinase
regulates its phosphorylation by mTOR. One hypothesis is
that for S6 kinase phosphorylation by mTORC1 to occur it
needs to be associated with the kinase mTOR. Therefore, we
examined the effect of S6 kinase acetylation mutants on the
association of these two kinases. High glucose significantly
increased the association of S6 kinase with mTOR in mesan-
gial cells. Expression of the acetylation-mimetic mutant
TKA significantly decreased association of S6 kinase with

Figure 5. High glucose increases association of HDAC1 with S6 kinase in nuclear and cytosolic fractions. Mesangial cells were incubated with 25 mM glucose
(HG) for 24 h. Nuclear and cytosolic extracts were prepared as described under “Experimental procedures.” Nuclear (A, B, and E) and cytosolic (C, D, and F) extracts were
immunoprecipitated with IgG or HDAC1 (A, C, E, and F) and IgG or S6 kinase (B and D) antibodies followed by immunoblotting (IB) with S6 kinase (A and C), HDAC1 (B
and D), and phospho-S6 kinase (E and F) antibodies as indicated. The expression of lamin B and actin is shown to demonstrate purity of the nuclear and cytosolic
fractions. Quantifications are shown at the bottom. Mean � S.D. (error bars) of three to five experiments is shown. *, p � 0.001–0.05 versus NG.
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mTOR in the total cell lysates as well as in the nuclear and
cytosolic fractions (Figs. 11, A and B, and 12). In contrast, the
acetylation-deficient mutant TKR increased the association
of mTOR with S6 kinase, similar to that found with high
glucose alone (Figs. 11, C and D, and Fig. 13).

Next, we determined the role of S6 kinase C-terminal acety-
lation in mesangial cell hypertrophy for which protein synthesis
is required. Expression of the acetylation-mimetic mutant of
S6 kinase, TKA, significantly inhibited the high glucose–
stimulated protein synthesis in mesangial cells (Fig. 14A). Sim-
ilarly, mesangial cell hypertrophy induced by high glucose was
also blocked by TKA (Fig. 14B). In contrast to these results,
expression of the acetylation-deficient mutant of S6 kinase,
TKR, induced protein synthesis and hypertrophy of mesangial

cells, similar to high glucose (Fig. 14, C and D). These results
indicate that C-terminal deacetylation of S6 kinase is necessary
for high glucose–induced injury in mesangial cells. Consistent
with this hypothesis, expression of the acetylation-mimetic
TKA significantly inhibited the expression of fibronectin and
collagen I (�2) in response to high glucose (Fig. 15, A and B).
Contrary to these results, TKR increased the fibronectin and
collagen I (�2) expression, similar to that observed with high
glucose (Fig. 15, C and D). Finally, we examined the require-
ment of S6 kinase in mesangial cell hypertrophy and matrix
protein expression by using the siRNAs against this kinase. siS6
kinase significantly inhibited high glucose–induced protein
synthesis and hypertrophy as well as fibronectin and collagen I
(�2) expression (Fig. 16).

Figure 6. HDAC1 decreases acetylation of S6 kinase to increase its activity. Mesangial cells were transfected with HDAC1 or vector and incubated with HG
or NG. A, cell lysates were immunoprecipitated with S6 kinase antibody followed by immunoblotting (IB) with anti-acetyllysine antibody. Expression of HDAC1
and actin in the cell lysates is shown in the bottom panels. B–E, the cell lysates were immunoblotted with phospho-S6 kinase Thr-389 and S6 kinase (B);
phospho-rps6 Ser-240/244 and rps6 (C), phospho-eEF2 kinase Ser-366 and eEF2 kinase (D), phospho-eEF2 Thr-56 and eEF2 (E), and FLAG antibodies as
indicated. Molecular weight markers are shown at the left margins. Side and bottom panels show quantifications. Mean � S.D. (error bars) of four (A–D) and three
(E) experiments is shown. *, p � 0.001– 0.01 versus NG.

S6 kinase deacetylation by HDAC1 in diabetic nephropathy

9446 J. Biol. Chem. (2019) 294(24) 9440 –9460



We and others have shown previously that expression of
fibronectin and collagen I (�2) is regulated by transcriptional
mechanisms (37–40). We investigated the role of S6 kinase
and its acetylation in transcription of both these genes using
reporter plasmids in which the fibronectin and collagen I
(�2) promoters drive firefly luciferase gene (38, 40). High
glucose increased the transcription of both fibronectin and
collagen I (�2) (Fig. 17). Cotransfection of siRNA against S6
kinase with the reporter plasmids significantly inhibited the
reporter activity, suggesting inhibition of transcription of
both fibronectin and collagen I (�2) (Fig. 17, A and B). Sim-
ilarly, S6 kinase acetylation-mimetic mutant attenuated the
transcription of both fibronectin and collagen I (�2) (Fig. 17,
C and D). In contrast to these results, the acetylation-defi-
cient mutant of S6 kinase, TKR, increased the transcription
of fibronectin and collagen I (�2), similar to high glucose
treatment (Fig. 17, E and F). Taken together, our results sup-
port a conclusive role for S6 kinase and its C-terminal
deacetylation in high glucose–mediated mesangial cell
hypertrophy and matrix protein expression.

Deacetylation of S6 kinase in the glomeruli of streptozotocin-
induced diabetic rats

We and others have reported previously that activation of
mTORC1 increased the phosphorylation of S6 kinase in dia-

betic mice and human kidney (13, 14, 16, 17, 41– 43). Our
results above show that regulation of S6 kinase acetylation con-
tributes to mesangial cell hypertrophy and matrix protein
expression. We investigated the relevance of our observations
using glomeruli from streptozotocin-induced diabetic rats,
which show early pathological changes of diabetic nephropathy
(36). There was a significant decrease in the S6 kinase acety-
lation in the glomeruli of diabetic rats (Fig. 18, A and B). In
mesangial cells, deacetylation of S6 kinase by high glucose
was associated with increased expression of HDAC1. Con-
sistently, the levels of HDAC1 were significantly elevated in
the diabetic glomeruli (Fig. 18, C and D). We have shown that
HDAC1 promoted the activating phosphorylation of S6
kinase in mesangial cells (Figs. 6 and 7), so we tested this
phenomenon. As shown in Fig. 18, E and F, the phosphory-
lation of S6 kinase was markedly enhanced in the glomeruli
of the diabetic rats. In fact, we detected increased phosphor-
ylation of both the substrates of S6 kinase, rps6 and eEF2
kinase (Fig. 18, G–J). As a consequence of phosphorylation-
dependent inactivation of eEF2 kinase, the level of eEF2 phos-
phorylation was significantly reduced in the diabetic glom-
eruli (Fig. 18, K and L). These results indicate a possible role
of S6 kinase deacetylation in the activation of this kinase and
in the pathology of diabetic kidney injury.

Figure 7. HDAC1 regulates acetylation of S6 kinase and its activity. Mesangial cells were transfected with siRNA against HDAC1 or scrambled RNA. A, the
cell lysates were immunoprecipitated with S6 kinase antibody followed by immunoblotting (IB) with anti-acetyllysine antibody. Expression of HDAC1 and actin
in the cell lysates is shown in the bottom panels. B–E, the cell lysates were immunoblotted with phospho-S6 kinase Thr-389 and S6 kinase (B), phospho-rps6
Ser-240/244 and rps6 (C), phospho-eEF2 kinase Ser-366 and eEF2 kinase (D), phospho-eEF2 Thr-56 and eEF2 (E), and HDAC1 antibodies as indicated. Molecular
weight markers are shown at the left margins. Bottom panels show quantifications. Mean � S.D. (error bars) of three (A) and four (B–E) experiments is shown. *,
p � 0.001 versus NG; **p � 0.001 versus HG.
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Discussion
Activation of the S6 kinase occurs by phosphorylation at

Thr-389 by mTORC1. At the N terminus of S6 kinase, there is a
short stretch of amino acids called the TOS motif, which is also
present in the other substrates of mTORC1 such as 4EBP-1
(44). Mutation of the S6 kinase TOS motif abolishes its phos-
phorylation by mTORC1. In fact, the S6 kinase TOS motif is
required for binding to raptor, the substrate-binding subunit of
mTORC1 (45, 46). A series of structure–function studies
revealed molecular steps that induce multiple phosphoryla-
tion– dependent activation of S6 kinase (47–50). At the basal
state, the pseudosubstrate segment at the C terminus contain-
ing multiple proline-directed phosphorylation sites interacts
with the N-terminal domain to autoinhibit the S6 kinase activ-
ity. The initial activation process involves multiple phosphory-
lations at the C-terminal serine residues to facilitate binding of
the N terminus TOS motif with raptor (25, 51). This interaction
brings the substrate S6 kinase onto the mTORC1 for its phos-
phorylation at the hydrophobic motif site Thr-389. However,
mutation of the autoinhibitory site at the C terminus relieves
the TOS mutation–induced inactivation of S6 kinase (52).
Thus, a role of the C terminus in activation of S6 kinase is
established.

High glucose is known to induce multiple growth factors
such as transforming growth factor-� and platelet-derived
growth factor (53). We and others have shown that both these
growth factors control the phosphorylation of S6 kinase by high
glucose (54, 55). However, along with phosphorylation, growth
factor–induced C-terminal acetylation of S6 kinase has also
been reported (29). In contrast to these results, in the present
study we show that in the basal inactive state, S6 kinase is acety-
lated at its C terminus, which may contribute to its autoinhibi-
tion in the absence of any stimulus. In fact, we demonstrate that
high glucose decreases the acetylation of S6 kinase. We postu-
late that the deacetylation of S6 kinase relieves the autoinhibi-
tion of S6 kinase by the C terminus in the presence of high
glucose, resulting in its binding to mTOR, thus enabling Thr-
389 phosphorylation by mTORC1 (51, 52). This hypothesis is
supported by our observation that the acetylation-mimetic
mutant of S6 kinase inhibited the association of the kinase with
mTOR and hence inhibited the mTOR-mediated phosphoryla-
tion. These results are further supported by our opposite find-
ing with the acetylation-deficient mutant, which showed
increased association of mTOR with S6 kinase.

Acetylation of histones at the promoter region of various
matrix protein genes contributes to the pathologies of diabetic

Figure 8. HDAC1 controls mesangial cell protein synthesis and hypertrophy. A and B, mesangial cells were treated with 0.5 �M TSA prior to incubation with
HG for 24 h. In A, the protein synthesis was determined as [35S]methionine incorporation as described under “Experimental procedures.” Mean � S.D. (error
bars) of triplicate measurements is shown. *, p � 0.0001 versus NG; **, p � 0.001 versus HG. In B, hypertrophy was determined as the ratio of protein to cell
number as described under “Experimental procedures.” Mean � S.D. (error bars) of triplicate measurements is shown. *, p � 0.02 versus NG; **, p � 0.02 versus
HG. C–F, mesangial cells were transfected with siRNA against HDAC1 or scrambled RNA (C and D) or with FLAG-HDAC1 or vector plasmids (E and F). Protein
synthesis was determined as [35S]methionine incorporation (C and E). Mean � S.D. (error bars) of triplicate measurements is shown. *, p � 0.0001 versus NG; **,
p � 0.001 versus HG in C. Hypertrophy was determined as described above (D and F). Mean � S.D. (error bars) of triplicate measurements is shown. *, p � 0.0008
versus NG; **, p � 0.0008 versus HG in D; *, p � 0.004 versus NG in F. Right panels in C and D show quantifications of HDAC1 down-regulation. Mean � S.D. (error
bars) of three experiments is shown.*, p � 0.001 versus NG; **, p � 0.001 versus HG.
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nephropathy (53). Along with histone acetylation, acetylation
of nonhistone proteins such as different transcription factors
and enzymes, including the S6 kinase, has been reported (29,
30). However, the status of acetylation is maintained by the
activity of HDACs, which deacetylate the acetylated histones
and other proteins. HDAC inhibitors have been tested clinically
for various malignancies (56). HDACs have been implicated in
renal fibrosis. For example, the pan-HDAC inhibitor TSA was
shown to ameliorate renal fibrosis in a model of unilateral ure-
teral obstruction by attenuating inflammatory responses and
restoring anti-fibrotic BMP7 transcription (57–59). At the cel-
lular level, in renal proximal tubular epithelial cells, TSA
blocked the epithelial-to-mesenchymal trans-differentiation
necessary for fibrosis (60). Moreover, in renal glomerular endo-
thelial cells, TSA suppressed the expression of the profibrotic

cytokine connective tissue growth factor (61). However, these
beneficial effects of HDAC inhibition in renal cells do not iden-
tify any specific target protein for its action (35, 62). A recent
report in T cells showed that HDAC inhibition by TSA induced
their differentiation, which depended upon increased acetyla-
tion of S6 kinase. However, in this study, increased acetylation
of S6 kinase enhanced its phosphorylation/activation by
mTORC1 (63). In contrast to these results, our present study in
glomerular mesangial cells demonstrates that TSA inhibits the
phosphorylation of S6 kinase due to reversal of its deacetylation
induced by high glucose. In fact, an increase in the S6 kinase
acetylation results in a decrease in the phosphorylation of the
S6 kinase substrates, leading to attenuation of mesangial cell
hypertrophy and matrix protein expression. It should be noted
that TSA did not directly affect the whole spectrum of

Figure 9. HDAC1 regulates expression of matrix proteins. A and B, mesangial cells were treated with 0.5 �M TSA for 1 h prior to incubation with HG for 24 h.
C–F, mesangial cells were transfected with siRNA against HDAC1 or scrambled RNA (C and D) or with FLAG-HDAC1 or vector (E and F). The cell lysates were
immunoblotted with fibronectin, collagen I (�2), HDAC1, FLAG, and actin antibodies as indicated. Bottom panels show quantifications. For A–D, mean � S.D.
(error bars) of four independent experiments is shown. For A and B, *, p � 0.001 versus NG; **, p � 0.001 versus HG. For C and D, *, p � 0.01 versus NG; **, p � 0.01
versus HG. For E and F, mean � S.D. (error bars) of three experiments is shown. *, p � 0.05 (E) and 0.001 (F) versus NG.
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mTROC1 activity as high glucose–induced phosphorylation of
4EBP-1, another substrate of mTORC1, was unaffected by TSA.
These results suggest that HDAC inhibition does not have any
direct effect on mTORC1 activity. Rather, we conclude that
TSA acts through S6 kinase acetylation, which contributes to
the phosphorylation of this kinase by mTORC1, leading to its
beneficial effects on fibrotic changes in renal cells.

Multiple isoforms of HDACs are expressed in the kidneys
and in proximal tubular epithelial cells (35, 64). Quantitative
RT-PCR analysis of whole kidneys from patients with diabetic

nephropathy showed increased mRNA expression of the three
isotypes HDAC2, HDAC4, and HDAC5. This expression pro-
file was confirmed by immunohistochemical analysis. How-
ever, the expression of HDAC2 was localized to the tubules,
whereas both HDAC4 and HDAC5 were present in the glom-
eruli (65). Interestingly, weak expression of these isotypes was
detected in diabetic patients without nephropathy. Similar to
these observations, the expression of HDAC2 as well as HDAC4
and HDAC5 was increased in rodent models of both type 1 and
type 2 diabetes, in cultured proximal tubular epithelial cells,

Figure 10. Acetylation of S6 kinase regulates its activity. Mesangial cells were transfected with acetylation-mimetic mutant HA-S6 kinase TKA (A–D),
acetylation-deficient HA-S6 kinase TKR (E–H), or vector as indicated. Transfected cells were incubated with HG for 24 h. The cell lysates were immunoblotted
with the indicated antibodies. Bottom panels show quantification. Mean � S.D. (error bars) of three experiments is shown. *, p � 0.001– 0.05 versus NG; **, p �
0.001– 0.05 versus HG.
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and in glomerular mesangial cells and epithelial cells (podo-
cytes) (62, 65). Among these isotypes, only HDAC2 was
increased by high glucose in the proximal tubular epithelial
cells, whereas HDAC4 and HDAC5 were increased in the podo-
cyte and mesangial cells, respectively (65). Interestingly, we
showed a significant increase in HDAC1 protein in the absence
of any increase in its mRNA in mesangial cells in response to
high glucose. These results suggest that high glucose does not
regulate HDAC1 expression at the transcript level. Interest-
ingly, our results, for the first time, demonstrate an increase in
the HDAC1 levels in both nuclear and cytosolic fractions of
mesangial cells in the presence of high glucose. Furthermore,
HDAC1 is associated with S6 kinase. Importantly, HDAC1-as-
sociated S6 kinase is phosphorylated in response to high glu-
cose. In fact, for the first time, we identified that S6 kinase is
present in a complex with HDAC1, and we demonstrated a high
glucose–inducible association of this deacetylase with S6 kinase
not only in the cytosol but in the nucleus also. Furthermore, we
demonstrated a role of HDAC1 in mesangial cell hypertrophy
and matrix protein expression. Additionally, we detected
increased levels of HDAC1 in the glomeruli of diabetic rats.

S6 kinase–mediated phosphorylation of substrates regulates
protein synthesis at multiple stages, including mRNA transla-
tion initiation and elongation. For example, inactive S6 kinase
binds to the multisubunit preinitiation scaffold eIF3, whereas
stimulus-inducible recruitment of mTORC1 to eIF3 facilitates
phosphorylation of the S6 kinase at Thr-389 to yield dissocia-
tion of activated S6 kinase for subsequent phosphorylation of
its translational target proteins such as rps6 and eEF2 kinase
(18). It is not known whether the acetylation status of S6 kinase
determines its binding to eIF3 for the activating phosphorylation
by mTORC1 and subsequent phosphorylation of the S6 kinase
substrates. Interestingly, our data in the present study demon-
strate that deacetylation of S6 kinase is necessary for phosphory-
lation of rps6 and eEF2 kinase, two substrates required for
increased renal cell protein synthesis (33, 66). Importantly, in the
renal glomeruli of type 1 diabetic rats, we found increased phos-
phorylation of these two substrates of S6 kinase, and this was asso-
ciated with decreased S6 kinase acetylation.

A significant role of S6 kinase in cell size control has been
established. Earlier studies in Drosophila revealed that deletion
of S6 kinase resulted in death at the larval stage. However, the

Figure 11. Acetylation of S6 kinase regulates its complex formation with mTOR. Mesangial cells were transfected with acetylation-mimetic HA-S6 kinase
TKA (A and B) and acetylation-deficient HA-S6 kinase TKR (C and D) mutants or vector as indicated. Transfected cells were incubated with HG for 24 h. The cell
lysates were immunoprecipitated with mTOR (A and C) and S6 kinase (B and D) followed by immunoblotting (IB) with S6 kinase and mTOR antibodies as
indicated. The expression of S6 kinase mutants is shown in the lysate. Bottom panels show quantification of the blots. Mean � S.D. (error bars) of four
independent experiments is shown. *, p � 0.001– 0.01 versus NG; **, p � 0.001– 0.01 versus HG.
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few survivors exhibited reduced body size exclusively due to
reduction in cell size, which further supports its role in cell size
control and not cell proliferation (67). Overexpression of S6
kinase in cultured mammalian cells increased the cell size with-
out any effect on cell cycle progression, indicating its specific
role in cell hypertrophy (68). Moreover, S6 kinase– deficient
mice are smaller than their WT littermates and exhibit reduced
pancreatic �-cell and myoblast size without any effect on the
proliferation (69 –72). Importantly, in a rodent model of unine-
phrectomy, where an increase in the size of the contralateral
kidney is observed, deletion of S6 kinase significantly abrogates
compensatory hypertrophy (73). Similarly, S6 kinase– deficient
mice showed attenuated renal hypertrophy induced by strepto-
zotocin-induced diabetes (73). In support of these observations,
our results here demonstrate that down-regulation of S6 kinase
significantly attenuated the hypertrophy of mesangial cells
induced by high glucose. Furthermore, in the present study, we

show that an acetylation-mimic mutant of S6 kinase inhibited
its activating phosphorylation and kinase activity in response to
high glucose. Furthermore, this mutant inhibited high glucose–
induced mesangial cell hypertrophy. The opposite effect was
observed with acetylation-deficient mutant, thus providing evi-
dence for a significant role of high glucose–stimulated deacety-
lation of S6 kinase in this process. These results concur with the
previous in vivo and in vitro role of S6 kinase activity in regu-
lating renal hypertrophy (15, 73). Another feature of diabetic
nephropathy is glomerulosclerosis, which follows renal hyper-
trophy due to increased accumulation of matrix proteins such
as collagen and fibronectin (4, 5, 8, 9). Using the same acetyla-
tion-mimic and -deficient mutants, we demonstrated a role of
S6 kinase deacetylation in matrix protein accumulation by high
glucose. In fact, we found that decreased acetylation of S6
kinase was associated with increased S6 kinase phosphorylation
in the renal glomeruli of diabetic rats, which exhibit increased

Figure 12. Acetylation-mimetic mutant of S6 kinase inhibits complex formation between mTOR and S6 kinase in the nuclear and cytosolic fractions.
Mesangial cells were transfected with acetylation-mimetic HA-S6 kinase TKA mutant or vector as indicated. Transfected cells were incubated with HG for 24 h.
The nuclear and cytosolic fractions were immunoprecipitated with mTOR (A and C) and S6 kinase (B and D) followed by immunoblotting (IB) with S6 kinase and
mTOR antibodies as indicated. The expression of S6 kinase mutant, lamin B, and actin is shown. Bottom panels show quantification of the blots. Mean � S.D.
(error bars) of three to four experiments is shown. *, p � 0.001– 0.01 versus NG; **, p � 0.0.001– 0.05 versus HG.
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matrix protein expression. These results further support a role
of S6 kinase deacetylation in the complications of diabetic
nephropathy.

In summary, we have elucidated the role of S6 kinase de-
acetylation by HDAC1, which contributes to the activity of the
kinase. To link these two proteins, we showed similar kinetics of
expression of HDAC1 and phosphorylation of S6 kinase. More-
over, we demonstrate that HDAC1 regulates the acetylation of
S6 kinase, which controls its kinase activity. We show that inhi-
bition of HDAC does not block all aspects of mTORC1 activity;
it selectively blocks mTORC1-mediated phosphorylation of S6
kinase, mesangial cell hypertrophy, and matrix protein expres-
sion. Additionally, we demonstrate that deacetylation of S6
kinase controls the association of this kinase with mTOR. Thus,
we provide evidence that HDAC1-mediated deacetylation is

necessary for mTORC1-mediated phosphorylation of S6
kinase, which contributes to hypertrophy and matrix expansion
of mesangial cells. Our results furnish a mechanism for the
ameliorative effects of HDAC inhibitors in the diabetes-in-
duced renal hypertrophy and fibrosis. Approaches to specifi-
cally sustain acetylation of S6 kinase may benefit kidney com-
plications associated with diabetes.

Experimental procedures

Reagents

Recombinant D-glucose; D-mannitol; Na3VO4; PMSF; prote-
ase inhibitor mixture; NP-40; TSA; and actin, FLAG, and
fibronectin antibodies were purchased from Sigma. Cell culture
materials, Opti-MEM medium, TRIzol reagent for RNA isola-

Figure 13. Acetylation-deficient mutant of S6 kinase increases complex formation between mTOR and S6 kinase in the nuclear and cytosolic frac-
tions. Mesangial cells were transfected with acetylation-deficient HA-S6 kinase mutant or vector as indicated. Transfected cells were incubated with HG for
24 h. The nuclear and cytosolic fractions were immunoprecipitated with mTOR (A and C) and S6 kinase (B and D) followed by immunoblotting (IB) with S6 kinase
and mTOR antibodies as indicated. The expression of S6 kinase mutant, lamin B, and actin is shown. Bottom panels show quantification of the blots. Mean � S.D.
(error bars) of three to four experiments is shown. *, p � 0.001– 0.05 versus NG.
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Figure 14. Acetylation of S6 kinase regulates mesangial cell protein synthesis and hypertrophy. Mesangial cells were transfected with acetylation-
mimetic mutant HA-S6 kinase TKA (A and B), acetylation-deficient HA-S6 kinase TKR (C and D), or vector as indicated. Transfected cells were incubated with HG
for 24 h. Protein synthesis was determined as 35S incorporation, and hypertrophy was measured as the ratio of protein to cell number as described under
“Experimental procedures.” The mean � S.D. (error bars) of triplicate measurements is shown. In A and C, *, p � 0.0001 versus NG. In A, **, p � 0.0001 versus HG.
In B, *, p � 0.004 versus NG; **, p � 0.004 versus HG. In D, *, p � 0.002 versus NG.

Figure 15. Acetylation of S6 kinase regulates mesangial cell fibronectin and collagen I (�2) expression. Mesangial cells were transfected with
HA-S6 kinase TKA (A and B), HA-S6 kinase TKR (C and D), or vector as indicated. Transfected cells were incubated with HG for 24 h. The cell lysates were
immunoblotted with the indicated antibodies. Bottom panels show quantification. Mean � S.D. (error bars) of three to five experiments is shown. *, p �
0.001– 0.05 versus NG; **, p � 0.001– 0.05 versus HG.
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tion, and the nuclear and cytoplasmic extraction kit were
obtained from Thermo Fisher. The following antibodies were
obtained from Cell Signaling Technology, Danvers, MA: phos-
pho-S6 kinase (Thr-389), S6 kinase, phospho-rps6 (Ser-240/
244), rps6, phospho-eEF2 kinase (Ser-366), phospho-4EBP-1
(Thr-37/46), 4EBP-1, mTOR, eEF2 kinase, phospho-eEF2
(Thr-56), eEF2, and anti-acetyllysine. Anti-HA antibody was
obtained from Covance, Princeton, NJ. HDAC1 antibody was
purchased from EMD Millipore, Burlington, MA. Antibodies
for collagen I (�2) and lamin B and siRNAs against HDAC1 and
S6 kinase were obtained from Santa Cruz Biotechnology, Dal-
las, TX. The transfection reagent FuGENE HD and the lucifer-
ase assay kit were obtained from Promega, Madison, WI. The
kits for synthesizing cDNA and real-time PCR SYBR Green
master mix were purchased from Quanta Biosciences, Gaith-
ersburg, MD. The primers to detect HDAC1, S6 kinase, and
GAPDH were obtained from Qiagen, Germantown, MD. The
PVDF membrane for Western blotting and [35S]methionine
were purchased from PerkinElmer Life Sciences. HA-tagged
WT S6 kinase, acetylation-mimetic S6 kinase mutant K484A/

K485A/K493A (TKA), and acetylation-deficient S6 kinase
mutant K484A/K485A/K493A (TKR) were kind gifts from Dr.
Ken Inoki, University of Michigan. FLAG-tagged HDAC1 was
kindly provided by Dr. E. Seto, H. Lee Moffitt Cancer Center
and Research Institute, Florida. The luciferase reporter plas-
mids containing the fibronectin and collagen I (�2) promoters
were described previously (38, 40).

Cell culture

The human renal glomerular mesangial cells were cultured
in DMEM with 10% fetal bovine serum as described previously
(74, 75). For experiments, the cells were grown to confluence
and serum-starved for 24 h prior to incubation with 25 mM

glucose in DMEM for the indicated periods of time. 5 mM glu-
cose plus 20 mM mannitol was used for osmotic control.

Animals

Sprague-Dawley rats (200 –250 g) were used to induce dia-
betes by tail vein injection of 55 mg/kg of body weight strep-
tozotocin in sodium citrate buffer (pH 4.5). The blood glu-

Figure 16. siRNAs against S6 kinase block high glucose–induced mesangial cell hypertrophy and matrix protein expression. Mesangial cells were
transfected with siRNAs to S6 kinase or scrambled RNA. A and B, protein synthesis (A) and hypertrophy (B) were determined as described under “Experimental
procedures.” Mean � S.D. (error bars) of three measurements is shown. *, p � 0.01 versus NG; **, p � 0.01 versus HG. C and D, cell lysates were immunoblotted
with fibronectin, collagen I (�2), S6 kinase, and actin antibodies as indicated. Quantifications are shown. Mean � S.D. of four independent experiments is
shown. *, p � 0.001 versus NG; **, p � 0.001 versus HG. Quantification of S6 kinase down-regulation is shown. Mean � S.D. of three (A and B) and four (C and D)
experiments is shown. *, p � 0.001 versus NG or HG.
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cose levels were monitored 24-h postinjection (15). The rats
were kept in the UT Health San Antonio animal facility. The
animals had free access to food and water. Five days after
streptozotocin injection, the rats were euthanized, and kid-
neys were removed. Renal cortical sections were isolated
(15). Glomeruli were prepared from the cortex by a differen-
tial sieving technique as described (76). The glomerular
preparations were frozen in an ultralow freezer at �70 °C.
The UT Health San Antonio Animal Care and Use Commit-
tee approved the protocol.

Cell lysis, immunoblotting, and immunoprecipitation

At the end of the experiment, the mesangial cell monolayer
was washed twice with PBS. The monolayer was then incubated

at 4 °C for 30 min in RIPA buffer (20 mM Tris-HCl, pH 7.5, 150
mM NaCl, 5 mM EDTA, 1 mM PMSF, 0.1% protease inhibitor
mixture, and 1% NP-40) to lyse. The cells were scraped off in
RIPA buffer and transferred to the centrifuge tubes. Similarly,
the glomeruli from control and diabetic rats were lysed in RIPA
buffer. The extracts were spun at 10,000 � g for 30 min. The
supernatant was collected in fresh tubes, and protein concen-
tration in the supernatant was determined. For immunoblot-
ting, equal amounts of proteins were boiled in SDS sample
buffer and separated by SDS-PAGE. The separated proteins
were transferred to PVDF membrane by electroblotting. The
membrane with the transferred proteins was incubated with
the indicated primary antibodies at 4 °C. The membrane was
washed and subsequently incubated with the horseradish per-

Figure 17. Acetylation of S6 kinase regulates transcription of fibronectin and collagen I (�2). Mesangial cells were cotransfected with fibronectin promoter–
luciferase (A, C, and E), collagen I (�2) promoter–luciferase reporters (B, D, and F), and siS6 kinase (A and B), HA-S6 kinase TKA (C and D), HA-S6 kinase TKR (E and F), or
scrambled RNA/vector as indicated. Transfected cells were incubated with HG for 24 h. The cell lysates were used to assay for luciferase activity as described under
“Experimental procedures.” Mean � S.D. (error bars) of six measurements is shown. *, p � 0.001 versus NG; **, p � 0.001–0.01 versus HG. Quantification of S6 kinase
expression is shown at the bottom of A and B. Mean � S.D. (error bars) of three experiments is shown.*, p � 0.001–0.01 versus NG or HG.
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oxidase-conjugated secondary antibody. The membrane was
then developed by ECL reagent, and specific protein was visu-
alized by exposure to X-ray films (54, 55).

For immunoprecipitation of protein, at the end of the incu-
bation period, the cell monolayer was washed twice with PBS.
IP buffer (40 mM HEPES, 0.3% CHAPS, pH 7.5, 1 mM EDTA,
120 mM NaCl, 1.5 mM Na3VO4, 10 mM pyrophosphate, 10
mM glycerophosphate, 50 mM NaF, and 0.1% EDTA-free pro-
tease inhibitor mixture) was added for 30 min at 4 °C (15).
This buffer containing mild detergent was reported to main-
tain the physiological interaction between proteins in the
cells (77, 78). The cell lysates were cleared of debris as
described above, and protein concentration in the superna-
tant was determined. Equal amounts of proteins were incu-
bated with the indicated antibody at 4 °C for 30 min as
described (55). The mixture was then incubated overnight
with protein G–agarose on a rotating device at 4 °C. The

immunobeads were collected by brief centrifugation and
washed three times with IP buffer. Finally, the beads were
resuspended in the sample buffer and boiled. The proteins in
the sample buffer were separated by SDS-PAGE and immu-
noblotted as described above.

Preparation of nuclear and cytosolic fractions

Mesangial cell nuclear and cytosolic fractions were prepared
using a nuclear and cytosolic extraction kit according to the
vendor’s (Thermo Fisher) instructions. Briefly, the cell mono-
layer was trypsinized and collected by centrifugation at 500 � g
for 5 min. The cells were then suspended in PBS, washed, and
centrifuged. To the cell pellet, ice-cold CER I from the kit was
added, vortexed for 15 s, and incubated on ice for 10 min. Then
ice-cold CER II was added to the tube followed by vortexing for
5 s and incubating on ice for 1 min. The tube was then centri-
fuged at 16,000 � g for 5 min. The supernatant was collected as

Figure 18. Decreased S6 kinase acetylation in the kidney glomeruli of streptozotocin-induced diabetic rats. A, lysates of renal glomeruli from diabetic
and control rats were immunoprecipitated with S6 kinase antibody followed by immunoblotting (IB) with anti-acetyllysine antibody. C, E, G, I, and K, lysates of
glomeruli from control and diabetic rats were immunoblotted with the indicated antibodies. Each lane represents an individual animal. B, D, F, H, J, and L,
quantification of data presented in A, C, E, G, I, and K, respectively. Mean � S.D. (error bars) of four animals per group is shown.
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the cytoplasmic extract. The nuclear pellet was suspended in
ice-cold NER from the kit, vortexed, and incubated on ice for 40
min. During this incubation period, the tube was vortexed every 10
min. Finally, the tube was centrifuged at 16,000 � g for 10 min. The
supernatant nuclear extract was transferred to a chilled tube on
ice. The purity of the nuclear extracts was determined by the pres-
ence and absence of lamin B and actin, respectively. Similarly,
cytosolic extracts were checked for the presence and absence of
actin and lamin B, respectively.

Real-time quantitative RT-PCR

Total RNAs were prepared from mesangial cells using TRIzol
reagent as described previously according to the vendor’s
(Thermo Fisher) protocol (38, 42). Using 1 �g of RNA, first-
strand cDNAs were synthesized using oligo(dT) and Moloney
murine leukemia virus reverse transcriptase from the cDNA
synthesis kit. The cDNA was amplified in a 96-well plate using
specific primers for HDAC1, S6 kinase, and GAPDH in a 7500
real-time PCR machine (Applied Biosystems). The PCR condi-
tions were 95 °C for 10 min followed by 40 cycles at 95 °C for
30 s, 60 °C for 30 s, and 72 °C for 30 s. The relative mRNA
expression was calculated using the ��Ct method. The mRNA
level was normalized by GAPDH in the same sample (38).

Measurement of protein synthesis and hypertrophy

For assessment of protein synthesis, at the last 2 h of incuba-
tion, the cells were labeled with 1 �Ci of [35S]methionine as
described (36, 54). Briefly, the cells were washed with PBS and
lysed in RIPA buffer. After protein estimation, equal amounts
of protein were spotted onto 3MM Whatman filter paper. The
filters were washed by boiling for 1 min in 10% TCA containing
0.1 g/liter methionine. The filters were then dried, and the
radioactivity was determined using scintillation fluid. Mesan-
gial cell hypertrophy was determined as described previously
(43, 55). In brief, the cell monolayer was washed with PBS. The
cells were trypsinized, resuspended in the medium, and
counted in a hemocytometer. Also, the cell suspension was cen-
trifuged gently at 4000 � g at 4 °C. The cell pellet was resus-
pended in RIPA buffer and lysed as described above. Total pro-
tein content was determined. The ratio of total protein to cell
number was calculated. The increase in the ratio was consid-
ered as cell hypertrophy as described (43, 55).

Transfection

The cell culture medium was removed from the monolayer
inside the tissue culture hood. The cells were washed once with
PBS, and Opti-MEM medium was added. The plasmid vector,
siRNA against HDAC1, or scrambled RNA was mixed in Opti-
MEM with FuGENE HD. The mixture was incubated at room
temperature for 5 min and then added to the cells. The cells
were incubated at 37 °C in a humidified incubator. At 6 h, com-
plete medium was added (54, 55). At 24 h, the cells were serum-
starved and treated with high glucose as described above.

Luciferase activity

Mesangial cells were cotransfected with the reporter plas-
mids and S6 kinase TKA, S6 kinase TKR, siRNAs against S6

kinase, vector, or scrambled RNA as described in the figure
legends. The transfected cells were incubated with high glucose
for 24 h. The cell lysates were used to assay luciferase activity
using a kit as described previously (38, 40). The data are pre-
sented as mean � S.D. of six measurements.

Statistics

The mean � S.D. of indicated measurements is shown. The
significance of the results was determined using GraphPad
Prism software. Analysis of variance followed by Students–
Newman–Keuls analysis was used. A p value of �0.05 was con-
sidered as significant.
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