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The coagulation protease activated protein C (aPC) confers cyto-
protective effects in various in vitro and in vivo disease models,
including diabetic nephropathy. The nephroprotective effect may
be related to antioxidant effects of aPC. However, the mechanism
through which aPC may convey these antioxidant effects and the
functional relevance of these properties remain unknown. Here,
we show that endogenous and exogenous aPC prevents glomer-
ular accumulation of oxidative stress markers and of the redox-
regulating protein p66°" in experimental diabetic nephropathy.
These effects were predominately observed in podocytes. In vitro,
aPC inhibited glucose-induced expression of p66°" mRNA and pro-
tein in podocytes (via PAR-1 and PAR-3) and various endothelial
cell lines, but not in glomerular endothelial cells. Treatment with
aPC reversed glucose-induced hypomethylation and hyperacetyla-
tion of the p66°" promoter in podocytes. The hyperacetylating
agent sodium butyrate abolished the suppressive effect of aPC
on p66°" expression both in vitro and in vivo. Moreover, sodium
butyrate abolished the beneficial effects of aPC in experimental
diabetic nephropathy. Inhibition of p66°' expression and mito-
chondrial translocation by aPC normalized mitochondrial ROS pro-
duction and the mitochondrial membrane potential in glucose-
treated podocytes. Genetic ablation of p66°" compensated for the
loss of protein C activation in vivo, normalizing markers of diabetic
nephropathy and oxidative stress. These studies identify a unique
mechanism underlying the cytoprotective effect of aPC. Activated
PC epigenetically controls expression of the redox-regulating pro-
tein p66°", thus linking the extracellular protease aPC to mito-
chondrial function in diabetic nephropathy.

t is well established that coagulation proteases have functions

extending well beyond the regulation of intravascular hemo-
stasis (1). In addition to their role in hemostasis, some coagulation
proteases, such as thrombin and activated protein C (aPC), have
important functions in regulating cellular homeostasis. In this
context, the serine protease aPC, which has emerged as a pana-
cea for various diseases in animal models, has been intensively
studied. The zymogen protein C (PC, PROC) is efficiently acti-
vated to aPC by thrombin if the latter is bound to the trans-
membrane and cell-surface associated protein thrombomodulin
(TM, Thbd). aPC mediates its anticoagulant effects by inacti-
vating the coagulation cofactors Va and VIIla. In addition, aPC
confers a number of cytoprotective effects, which are largely
independent of its anticoagulant function and depend on the
regulation of intracellular signaling pathways through receptor-
dependent mechanisms (1).

The cytoprotective effects of aPC have been linked to altered
gene expression (2) and regulation of transcription factors (3, 4).
In cytokine-stimulated endothelial cells, aPC inhibits the binding
activity of the redox-sensitive transcription factor, NF-xB (3). In
a transgenic animal model of amyotrophic lateral sclerosis, aPC
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suppresses the expression of mutant SOD1 through SP-1, also a
redox-sensitive transcription factor (4). These studies suggest
that aPC regulates gene expression, at least in part, through
redox-sensitive transcription factors, raising the question of the
mechanism by which aPC modulates the activity of these redox-
sensitive transcription factors.

Direct antioxidant effects of aPC have been described in murine
macrophage-like cells (RAW264.7), in which aPC suppressed li-
popolysaccharide-induced reactive oxygen species (ROS) genera-
tion and NF-kB binding activity (5). The potential relevance of the
antioxidant properties of aPC is further supported by its potent
nephroprotective effects in a mouse model of diabetic nephrop-
athy (6, 7). Mitochondrial dysfunction resulting in the generation
of ROS is considered to be a unifying mechanism underlying
diabetic vascular complications, including diabetic nephropathy
(8, 9). aPC efficiently suppresses the glucose-induced release of
cytochrome ¢ and Smac/Diablo from mitochondria and mito-
chondrial apoptosis in vitro and reduces peroxynitrite formation
(ONOQO7, resulting from a reaction of NO™ with O, ") in diabetic
kidneys in vivo (7). These results raised the question of whether
the protective effect of aPC in diabetic nephropathy is mecha-
nistically linked with mitochondrial ROS formation. However,
the intracellular targets that mediate the antioxidant effects of
aPC and the causal relationship of aPC-mediated ROS inhibition
and cytoprotection remain to be elucidated.

In this context, the redox enzyme p66°™ constitutes a potential
target of aPC. p66°™ is one of three isoforms derived by alter-
native splicing from the Shc locus, resulting in proteins with rel-
ative molecular masses of 46, 52, and 66 kDa (10). These proteins
share a Src-homology 2 domain, a collagen-homology region, and
a phosphotyrosine-binding domain (10). p66°" differs from the
smaller isoforms by the presence of an additional N-terminal
region, which is required for its redox activity (10). The distinct
nature of this structural feature is reflected by the diverse func-
tions of the Shc isoforms; the p46°" and p525"° isoforms have
been linked to the transmission of mitogenic signals from tyrosine
kinases to RAS proteins, whereas the larger p66>™ isoform is
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primarily associated with mitochondrial ROS generation and
apoptosis (11). p665™ is partially localized within the mitochon-
drial fraction, where it reduces equivalents of the mitochondrial
electron transfer chain through the oxidation of cytochrome ¢ (12,
13). Cytochrome c release is reduced in the absence of p665°, and
loss of p665™ protects against glucose-induced cellular dysfunc-
tion (12). Separate promoter regions control expression of these
structurally and functionally distinct Shc splicing variants. Inter-
estingly, the p66°™ promoter is subject to epigenetic modifications
(14), and %lucose-induced hypomethylation and hygeracetylation
of the p66>" promoter results in high levels of p66°™ expression
and ROS generation in endothelial cells (15). In agreement with
these data, p665™-deficient mice are protected against diabetic
nephropathy (16, 17). However, the mechanisms that control
p66>"¢ expression in diabetic nephropathy remain unknown.
Considering the cytoprotective effects of aPC and of p665h
deﬁciencsy in diabetic nephropathy and the involvement of aPC
and p665"™ in mitochondrial dysfunction, we evaluated whether
aPC modulates mitochondrial ROS generation and diabetic ne-
phropathy through a p665"-dependent mechanism.

Results

Activated Protein C Reduces ROS Formation in Podocytes. Increased
levels of peroxynitrite, which reflect enhanced ROS formation,
have been detected by immunoblotting renal cortex extracts of
diabetic mice with genetically impaired thrombomodulin (TM)-
dependent protein C (PC) activation (TM** mice) (7). To de-
termine whether peroxynitrite formation occurs in glomeruli, the
presence of nitrotyrosine, a marker of peroxynitrite formation,
was immunohistochemically analyzed. In parallel to increased
fractional mesangial area (FMA), nitrotyrosine staining intensity
was significantly enhanced in glomeruli of diabetic TM™" mice
(Fig. T A and C). Restitution of aPC in diabetic TM"® mice by
crossing them with transgenic mice with increased plasma levels of
aPC (TMP x APCMe" mice) was sufficient to prevent the increase
in FMA and glomerular nitrotyrosine formation (Fig. 1 4 and C).

To evaluate the therapeutic applicability of aPC, we used a
model of diabetic nephropathy in unilaterally nephrectomized
C57BL/6 mice. As shown in recent reports, i.p. injections of aPC
ameliorated diabetic nephropathy without improving blood glu-
cose levels (Fig. S1 4 and B) (6). In addition to reducing FMA,
treatment with exogenous aPC decreased glomerular nitro-
tyrosine formation (Fig. 1 B and C). Administration of aPC

TMP/? x
APC"ig" DM

TMP/? DM

NXDM +aPC NX DM +aPC/Ab

preincubated with the antibody HAPC1573, which specifically
blocks the anticoagulant properties of aPC (18), had the same
effect (Fig. 1 B and C), demonstrating that the effect of aPC is
independent of its anticoagulant properties.

Of note, within renal glomeruli, peripheral cells predomi-
nantly stained for nitrotyrosine (Fig. 1 A and B), suggesting that
podocytes are prone to nitrotyrosine formation. Nitrotyrosine
formation in podocytes was confirmed by immunohistochemical
colocalization studies using the podocyte marker synaptopodin
(Fig. S1D). Similar results were obtained with immunohisto-
chemical analysis with another marker of oxidative stress, 8-
hydroxydeoxyguanosine (8-OH-dG; Fig. S1 E-G). Hydrogen
peroxide-induced nitrotyrosine accumulation in podocytes was
prevented in vitro by aPC, but not by aPC with the active site
blocked (DEGR-aPC), demonstrating that the proteolytic ac-
tivity of aPC is required for its antioxidant effect (Fig. S1 H-J).
These data imply that insufficient activation of PC promotes
glomerular nitrotyrosine formation in podocytes and that exog-
enous aPC inhibits glomerular nitrotyrosine accumulation in
a mouse model of diabetic nephropathy.

Activated PC Suppresses Glomerular p66°" Expression in Diabetic
Mice. p66°™ is an important modulator of mitochondrial ROS
generation and has an established role in diabetic nephropathy
(16). To evaluate the potential interaction of the extracellular TM-
PC system with p66°™ in regulating diabetic éllomerulopathy,
p665° expression was analyzed. Expression of p66°™° was increased
in diabetic TM®" mice compared with diabetic wild-type mice
(Fig. 1 A and C). Reconstitution of aPC in diabetic TM"F mice
(TMP® x APC"&" DM) reduced the expression levels of p66°™
(Fig. 1 A and C). In uninephrectomized diabetic mice, exogenous
application of either aPC (NX DM+aPC) or anticoagulant-blocked
aPC (NX DM+aPC/Ab) reduced p665"° expression equally in the
renal glomeruli of diabetic mice (Fig. 1 B and C). Like nitro-
tyrosine, expression of p663™ was localized predominantly to pe-
ripheral cells within the renal glomeruli (Fig. 1.4 and B), suggesting
that p66°™ expression is primarily induced in podocytes.

To examine the expression of p665™ in podocytes and glo-
merular endothelial cells of diabetic TM®F mice, confocal dou-
ble immunofluorescent analyses were performed. Indeed, p665™
was localized predominately to podocytes and not to CD34-
positive endothelial cells (Fig. 1 D and E). Taken together, these
results demonstrate that insufficient PC activation enhances

Fig. 1. aPC prevents glucose-induced nitrotyrosine
formation and p66°™ expression in podocytes. (A-C)
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expression to the levels observed in nondiabetic
uninephrectomized wild-type mice (NX; B and C).
Representative images of PAS, nitrotyrosine, and
p66°™ stained glomeruli (A and B) and bar graphs
reflecting the overall results [C; integrated optical
density (IOD) shown as the mean value + SEM] are
shown. *P < 0.05, **P < 0.005. p665'qc and nitro-
tyrosine were detected with HRP-DAB (brown) and
hematoxylin counterstain (blue). (D and E) Repre-
sentative confocal immunofluorescence images show-
ing predominant colocalization (yellow) of p66°™ (red)
with the podocyte marker synaptopodin (green; D),
but not with the endothelial cell marker CD34 (green;
E). Hoechst 33258 was used for nuclear counter
staining (blue). (Scale bars: 20 pm.)
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p665¢ expression in podocytes and that restoration of aPC levels

in diabetic TM®'® mice or application of exogenous aPC in di-
abetic wild-type mice prevents the induction of p66°™.

aPC Inhibits Glucose-Induced p66°" Expression in Podocytes via PAR-
1 and PAR-3 in Vitro. Next, the effect of glucose and aPC on p665™
expression in glomerular cells was investigated in vitro. Exposure
of podocytes to glucose (25 mM), but not mannitol (25 mM),
induced p66°™ expression in podocytes at both the protein and the
mRNA levels (Fig. 24 and Fig. S24). Treatment with aPC nor-
malized p66°™ expression in glucose-stressed podocytes (Fig. 24).

However, glucose failed to induce p66°"™ expression in primary
mouse glomerular endothelial cells (GENCs), whereas, in agree-
ment with previous work (15), glucose induced p66°™ expression
in various non-GENC:s (Fig. 2 4 and B). Thus, GENCs and non-
GENG:s differ with resgect to glucose-dependent induction of
p66°™. The lack of p66>™ induction by glucose in GENCs was
apparent at early passages (P2), but not at later passages (P4;
Fig. 2D). Coculture of passage 5 GENCs with podocytes ren-
dered the endothelial cells once again unresponsive to glucose-
induced p66°" expression, indicating that the failure of glucose
to induce p66°" expression in GENCs is podocyte dependent.
To determine whether podocyte-dependent modulation of the
p665" response is specific for GENCs, we next cocultured
SVEC4-10 cells with podocytes. SVEC4-10 cells are lymph node-
derived endothelial cells and, as shown above, express p66°' in
response to glucose. Coculture of SVEC4-10 cells with podocytes
for 24 h abolished the glucose-mediated induction of p66°"
expression, indicating that podocytes render SVEC4-10 cells un-
responsive to S%lucose in regard to p665"™ expression. Thus, with
regard to p66™"¢ expression, SVEC4-10 cells adopt a GENC-like
phenotype (Fig. 2E). These in vitro data are in agreement with
the above-described induction of p66°™ in podocytes, but not
glomerular endothelial cells, in vivo (Fig. 1 D and E).

We next explored whether the inhibitory effect of aPC on
glucose-induced p665™ expression in podocytes depends on
PAR-1 and PAR-3, the receptors that mediate the cytoprotective
effect of aPC, in podocytes (18). Indeed, specific activation of
PAR-1 or PAR-3 was sufficient to prevent glucose-induced p665
expression in podocytes, whereas activation of PAR-2 failed to
inhibit p66°™ (Fig. S2B). After knockdown of either PAR-1 or
PAR-3, aPC failed to normalize glucose-induced p66°"™ expression
in podocytes (Fig. 2F and Fig. S2 C and D). Hence, PAR-1 and
PAR-3 are required for aPC-dependent inhibition of glucose-
induced p66°™ expression in podocytes.

p663" Expression in Podocytes Is Epigenetically Inhibited by aPC.
Changes in p66>" expression in podocytes induced by glucose
and aPC were apparent at both the protein and mRNA levels,
indicating that p66°" is regulated primarily at the transcriptional
level. Because p66°™ expression is epigenetically controlled, the
methylation and acetylation of the p66>" promoter by aPC were
investigated. Glucose-induced hypomethylation of CpG dinu-
cleotides within the p665™ promoter was prevented by aPC (Fig.
34). Hypomethylation of the p66°™ promoter has been shown to
be associated with histone 3 (H3) hyperacetylation (15). Indeed,
glucose was also found to induce H3 acetylation, an effect that
was prevented by aPC (Fig. 3B). Glucose-induced H3 hyper-
acetylation is mediated—at least in par—by the H3 acetyl-
transferase GCNS (15). Consistently, glucose-dependent induction
of GCN5 was observed in podocytes, and this induction was pre-
vented by aPC (Fig. 3B). Inhibition of GCN5 usiné1 the GCN5-
inhibitor CPTH2 prevented glucose-mediated p66>"° induction,
demonstrating that the inhibition of GCNS is sufficient to prevent
glucose-stimulated p66>"° induction in podocytes (Fig. 3C). In
addition, ChIP analyses demonstrated that glucose induces and
aPC suppresses H3 acetylation within the p665" promoter (Fig.
3D). Finally, the hyperacetylating agent sodium butyrate, which
increases H3 acetylation (19), abolished the effect of aPC in
glucose-treated podocytes, increasing H3 acetylation and p66°™
expression in the presence of aPC (Fig. 3 E and F). These results
establish a unique function of the serine protease aPC in the
epigenetic control of p66°™ expression.

To gain insight into whether aPC may epigenetically constrain
glucose-induced p66™ expression in vivo, uninephrectomized
diabetic wild-type mice were treated with aPC without or with
sodium butyrate. Sodium butyrate abolished the protective effect
of aPC in diabetic mice, increasing renal H3 acetglation, PAS-
positive staining, nitrotyrosine accumulation, p66°"™ expression,
and albuminuria, without affecting blood glucose levels or al-
buminuria in nondiabetic control animals (Fig. 3 F-I and Fig.
S3). Taken together, these in vitro and in vivo data demonstrate
that aPC epigenetically inhibits glucose-induced expression of
p665, thus protecting against diabetic nephropathy.

aPC Maintains the Mitochondrial Membrane Potential and Inhibits
Glucose-Induced Mitochondrial p66°' Translocation and ROS Genera-
tion. Regulation of ROS, mitochondrial dysfunction, and mito-
chondrial membrane potential by p66°™ depends on the ex-
pression and mitochondrial translocation of p66°™ (13). Hence,
p66°™ levels were measured in cytosolic and mitochondrial

Fig. 2. aPC prevents glucose-dependent p66°™ in- A O control Mglucose -+ aPC20nM O+ aPC 2nM B C
duction in podocytes in vitro. (A) Glucose (25 mM, 24 . protein A D66 e N - — GENC, P2
h) induces p66°" protein and MRNA expression in 5 E [T B-actin [ ——
mouse podocytes (Podo), but not in mouse glo- g . ! 066 ik
merular endothelial cells (GENC). aPC prevents the § 3 - ! s pactin S5 B B HAEC GENC, P4
glucose-mediated p66°"° induction in podocytes. & . 1 ——
Representative images of immunoblots (IB) and RT- < 2 - ns E ns e B i
PCR with bar graphs (>three independent repeat e ! B-actin W N SVEC4-10 GENC, P5/CCPodo
experiments; mean value + SEM. *P < 0.05, **P < [I [I I 1 [I [I I [I glucose -  + + Podo
0.005; ns, not significant). (B) Glucose-induced p66°" RN LI - - - T
. . . (LG E L I el — — — — B — — — — aPC2nM - - +
expression in human pulmonary microvascular endo- Podo GENC | Podo GENC
thelial cells (HPMVEC), human aortic endothelial cells '
(HAEC), and the murine endothelial cell line SVEC4-10 GENC E SVEC F GENC, P5
is prevented by aPC. (C and D) Glucose induces p66°™ [T Jep—— p66 P—— p66 -—
in late (P4) but not early (P2) passage GENCs. Co-  B-actin v v |2 B-actin i em a-— ‘“’“‘m' B-actin [y -—‘ EV
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66 “n Wil Lo > ccPod : .
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resentative immunoblots (D). (E) Coculture of - = | cCPodo glucose + 4+
SVEC4-10 cells with mouse podocytes (24 h) prevents glucose -+ + aPCM - -
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Fig. 3. aPC prevents glucose-induced p66°" hypo- A
methylation and H3 acetylation. (A) Glucose (25 mM)
reduces methylation of the p66°" promoter in podo-
cytes, which is reversed by addition of 2 nM aPC. Rep-
resentative image of methylated (M) and unmethylated

M/U (fold)

(U) p66°" promoter DNA revealed by methylation- i
specific -PCR(MSP) and a bar graph showing the ratio of o <
methylated to unmethylated p66°"™ promoter DNA (M/ M_ E,
U, fold change) are shown. Universal methylated mouse U _ g
DNA (Meth-DNA) was used as a control. (B) Glucose (25 O control
mM)-induced H3 acetylation (AcH3) and increased H3 mglucose
acetyltransferase (GCN5) expression is prevented by the O+ aPC 2nM

addition of aPC in podocytes. (C) Treatment of podo-
cytes with the GCN5 inhibitor CPTH2 (50 pM) is suffi-
cient to prevent glucose-induced p66°" expression. (D)
H3 acetylation within the p66°" promoter is induced by
glucose and prevented by aPC (2 nM). Acetylated H3
was immunoprecipitated with an AcH3 antibody, and
the p66°™ promoter was quantitated by qRT-PCR (ChIP
data were normalized to input). (E and F) Sodium bu-
tyrate (SB) increases H3 acetylation even in the presence
of aPC (+aPC 2nM/SB) and abolishes the suppressive
effects of aPC on H3 acetylation and p66°" expression in
glucose-treated podocytes (25 mM glucose). (G and H)
The suppressive effect of aPC on H3 acetylation and
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expression in the renal cortex of uninephrectomized diabetic wild-type mice (NX DM+aPC) is abolished by concomitant treatment with SB (NX DM+aPC/

SB). (/) SB abolishes the aPC-mediated reduction in albuminuria in uninephrectomized wild-type diabetic mice (NX DM+aP{SB). Representative images of MSP
(A) or immunoblots (B, C, E, and G) and bar graphs (mean value + SEM) summarizing the results of at least three repeat experiments or five different mice are

shown. *P < 0.05; **P < 0.005.

fractions of podocytes. In glucose-stressed (25 mM, 24 h) podocytes,
translocation of p665™ into the mitochondria was evident (Fig.
4A4). The cytosolic p66°™ fraction remained unchanged in glu-
cose-treated podocytes (Fig. 4B). This result reflects the con-
comitant increase of both total p665™ expression (as shown in
Fig. 24) and p66°™ translocation in glucose-stressed podocytes
(Fig. 4 A and B). Treatment of glucose-stressed podocytes with
aPC completely prevented the mitochondrial increase of p665™
in glucose-stressed podocytes (Fig. 44).

Glucose-induced ROS generation is associated with mitochon-
drial dysfunction and impairment of the mitochondrial mem-
brane potential (MMP). Indeed, exposure of podocytes to 25 mM
glucose reduced the MMP (Fig. 4C). This glucose-dependent
impairment of the MMP was efficiently prevented by treatment
with aPC (Fig. 4C).

In agreement with the changes observed regarding mitochon-
drial translocation of p665"™ and impairment of the MMP, glu-
cose induced ROS production in podocytes, which localized
predominately to the mitochondria (Fig. 4D). Treatment of glu-
cose-stressed podocytes with aPC prevented mitochondrial ROS
induction (Fig. 4 D and E). Thus, glucose induces mitochondrial
translocation of p665™ in association with a decline in the MMP
and increased mitochondrial ROS formation in podocytes. These
glucose-dependent effects in podocytes are prevented by aPC.

p66°' Deficiency Corrects for Impaired PC Activation in Experimental
Diabetic Nephropathy. To evaluate the pathophysiological rele-
vance of TM-dependent p663™ regulation in vivo, TM?F mice
were crossed with p66°™ deficient (p66°"°~'") mice, thus genet-
ically correcting for induced p66°"™ expression in diabetic TM*/®
mice. Persistent hyg)erglycemia was then induced in wild-type
control, TM™?, p66>"“~~, and double mutant TM®'* x p663h°_/ -
mice, and the mice were followed for 26 wk. Blood glucose levels
did not differ between diabetic mice (Fig. 54 and Fig. S44). In
wild-type mice, p66°" deficiency protected against diabetic ne-
phropathy, as has been shown (ref. 16; Fig. 5B). Albuminuria and
normalized kidney weight, which were significantly increased in
diabetic TM®* mice (Fig. 5 B and C), remained normal in di-
abetic TM*® x p665"“~'~ mice (Fig. 5 B and C). Of note, albu-
minuria and normalized kidney weight in diabetic TM™" x
p663"°~'~ mice did not differ from the results obtained in non-
diabetic wild-type control mice (Fig. 5 B and C).
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Histological evaluation of glomeruli also revealed improved
pathological indices. Thus, the FMA and nitrotyrosine staining
intensity were markedly reduced in glomeruli of diabetic TM™F x
p665"°7~ mice compared with diabetic TM®'F mice (Fig. 5 D and
E). In line with these results, p66°™ deficiency also reduced the
staining intensity of the oxidative stress marker 8-OH-dG in the
glomeruli of diabetic TM®'* mice (Fig. S4B). These changes were
associated with a higher number of WT-1-positive glomerular cells
in diabetic TM"" x p66°"“~~ mice (Fl% 5 D and E), indicating
amelioration of podocyte injury by p66>" deficiency in diabetic
TM'® mice. Taken together, these findings demonstrate that
genetic inactivation of p66°™ is sufficient to compensate for the
loss of TM-dependent PC activation in experimental diabetic
nephropathy.

Discussion

The current report identifies a unique mechanism underlying the
cytoprotective effects of aPC. We identified p66°™ as an intra-
cellular target of aPC in both an experimental model of diabetic
nephropathy and glucose-stressed podocytes. aPC epigenetically
suppresses glucose-induced p665™°  expression b§’ enhancing
methylation while diminishing acetylation of the p66>™ promoter.
The suppression of glucose-induced p665™ expression is paral-
leled by an aPC-mediated reduction of glucose-induced mito-
chondrial p66°™ translocation and ROS generation. In vivo,
genetic p66°™ deficiency corrects for aPC deficiency. Conversely,
increasing H3 acetylation with sodium butyrate abolishes the ne-
phroprotective and p663™ suppressive effects of exogenously ad-
ministered aPC. This work establishes that the serine protease
aPC ameliorates diabetic nephropathy by epigenetically con-
straining expression of the redox-enzyme p66°™.

The aPC-mediated reversal of glucose-induced hypomethyla-
tion and hyperacetylation of the p66°™ promoter establishes that
aPC modulates gene expression not only by regulating tran-
scription factors, such as NF-xB or SP-1 (20), but in addition
through epigenetic mechanisms. Epigenetic control of gene ex-
pression may explain the profound effects of intermittently ad-
ministered exogenous aPC in various animal models despite its
half-life of only ~25 min (4, 6).

aPC suppressed expression of p6 at concentrations as low
as 2 nM, which is ~100-fold lower than the concentrations of
aPC previously used by Yamaji et al. (5) to study the antioxidant

6ShC
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Fig. 4. aPC prevents glucose-induced mitochondrial translocation of p6
maintains mitochondrial membrane potential, and reduces mitochondrial
ROS-generation in podocytes. (A and B) Glucose-induced (25 mM, 24 h)
translocation of p66°"¢ into mitochondria is efficiently prevented by aPC.
Representative immunoblots of p66°"¢, VDAC (mitochondrial marker), and
B-actin (cytosolic marker) in mitochondrial (A) or cytosolic (B) cellular sub-
fractions. (C) Glucose reduces the MMP (Mito-Probe JC-1) in podocytes. aPC
treatment of glucose-exposed podocytes maintains the MMP. (D and E)
Representative fluorescence microscopy images showing single mouse
podocytes (D). Podocytes were left untreated (5 mM glucose) or stimulated
with glucose (25 mM, 24 h) without or with aPC (20 nM). ROS formation was
monitored by using dihydrorhodamine (DHR, green) and localized to mito-
chondria by using Mitotracker CMX (red). Hoechst 33258 was used for nu-
clear counter staining (blue). Bar graph (E) summarizing the results (mean
value + SEM) of four independent repeat experiments using automated
digital colocalization analyses, yielding the Icorr index. p66, p66°"<; *P < 0.05
and **P < 0.005; ns, not significant. (Scale bars: 5 pm.)
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effects of aPC (10 pg/mL; approximately 200 nM). Although
Yamaji et al. suggested that aPC exerts a direct antioxidant ef-
fect, which was detectable at these high concentrations, we pro-
pose that aPC at much lower concentrations conveys an indirect
antioxidant effect by epigenetically suppressing the expression of
p66°™. Whether the regulation of the redox-sensitive transcription
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factors NF-kB and SP-1 by aPC depends on its effect on p665™
remains to be evaluated.

A recent study by Panem et al. (15) demonstrated that epi-
genetically sustained p665™° expression mediates hyperglycemic
memory in glucose-stressed endothelial cells and experimental
models of diabetes mellitus. Con51der1ng the effect of aPC on the
epigenetic regulation of p66 in podocytes and nonglomerular
endothelial cells, we speculate that aPC signaling may modify
hyperglycemic memory in diabetes mellitus. Of note, reduced
endothelial expression of cytoprotective TM, an established ob-
servation of endothehal dysfunctlon in diabetes mellitus, may
depend on p665™, because p66°"™ has been shown to inhibit TM
expression by suppressmg Kruppel like factor-2 (21). These
observations, together with the current findings, imply the exis-
tence of a self-regulatory feed-forward mechanism, which may be
disrupted in diseases like diabetes mellitus. Glucose induced
hypomethylation and hyperacetylatlon of the p66°™ promoter,
resulting in increased p66°™ expression (15), may disrupt this
protective feed-forward system, inhibiting TM expression and
initiating a self-propagating cycle of diabetic vascular complica-
tions. Fortunately, the observed effects of exogenously admin-
istered aPC indicate that this protective feed-forward pathway
may be restored by therapeutic interventions. Considering po-
tential side effects of aPC (e.g., hemorrhage), unique therapeutic
approaches mimicking specifically the nephroprotective mecha-
nism of aPC need to be identified.

The lack of glucose-mediated induction of p66>" expression in
GENCs appears at first to contradlct previous reports demon-
strating that glucose induces p66°" expression in (nonglomer-
ulag endothelial cells (15). However, this lack of glucose-induced
p66>"° expression depends on the presence of podocytes, as pro-
longed culture of GENCS 1n the absence of podocytes enabled
these cells to induce p665" expression in response to glucose.
Moreover, similar to GENCs, nonglomerular cells cultured in
the presence of podocytes lose the ability to induce p665™
pression after glucose treatment, similar to GENCs (Fig. 2). These
results illustrate that podocytes, and potentially other perivascular
cells, can determine the phenotype and heterogeneity of endo-
thelial cells (22).

Podocytes, like pericytes, cover the outer surface of the fil-
tering capillaries. Podocyte injury is considered to convey a pre-
dominantly pathogenic role in glomerular disease and has been
linked to ROS generation in various diseases, such as diabetic
nephropathy and puromycinaminonucleoside-induced experimen-
tal glomerulopathy (17, 23, 24). Some work suggests that podo-
cytes primarily depend on mitochondria for energy homeostasis
(25), which may render podocytes partlcularly sensmve to oxi-
dative damage. The inducible expression of p66°™ in podocytes,

h
6SC

Fig. 5. Genetic p66°"° deficiency compensates for
the loss of TM-dependent PC activation in experi-
mental diabetic nephropathy. (A) No difference in
the blood glucose levels was apparent between di-
abetic TMP? and diabetic TMP? x p66°"“”~ mice. (B
and C) p66Shc deficiency normalizes albuminuria (B)
and kidney weight (C) in mice with genetically im-
paired PC activation (TM™® mice). (D and E) p66°"°
deficiency in diabetic TM™® mice reduces histologi-
cal indices of diabetic nephropathy. PAS staining,
fractional mesangial area (FMA; E), and immuno-
histochemical analyses of nitrotyrosine and the
podocyte protein WT-1 are shown. Representative
images (D) and bar graphs summarizing the 10Ds
(E). Data are presented as the mean + SEM; at least
six mice per group (A-C) or >30 glomeruli per ge-
notype and mouse (D and E) were analyzed. *P <
0.05, **P < 0.005. (Scale bars: 20 um.)
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but not in glomerular endothelial cells, constitutes an additional
mechanism predisposing podocytes to ROS-induced injury.

Hitherto, studies exploring vascular disease have focused on
the effect of aPC or p66°™ in endothelial cells (26), but the effect
of aPC on p66°™ in podocytes reported here implies that peri-
vascular cells should be equally considered and evaluated. Along
this line, a potential role for aPC outside the vascular compart-
ment (in microglia and astrocytes) has been reported in a murine
model of amyotrophic lateral sclerosis (4). Considering the role
of p66°™ in both endothelial cells and podocytes, we suggest that
mechanistic evaluations and therapeutic developments should
not be limited to targeting endothelial cells, but should involve
podocgtes and, more generally, pericytes as well.

p66°" has been linked not only to diabetic nephropathy, but
also to various other conditions, such as other glomerulopathies,
cardiomyopathy, ischemia/reperfusion injury, neurodegenerative
diseases, and in vitro models of intestinal cell dysfunction (27—
30). Likewise, aPC has evolved as a panacea, ameliorating a broad
array of experimental diseases, including experimental cardiac or
renal ischemia reperfusion injury, neurodegenerative diseases,
inflammatory bowel disease, and diabetic glomerulopathy (1, 31).
The functional role of both p66°™ and aPC in various partially
overlapping disease models suggests that the mechanistic in-
teraction described here between the extracellular, cytoprotective
protease aPC, and the intracellular redox-regulator p66°" may be
of broader relevance.

Materials and Methods

For additional materials and methods, see S/ Materials and Methods.

Diabetes Models. Two streptozotocin (STZ)-dependent models of diabetic
nephropathy were used in the current study. A long-term model (26 wk)
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following a previously published protocol (7) was used in genetically modi-
fied and control mice (see S/ Materials and Methods for details). To evaluate
the therapeutic applicability of exogenous aPC, a recently published model
in which the mice underwent unilateral nephrectomy to aggravate the
progression of hyperglycemia-induced nephropathy (6) was used. Mice were
anesthetized with pentobarbital (1 mg/kg body weight, i.p.). A dorsolumbar
incision (~1 ¢cm) was made, and the ureter, the renal artery, and renal vein
were ligated and subsequently cut. The kidney was removed, and the in-
cision was stitched. Two weeks after surgery, diabetes was induced by
injections of STZ (i.p., 40 mg/kg body weight, freshly dissolved in 0.05 M
sterile sodium citrate, pH 4.5) for 5 d consecutively. Control mice received
100 pL of PBS i.p. for 5 d consecutively. This model allowed the use of various
therapeutic interventions. After 4 wk, STZ-treated mice received 1 mg/kg
aPC i.p. (Xigris; Lilly) every other day for 4 wk. In a subgroup of mice, aPC
was preincubated before injection with HAPC1573 antibody at a 1:1 ratio for
10 min under gentle agitation to block its anticoagulant activity (18). So-
dium butyrate was supplemented in the drinking water at a concentration
of 8 g/L, an oral dose that has been shown to increase H3 acetylation (19).

Statistical Analysis. The data are summarized as the mean + SEM. The Kol-
mogorov-Smirnov test was used to determine whether the data within are
consistent with a Gaussian distribution. Statistical analyses were performed
with the Student t test, ANOVA, or Mann-Whitney test, as appropriate. Post
hoc comparisons of ANOVA were corrected with Tukey’'s method. Prism 5
(GraphPad) software were used for statistical analyses. Statistical signifi-
cance was accepted at values of P < 0.05.
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