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ABSTRACT
Increased expression of Induced-by-High-Glucose 1 (IHG-1) associates with tubulointerstitial fibrosis in
diabetic nephropathy. IHG-1 amplifies TGF-�1 signaling, but the functions of this highly-conserved
protein are not well understood. IHG-1 contains a putative mitochondrial-localization domain, and here
we report that IHG-1 is specifically localized to mitochondria. IHG-1 overexpression increased mitochon-
drial mass and stabilized peroxisome proliferator-activated receptor � coactivator-1� (PGC-1�). Con-
versely, inhibition of IHG-1 expression decreased mitochondrial mass, downregulated mitochondrial
proteins, and PGC-1�-regulated transcription factors, including nuclear respiratory factor 1 and mito-
chondrial transcription factor A (TFAM), and reduced activity of the TFAM promoter. In the unilateral
ureteral obstruction model, we observed higher PGC-1� protein expression and IHG-1 levels with
fibrosis. In a gene-expression database, we noted that renal biopsies of human diabetic nephropathy
demonstrated higher expression of genes encoding key mitochondrial proteins, including cytochrome c
and manganese superoxide dismutase, compared with control biopsies. In summary, these data suggest
that IHG-1 increases mitochondrial biogenesis by promoting PGC-1�-dependent processes, potentially
contributing to the pathogenesis of renal fibrosis.
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Tubulointerstitial fibrosis (TIF) is the finalpathway lead-
ing to end-stage renal disease (ESRD) in many chronic
kidney diseases.1,2 Increased expression of the highly
conserved transcript induced in high glucose-1 (IHG-1/
THG1L/ICF45) is associated with TIF in both diabetic
nephropathy(DN)inhumansandinexperimentalrenal
fibrosis.3,4 TGF-�1 is a key mediator of TIF.5,6 IHG-1
overexpressionhasalsobeenshowntoenhancesignaling
downstream of TGF-�1.4 As such, we proposed that
IHG-1 contributes to the development of TIF. IHG-1
encodes a highly evolutionarily conserved transcript. To
date, a mitochondrial localization sequence is the only
functional domain identified in IHG-1.

Mitochondrial biogenesis is a complex, highly con-
trolled process requiring coordinated regulation of nu-
clear and mitochondrial gene expression.7,8 Peroxisome
proliferator-activated receptor � coactivator-1� (PGC-

1�) acts as a key regulator of mitochondrial biogenesis in
mammals.9–13 PGC-1� regulates several transcription
factors including nuclear respiratory factors (NRF-1 and
NRF-2/GABP),14–16 which have been shown to activate
the transcription of a large number of nuclear encoded
mitochondrial genes.17 PGC-1� enhances expression of
NRF-1 and NRF-2 and also increases the transcriptional
activityofNRF-1onthemitochondrialtranscriptionfac-
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tor A (TFAM) promoter.9 TFAM acts as a link between the nucleus
and the mitochondria by directly regulating mitochondrial DNA
(mtDNA) replication and transcription. Transcription of PGC-1�
has been reported to be regulated by a variety of stimuli including
hypoxia18 and in a number of models of insulin deficiency.19 In addi-
tion, post-translational modifications of the PGC-1� protein have
been shown to alter its stability and specificity toward binding part-
ners.Proteindegradation isonemechanismbywhichmitochondrial
biogenesis is controlled, with several reports demonstrating that the
proteasome is a key controller of PGC-1� protein.20–22

Under pathologic conditions such as oxidative stress, an increase
in mitochondrial biogenesis may occur as a compensatory mecha-
nism in response to mitochondrial dysfunction and damage.23 Oxi-
dative stress is a key mediator of progressive TIF and ESRD,24–27 and
recoveryofrenalproximaltubularcells fromoxidativestresshasbeen
shown to be accompanied by an increase in PGC-1� protein.28,29

This suggests that PGC-1� is a potential target in regulating cellular
bioenergetics in the kidney after injury.

Here we report that IHG-1 is a mitochondrial associated
protein and that loss of endogenous IHG-1 results in a decrease
in mitochondrial biogenesis. This is accompanied by a de-
crease in PGC-1� protein, decreased expression of NRF-1 and
TFAM, and reduced activation of a TFAM-sensitive promoter
reporter construct. Conversely, overexpression of IHG-1 re-
sulted in increased mitochondrial biogenesis through stabili-
zation of PGC-1� protein. Increased PGC-1� protein was ob-
served in the unilateral ureteral obstruction (UUO) model of
renal fibrosis at both 3 and 10 days after obstruction. These data
suggest that stabilization of PGC-1� protein occurs in renal fibro-
sis concomitant with an increase in IHG-1 expression.

RESULTS

IHG-1 Is a Mitochondrial Associated Protein
To examine the subcellular localization of IHG-1, we gener-
ated stable cell lines expressing V5-tagged IHG-1 in both HeLa
cells and in the renal proximal tubule cell line HK2, by lentivi-
ral transduction. Overexpression of IHG-1 was confirmed by
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Figure 1. Induced-by-High-Glucose 1 (IHG-1) is localized to the
mitochondria. (A) Total cellular RNA was prepared from HeLa
cells stably overexpressing IHG-1. IHG-1 mRNA was quantified by
real-time PCR. The results were normalized to 18 S rRNA and are
expressed as relative quantification versus cells transduced with
an empty vector (EV). (B) Total cellular RNA was prepared from
HK2 cells stably overexpressing IHG-1. IHG-1 mRNA was quanti-
fied as in A. (C) Whole-cell lysates from cells in A and B were

analyzed by immunoblotting with antibodies specific for V5. (D)
HeLa and HK2 cells expressing IHG-1-V5 were stained with Texas
Red-labeled anti-V5 and FITC-labeled anti-manganese superox-
ide dismutase (MnSOD) and visualized by confocal microscopy.
(E) Cytoplasmic (Cyto) and mitochondrial (Mito) extracts prepared
from cells in A were analyzed by immunoblotting with antibodies
specific for V5. MnSOD and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) were used as markers for mitochondria and
cytosol, respectively. (F) Cytoplasmic and mitochondrial protein
cell extracts were prepared from HeLa and HK2 cells and were
analyzed by immunoblotting with antibodies specific for endog-
enous IHG-1, MnSOD, and GAPDH. (G) HeLa cells expressing
IHG-1-V5 were stained with Texas Red-labeled anti-V5 and FITC-
labeled antibodies specific for markers of peroxisome, endoplas-
mic reticulum (ER), or Golgi and were visualized by confocal
microscopy.
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real-time reverse transciption (RT)-PCR analysis (Figure 1, A
and B) and immunoblotting (Figure 1C). Confocal analysis of
immunofluorescent staining demonstrates that IHG-1 colo-
calizes with the mitochondrial marker manganese superoxide
dismutase (MnSOD) in both cell lines (Figure 1D). Subcellular
fractionation and immunoblotting further confirmed the lo-
calization of overexpressed IHG-1 to the mitochondria (Figure
1E). Importantly, we have also confirmed the mitochondrial
localization of endogenous IHG-1 in both HeLa and HK2 cells
(Figure 1F). Overexpressed IHG-1 did not colocalize to other
cellular membrane compartments. Confocal analysis indicated
that IHG-1 does not colocalize with markers for the peroxi-
some, endoplasmic reticulum, or Golgi apparatus (Figure 1G),
confirming that IHG-1 is a mitochondrial associated protein.

PGC-1� Protein Is Increased in Experimental Renal
Fibrosis
Subcellular fractionation and Western blotting of rat kidney
tissue confirmed that IHG-1 colocalizes with the mitochon-
drial marker MnSOD (Figure 2A). Glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) was not detected. We have
previously shown that IHG-1 expression is significantly in-
creased in UUO at both 3 and 10 days.4 Three days after liga-
tion of the ureter, interstitial inflammation and tubular dila-
tion were evident in the ligated kidney.4 Ten days after ligation,
TIF was evident in the ligated kidney, and considerable colla-
gen deposition was detected by Gomorri trichrome staining
(Figure 2B). Increased �-smooth muscle actin was seen at both
days 3 and 10 after UUO (Figure 2C). PGC-1� mRNA was
found to be reduced in ligated kidneys compared with nonli-
gated kidneys at both timepoints (Figure 2D). However, de-
spite a reduction in PGC-1� mRNA, increased PGC-1� pro-
tein was detected in these samples (Figure 2E). These data
indicate that increased IHG-1 expression is associated with in-
creased PGC-1� protein in an in vivo model of TIF.

Loss of Endogenous IHG-1 Expression Results in
Decreased Mitochondrial Biogenesis
To investigate the possibility that IHG-1 is involved in mito-
chondrial biogenesis, we generated stable HeLa cell lines ex-
pressing tetracycline-inducible IHG-1-specific short hairpin
RNA interference (shRNAi) or a scrambled shRNAi control
(Scr). Knockdown of IHG-1 expression was confirmed by real-
time RT-PCR (Figure 3A) and immunoblotting (Figure 3B).
Mitochondrial mass was assessed by analyzing mtDNA. Re-
duction of IHG-1 expression resulted in a significant (1.4-fold)
reduction in mtDNA (Figure 3C).

Mitochondrial mass was also measured in cells stably over-
expressing IHG-1 by flow cytometric analysis of the fluores-
cence mitochondrial marker MitoTracker Red.30,31 A signifi-
cant increase in fluorescence (38%) was seen in IHG-1
overexpressing cells compared with controls, denoting an in-
crease in mitochondrial mass (Figure 4A). A deletion mutant
of IHG-1 lacking the mitochondrial targeting sequence (�mts-
IHG-1) has been found to no longer localize to the mitochon-

dria (J.B. Corcoran, S. McCarthy, F.B. Hickey, B. Griffin, U.
Bhreathnach, F. Furlong, F. Martin, C. Godson, and M. Mur-
phy, manuscript in preparation). Overexpression of �mts-
IHG-1 did not effect mitochondrial mass, indicating that mi-
tochondrial localization of IHG-1 is required (Figure 4A).
Increased mitochondrial mass in response to overexpression of
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Figure 2. Peroxisome proliferator-activated receptor � coactiva-
tor-1� (PGC-1�) protein is increased in the unilateral ureteral
obstruction (UUO) model of kidney fibrosis. (A) Mitochondrial
protein cell extract was prepared from rat kidney tissue and was
analyzed by immunoblotting with antibodies specific for endog-
enous Induced-by-High-Glucose 1 (IHG-1) and manganese super-
oxide dismutase (MnSOD). (B) Histologic detection of tubuloin-
terstitial fibrosis (TIF) in UUO using Gomorri trichrome staining
(magnification, �20) of a 10-day nonligated (panel i) and ligated
(panel ii) rat kidney illustrating increased collagen in the tubuloint-
erstitium. (C) Protein extracts were prepared from rat nonligated
(NL) and ligated (L) kidneys 3 and 10 days after UUO. These
samples were analyzed by immunoblotting with antibodies
specific for �-smooth muscle actin (�-SMA). Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) demonstrates equal protein
loading. (D) RNA was isolated from rat nonligated (NL) and li-
gated (L) kidneys 3 and 10 days after UUO. PGC-1� mRNA
expression was quantified by real-time RT-PCR (n � 6). (E) Protein
extracts from C were analyzed by immunoblotting with antibodies
specific for PGC-1�. GAPDH demonstrates equal protein loading.
***, P � 0.001 (mean � SEM).
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IHG-1 was associated with a 1.4-fold increase in mtDNA (Fig-
ure 4B). We further confirmed increased mitochondrial mass
in IHG-1-overexpressing cells by fluorescence imaging after
incubation with MitoTracker Red (Figure 4C). In combination,
these data demonstrate that a loss of endogenous IHG-1 expres-
sion leads to decreased mitochondrial biogenesis, whereas over-
expressing IHG-1 leads to an increase in mitochondrial mass. In
addition, IHG-1 must be localized to the mitochondria to mediate
its effects on mitochondrial biogenesis.

IHG-1 Regulates the Expression of Mitochondrial
Proteins
Altered mitochondrial biogenesis has been shown to be ac-

companied by differential expression of mitochondrial pro-
teins including cytochrome c32 and MnSOD.33 Decreased ex-
pression of both MnSOD and cytochrome c mRNA (Figure 5A)
and protein (Figure 5B) were detected in cells in which IHG-1
expression was knocked down. Conversely, an increase in the
expression of both MnSOD and cytochrome c mRNA (Figure
5C) and protein (Figure 5D) was observed after overexpression
of IHG-1. These data indicate that altering the expression of
IHG-1 results in differential expression of nuclear genes en-
coding mitochondrial proteins.
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Figure 4. Overexpression of Induced-by-High-Glucose 1 (IHG-1)
but not �mts-IHG-1 results in increased mitochondrial biogene-
sis. (A) Mitochondrial mass was assessed in HeLa cells stably
overexpressing either IHG-1, �mts-IHG-1, or an empty vector
control (EV) by flow cytometry after incubation with MitoTracker
Red. Fold increase in mitochondrial mass was calculated from
mean fluorescence intensities. (B) Mitochondrial DNA (mtDNA)
was analyzed by real-time PCR. The results were normalized to
nuclear DNA (nDNA) and are expressed relative to control cells
(EV). (C) Cells overexpressing IHG-1 and control cells (EV) were
visualized by fluorescence microscopy after incubation with Mito-
Tracker Red. **, P � 0.01; ***, P � 0.001 (mean � SEM; n � 3
throughout).

B

C

A

- + - + Dox
IHG-1
β-Actin

34 -
42 -

kDa

IHG-1

Scr IHG1 shRNA
0.0

0.4

0.8

1.2
- Dox

+ Dox

Fo
ld
Ch
an
ge

(I
H
G
-1
m
RN
A
)

i Scr IHG-1 shRNA

ii IHG-1

- dox + dox
0.0

0.5

1.0

1.5 Scr

IHG-1 shRNA

Re
la
tiv
eE
xp
re
ss
io
n

IHG-1 Knockdown

- dox + dox
0.0

0.5

1.0

1.5

**

m
tD
N
A
no
rm
al
ise
d

to
nD
N
A

Figure 3. Loss of endogenous Induced-by-High-Glucose 1
(IHG-1) expression results in decreased mitochondrial biogenesis.
(A) IHG-1 mRNA was quantified by real-time RT-PCR in HeLa cells
stably expressing tetracycline-inducible short hairpin RNA inter-
ference (shRNAi) constructs specific for IHG-1 or with a scrambled
construct (Scr) cultured in the presence or absence of doxycycline
(Dox) for 96 hours. (B) Whole-cell lysates from cells in A were
analyzed by immunoblotting with antibodies specific for IHG-1
(panel i). �-Actin demonstrates equal protein loading. Densito-
metric analysis of Western blots is shown (panel ii). (C) Mitochon-
drial DNA (mtDNA) was analyzed by real-time PCR. The results
were normalized to nuclear DNA (nDNA) and are expressed rel-
ative to control cells (� dox). **, P � 0.01 (mean � SEM; n � 3
throughout).
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Overexpression of IHG-1 Leads to Increased Stability
of PGC-1� Protein
Reduced mitochondrial biogenesis has been demonstrated to
occur as a consequence of decreased PGC-1� expression.32,11,29

Loss of IHG-1 expression led to reductions in both PGC-1�
mRNA (Figure 6A) and protein (Figure 6B). Expression of the
closely related homologue PGC-1�, which shares a similar role
in mitochondrial biogenesis,34,13 was unaltered (Figure 6A). In
contrast, overexpressing IHG-1 did not alter the mRNA levels
of either PGC-1� or PGC-1� (Figure 6C). Interestingly, over-
expression of IHG-1 was found to result in increased PGC-1�

protein (Figure 6D), suggesting that IHG-1 was modulating
PGC-1� protein stability. Consistent with this, we report that
in cycloheximide-treated cells, PGC-1� stability was signifi-
cantly increased after IHG-1 overexpression (Figure 6E).

We further investigated the link between IHG-1 and
PGC-1� by overexpressing PGC-1� in HeLa cells. Increased
PGC-1� expression was confirmed by both real-time RT-PCR
(Figure 7A) and immunoblotting (Figure 7B). As reported,11,29,32

increased mitochondrial mass was detected after overexpression
of PGC-1�, as measured by MitoTracker uptake (Figure 7C).
We also detected increased IHG-1 mRNA in these cells by real-
time RT-PCR (Figure 7D), confirming the upregulation of
IHG-1 during mitochondrial biogenesis.

IHG-1 Controls Expression of Key Transcription
Factors Required for Mitochondrial Biogenesis
We found that the loss of IHG-1 expression led to reduced
expression of NRF-1, a transcription factor activated by
PGC-1� (Figure 8A). NRF-1 has been shown to activate the
transcription of a large number of nuclear encoded mitochon-
drial genes including TFAM,17 a key regulator of mtDNA rep-
lication and transcription.35,36 Reduced IHG-1 expression also
resulted in decreased TFAM expression (Figure 8A). De-
creased mRNA levels of two mitochondrially-encoded genes,
cytochrome b (cyto b) and ATP synthase subunit 6 (Atp6),
were also detected in response to the loss of IHG-1 expression
(Figure 8B). Knockdown of endogenous IHG-1 expression
also led to a reduction in basal activity from a transfected
TFAM-sensitive promoter reporter construct.10 In addition,
overexpression of PGC-1� in these cells did not significantly
increase TFAM promoter activity (Figure 8C). Conversely,
overexpression of IHG-1 led to an increase in expression of
both NRF-1 and TFAM (Figure 8D). A consequent increase in
expression of the mitochondrial encoded Atp6 and cyto-
chrome b genes was also detected (Figure 8E). These data in-
dicate that IHG-1 controls a program of mitochondrial bio-
genesis involving PGC-1� and also downstream transcription
factors and both nuclear and mitochondrial encoded genes.

IHG-1 Increases PGC-1� Protein in Tubular Epithelial
Cells
Overexpression of IHG-1 in the renal proximal tubule cell line
HK2 did not alter expression of PGC-1� mRNA (Figure 9A).
However, increased PGC-1� protein was detected in these cells
(Figure 9B). Overexpression of IHG-1 also led to a statistically
significant increase in the expression of both TFAM and cyto-
chrome c mRNA (Figure 9C). These data demonstrate that
increased IHG-1 expression in renal tubule cells leads to in-
creased mitochondrial biogenesis.

Expression levels of PGC-1�-regulated transcripts were in-
vestigated in human DN using the gene expression database
Nephromine (http://www.nephromine.org/). Previously pub-
lished mRNA levels from human DN and control biopsies37

were analyzed using OncomineTM (Compendia Bioscience,
Ann Arbor, MI). IHG-1, cytochrome c, and MnSOD mRNA
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Figure 5. Expression of Induced-by-High-Glucose 1 (IHG-1) reg-
ulates expression of mitochondrial proteins manganese superox-
ide dismutase (MnSOD) and cytochrome (Cyto) c. (A) MnSOD and
cytochrome c mRNA were quantified by real-time RT-PCR in HeLa
cells expressing tetracycline-inducible IHG-1-specific shRNAi (�
dox) and control cells (� dox). (B) Whole-cell lysates from cells in
A were analyzed by immunoblotting with antibodies specific for
MnSOD or cytochrome c (panel i). �-Actin demonstrates equal
protein loading. Densitometric analysis of Western blots is shown
(panel ii). (C) MnSOD and cytochrome c (Cyto c) mRNA was
quantified by real-time RT-PCR in HeLa cells overexpressing
IHG-1 and control cells (EV). (D) Whole-cell lysates from cells in C
were analyzed by immunoblotting with antibodies specific for
MnSOD or cytochrome c (panel i). Overexpression of IHG-1 was
confirmed by immunoblotting with anti-V5. �-Actin demonstrates
equal protein loading. Densitometric analysis of Western blots is
shown (panel ii). *, P � 0.05; **, P � 0.01; ***, P � 0.001 (mean �
SEM; n � 3 throughout).
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levels were significantly increased in human DN (P � 2.1 �
10�5, 0.036, and 0.004 respectively). NRF-1 and TFAM mRNA
levels were unchanged (Table 1).

DISCUSSION

Mitochondria play a central role in energy homeostasis, me-
tabolism, signaling, and apoptosis. As such, mitochondrial
function and the rates of mitochondrial biogenesis and degra-
dation are critical to the health and survival of cells. These
processes are finely tuned to meet cell-specific demands and
rely upon the integrated expression of both nuclear and mito-
chondrial genes.7 The transcriptional coactivator PGC-1� is a
key mediator of this integrated program of mitochondrial bio-
genesis. In this study, we demonstrate that a loss of endoge-
nous IHG-1 expression results in decreased mitochondrial
biogenesis and reduced PGC-1� expression. Conversely, over-
expression of IHG-1 led to increased mitochondrial biogenesis
through the stabilization of PGC-1� protein. Mitochondrial
localization of IHG-1 is required for its effect on mitochondrial
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by-High-Glucose 1 (IHG-1) expression. (A) PGC-1� mRNA was
quantified by real-time RT-PCR in HeLa cells stably overexpress-
ing PGC-1� and control cells (EV). (B) Whole-cell lysates from cells
in A were analyzed by immunoblotting with antibodies specific for
PGC-1�. �-Actin demonstrates equal protein loading. (C) Mito-
chondrial mass was assessed in HeLa cells stably overexpressing
PGC-1� or an empty vector control (EV) by flow cytometry after
incubation with MitoTracker Red. Fold increase in mitochondrial
mass was calculated from mean fluorescence intensities. (D)
IHG-1 mRNA was quantified by real-time RT-PCR in cells from A.
*, P � 0.05; **, P � 0.01 (mean � SEM; n � 3 throughout).
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biogenesis, because overexpression of a deletion mutant of
IHG-1 lacking the mitochondrial targeting sequence does not
significantly alter mitochondrial mass.

Mitochondrial biogenesis is regulated by several intracellu-
lar and extracellular factors including oxidative stress,29 cal-
cium ion concentration,38 nitric oxide,39 and insulin.40 All of
these factors have been implicated in the pathogenesis or treat-
ment of various conditions resulting in renal fibrosis.41– 44 Sig-
nificantly, IHG-1 expression has been shown to be increased in
both DN and an experimental model of renal fibrosis (UUO)
in which TIF is well modeled.4,45 Oxidative stress is a key early
event in both of these conditions.25–27 In DN, the source of
increased ROS is believed to be mitochondrial,25,26 and a recent
study demonstrated that a mitochondrion-targeted antioxi-
dant (MitoQ) improved tubular and glomerular function in
the Ins2�/�AkitaJ mouse model of type 1 diabetes.46 In the UUO
model, antioxidant peptides targetted to the inner mitochon-
drial membrane have been shown to protect against renal
damage.27 In addition, PGC-1� protein has been shown to be
increased in renal tubular epithelial cells after short-term oxi-
dative stress, leading to increased mitochondrial biogenesis
and cell recovery. This may be an initial protective response,
because PGC-1� levels return to basal after 6 days.29 IHG-1
may play an important role in the sensing of cellular damage
leading to increased PGC-1� protein levels and thus increasing
mitochondrial biogenesis. This is supported by the observed
increase in PGC-1� protein in the ligated kidneys of UUO rats
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Figure 9. Peroxisome proliferator-activated receptor � coactiva-
tor-1� (PGC-1�) protein is increased in renal proximal tubular
epithelial cells. (A) PGC-1� mRNA was quantified by real-time
RT-PCR in HK2 cells stably overexpressing Induced-by-High-Glu-
cose 1 (IHG-1) and control cells (EV). (B) PGC-1� protein expres-
sion was determined in cells from A by immunoblotting (panel i).
�-Actin demonstrates equal protein loading. Densitometric anal-
ysis of Western blots is shown (panel ii). (C) Mitochondrial tran-
scription factor A (TFAM) and cytochrome (Cyto) c mRNA was
quantified by real-time RT-PCR in cells from A. *, P � 0.05; **, P �
0.01; ***, P � 0.001 (mean � SEM; n � 3 throughout).
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Figure 8. Expression levels of Induced-by-High-Glucose 1
(IHG-1) correlate with levels of key mediators of mitochondrial
biogenesis. (A) nuclear respiratory factor 1 (NRF-1) and mitochon-
drial transcription factor A (TFAM) mRNA was quantified by real-
time RT-PCR in HeLa cells expressing tetracycline-inducible IHG-
1-specific short hairpin RNA interference (shRNAi) and control
cells. (B) ATP synthase subunit 6 (ATP6) and cytochrome (Cyto) b
mRNA was quantified by real-time RT-PCR in cells from A. (C)
HeLa cells expressing tetracycline-inducible IHG-1-specific
shRNAi or control Scr cells, cultured in the presence of doxycy-
cline, were cotransfected with the TFAM promoter reporter and
phRL-CMV, an internal control reporter driving expression of
Renilla luciferase, with or without pcDNA4-Myc-PGC-1� expres-
sion plasmid as indicated. Firefly luciferase activity normalized to
Renilla luciferase activity was determined. (D) NRF-1 and TFAM
mRNA was quantified by real-time RT-PCR in HeLa cells stably
overexpressing IHG-1 and empty vector cells (control). (E) ATP6
and cytochrome b mRNA was quantified by real-time RT-PCR in
cells from C. *, P � 0.05; **, P � 0.01; ***, P � 0.001 (mean �
SEM; n � 3 throughout).
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despite reductions in PGC-1� mRNA, suggesting that in-
creased stabilization of PGC-1� protein is occurring in this
model in association with increased expression of IHG-1.4 Fur-
thermore, analysis of gene expression in human DN using the
gene expression database Nephromine, indicated that al-
though expression of cytochrome c and MnSOD were in-
creased, PGC-1� mRNA levels were not. These data mirror our
findings in vitro, where increased mitochondrial biogenesis is
due to increased PGC-1� protein, not mRNA.

Transcription factors activated by PGC-1� include NRF-1,
NRF-2, peroxisome proliferator-activated receptor �, estro-
gen-related receptor � (ERR�), Sp1, and others. Specific
NRF-1 binding sites have been identified in the promoters of
several nuclear genes required for mitochondrial respiratory
function, including cytochrome c.47,48 TFAM is a master regu-
lator of mtDNA replication and transcription and, as a nuclear
encoded gene, acts as a link between the nucleus and mito-
chondria during mitochondrial biogenesis.8 NRF-1 has been
shown to bind to and activate the TFAM promoter.35,36 Along
with decreased expression of cytochrome c and MnSOD, we
have also demonstrated decreased NRF-1 and TFAM expres-
sion in response to loss of IHG-1. These data indicate that
IHG-1 controls a program of mitochondrial biogenesis involv-
ing PGC-1� and also downstream transcription factors and
both nuclear and mitochondrial encoded genes. In addition,
overexpression of IHG-1 expression resulted in increased mi-
tochondrial biogenesis along with increased expression of key
transcription factors (NRF-1 and TFAM) and both nuclear
and mitochondrial encoded genes (MnSOD, cytochrome c,
cytochrome b, and ATP6), all targets of PGC-1�. These data
further suggest that IHG-1 regulates mitochondrial biogenesis
and function via its modulation of PGC-1� stability.

Mitochondrial biogenesis is a highly controlled process. To
achieve this, both the expression and activity of PGC-1� are
tightly regulated. Whereas mechanisms by which transcription
of PGC-1� is activated have been well studied,14,39,49,50 the reg-
ulation of the half-life of the PGC-1� protein is poorly under-

stood. Although increased PGC-1� expression has been asso-
ciated with recovery from cell stress, evidence also suggests that
sustained activation of PGC-1� is not desirable and may even
be pathogenic. Lehman et al.11 have demonstrated that over-
expression of PGC-1 in cardiac myocytes increased cellular
mitochondrial number and stimulated coupled respiration.
However, this ultimately resulted in a loss of sarcomeric struc-
ture and a dilated cardiomyopathy.

Several different mechanisms have been shown to alter the
stability of PGC-1� and also its specificity toward its binding
partners. For example, PGC-1� has been shown to be a target
for ubiquitination and proteasomal degradation.20,51 Other
post-translational modifications include methylation,52 and
O-linked �-N-acetylglucosamination.53 PGC-1� activity can
also be regulated by acetylation.54,55 In addition, PGC-1� can
be degraded by calpains in response to Ca2� and oxidant in-
jury.51 Further investigation is required to determine the post-
transcriptional/post-translational mechanism by which IHG-1
increases the stability of PGC-1�. Of significant interest is the
fact that only IHG-1 localized to the mitochondria increases
mitochondrial biogenesis. Because IHG-1 is localized to the
mitochondria, it is most likely that a complex signaling cascade
is involved in altering the stability of PGC-1�. At least four
putative E3 ubiquitin ligases have been identified that are lo-
calized to the mitochondria.56 PGC-1� was previously believed
to be predominantly located in the cytosol in resting cells and
to translocate to the nucleus after external stimuli such as ex-
ercise that induce mitochondrial biogenesis.57 However, Aq-
uilano et al.58 have recently demonstrated the presence of
PGC-1� inside mitochondria. In addition, a number of signal-
ing pathways have been identified between the mitochondria
and the nucleus. In one such example, Arnold et al.59 have
shown that peptides generated by the degradation of mito-
chondrial proteins provide a link between mitochondria and
nuclear gene expression. Mass spectrometry analysis of bind-
ing partners of IHG-1 carried out by our group suggests that
IHG-1 does not directly bind PGC-1� (U. Bhreathnach, B.
Griffin, F.B. Hickey, J.B. Corcoran, F. Martin, C. Godson, and
M. Murphy, manuscript in preparation). In summary, this
study identifies a critical role for IHG-1 in the stabilization of
PGC-1�, the master regulator of mitochondrial biogenesis.

CONCISE METHODS

Cell Culture
All of the cell lines were obtained from ATCC (Middlesex, UK).

HEK293T and HeLa cells were cultured in DMEM and MEM, respec-

tively, containing 10% FBS, 2 mM l-glutamine, 100 units/ml penicil-

lin, and 1 mg/ml streptomycin (all from Invitrogen, Paisley, UK).

HK2 cells were cultured in low glucose DMEM-F12 (1 g/L glucose) (In-

vitrogen), 2 mM glutamax (Invitrogen), 10 mM HEPES (Sigma-Aldrich,

Dublin, Ireland), 10 ng/ml EGF (Sigma-Aldrich), 36 ng/ml hydrocorti-

sone (Sigma-Aldrich), ITS (10 �g/ml insulin, 5.5 �g/ml transferrin, and 5

ng/ml sodium selenite) (Sigma-Aldrich), 3 pg/ml tridiothyronine (Sigma-

Table 1. Expression of peroxisome proliferator-activated
receptor � coactivator-1� (PGC-1�)-regulated genes in
human diabetic nephropathy (DN)

P

Increased mRNA in DN
IHG-1 2.1 � 10

�5

Cytochrome 0.036
MnSOD 0.004
Unaltered mRNA in DN

NRF-1 0.224
TFAM 0.314

Decreased mRNA in DN
PGC-1� 0.003

Previously published mRNA levels from human DN and control biopsies were
analyzed using Oncomime (Compendia Bioscience, Ann Arbor, MI). IHG-1,
Induced-by-High-Glucose 1; NRF-1, nuclear respiratory factor 1; TFAM,
mitochondrial transcription factor A; PGC-1�, peroxisome proliferator-
activated receptor � coactivator 1�; MnSOD, manganese superoxide
dismutase.
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Aldrich), 25 ng/ml prostaglandin E1 (Sigma-Aldrich), 100 units/ml

penicillin, and 1 mg/ml streptomycin (Invitrogen). Where indicated,

the cells were treated with 20 �g/ml cycloheximide (Merck Biosci-

ences, Nottingham, UK).

Stable Transduction of Cells
�mts-IHG-1 (deletion of amino acids 9 to 22) was generated using the

QuikChange site-directed mutagenesis kit (Stratagene, Agilent Tech-

nologies, Cork, Ireland). Recombinant lentivirus was produced by

transfection of HEK293T cells with pCMV�R8.9, pMD.2G, pLenti4/

TO/IHG-1-V5, pLenti4/TO/�mts-IHG-1-V5, pTRIPZ/Scr, pTRIPZ/

IHG-1 shRNAi, pLenti6/PGC-1� (Thermo Fisher Scientific, Surrey,

UK), or empty vector controls using calcium phosphate transfection

(Invitrogen). Stable cell lines were selected with appropriate antibi-

otic. Expression of tetracycline-inducible IHG-1 or Scr shRNAi was

induced by culturing cells in the presence of 1 �g/ml doxycycline

(Sigma-Aldrich). For all of the experiments involving IHG-1 knock-

down cells, Scr cells cultured in the presence and absence of doxycy-

cline were also analyzed. No significant effects of doxycycline were

observed.

RNA Isolation and RT-PCR
Total RNA was extracted using TRIzol reagent (Invitrogen). 1 �g of

total RNA was reverse-transcribed using random primers and Super-

Script II (Invitrogen). RT-PCR was performed on an Applied Biosys-

tems 7900HT fast real-time PCR system using TaqMan gene-specific

assays (Applied Biosystems, Warrington, UK) or gene-specific prim-

ers (MWG Biotech, Ebersberg, Germany) and SybrGreen (Table 2).

The results were normalized to 18S rRNA expression. All PCRs were

carried out as follows: 50°C for 2 minutes, 95°C for 10 minutes, 40

cycles of 95°C for 15 seconds, and 60°C for 1 minute.

SDS-PAGE and Immunoblotting
Whole-cell extracts were prepared in radioimmune precipitation as-

say (RIPA) buffer (150 mM NaCl, 50 mM Tris-HCl, pH 7.4, 1 mM

EGTA, 1% Nonidet P-40, protease inhibitor mixture [Sigma-Al-

drich], and phosphatase inhibitor cocktail [Roche, Burgess Hill,

UK]). Protein content was quantified and normalized by using the

Bradford method (Bio-Rad, Hemel Hempstead, UK). The proteins

were separated by electrophoresis on SDS/PAGE gels. The antibodies

used were: V5 (Invitrogen), MnSOD (Stressgen), GAPDH (Cell Signal-

ing, Hertfordshire, UK), cytochrome c (Abcam, Cambridge, UK),

PGC-1� mouse mAB (4C1.3) (Merck), and �-actin (Sigma-Aldrich).

The IHG-1 antibody to purified recombinant protein was generated

by Open Biosystems (Huntsville, AL). Densitometric analysis was

performed using Scion Image (Scion Corp., Frederick, MD).

Immunofluorescence
The cells were fixed with 4% paraformaldehyde and permeabilized in

0.1% Triton X-100. The cells were blocked with 5% normal goat se-

rum and incubated overnight at 4°C with primary antibodies. After

washing, the cells were incubated with secondary antibodies conju-

gated to the indicated fluorophores for 1 hour at room temperature.

The slides were then washed and mounted with ProLong Gold

mounting medium (Invitrogen) containing 4�,6�-diamino-2-phe-

nylindole (DAPI) and anti-fade reagent. Confocal fluorescence im-

ages were obtained by a Zeiss LSM 510meta confocal scan head

mounted on a Zeiss Axiovert 200M microscope using a 63� oil im-

mersion objective. The primary antibodies were: V5 (Invitrogen) and

MnSOD (Stressgen, Ann Arbor, MI). The secondary antibodies were:

Texas Red goat anti-mouse IgG and Alexa Fluor 488 goat anti-rabbit

IgG (Invitrogen).

Subcellular Fractionation
Mitochondria were purified using the Qproteome mitochondria iso-

lation kit (Qiagen) as per the manufacturer’s instructions. GAPDH

and MnSOD were used as subcellular markers for the cytosol and

mitochondria, respectively.

Animals and Unilateral Ureteric Obstruction Surgery
UUO was carried out in male Wistar rats as described previously.4 The

experiments were carried out under a Department of Health and Chil-

dren license (B100/3611). All of the animal usage was in accordance

with the National Institutes of Health Guide for Care and Use of

Laboratory Animals.

Analysis of Mitochondrial DNA
Total genomic DNA was isolated using a GenElute mammalian

genomic DNA kit (Sigma-Aldrich) according to the manufacturer’s

instructions. NADH dehydrogenase subunit 3 was used as a mtDNA

marker, and mitochondrial uncoupling protein 2 was used as a nu-

clear DNA marker. NADH dehydrogenase subunit 3 primers were

designed from regions of mitochondrial DNA that are not found in nu-

clear encoded mitochondrial pseudogenes. RT-PCR was performed as

above using gene-specific primers and SybrGreen (Table 2). The results

were normalized to uncoupling protein 2 DNA.

MitoTracker Analysis
The cells were incubated with 5 �M MitoTracker Red FM dye (Invitro-

gen) for 15 minutes and were washed once before analysis. For flow

cytometry, all of the samples were analyzed using a Cyan ADP cytom-

Table 2. Primer sequences used

Gene Primer Sequence

MnSOD F: tctggacaaacctcagccct
R: gcaactcccctttgggttc

Cytochrome c F: tgaagtgttcccagtgccac
R: cagtcttgtgcttgcctccc

TFAM F: actgcgctcccccttcag
R: acagatgaaaaccacctcggtaa

NRF-1 F: acggaaacggcctcatgtat
R: tgcctcgtccggatagatgg

ATP synthase subunit 6 F: aaccgctaacattactgcaggc
R: gcgaaggttaatccacgta

Cytochrome b F: cgcatgatgaaacttcggct
R: taaacctcctagtccgtccg

MT-ND3 F: ttttaataatcaacaccctcctagcct
R: agccgttgagttgtggtagtca

UCP2 F: tgtggtgtaagtgcggatcc
R: tcctttttgtttgggccagtt

F, forward; R, reverse; TFAM, mitochondrial transcription factor A; NRF-1,
nuclear respiratory factor 1; MT-ND3, NADH dehydrogenase subunit 3;
UCP2, mitochondrial uncoupling protein 2; MnSOD, manganese superoxide
dismutase.
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eter (Dako, Stockport, UK). For fluorescence microscopy, the cells

were cultured on 8-well �-slides (Ibidi, Munich, Germany). Images

were acquired with an Andor EMCCD camera (Andor, Belfast, Ire-

land) mounted on a Nikon Eclipse Ti microscope equipped with a

Yokogawa CSU-X1 scan head (Yokogawa, Tokyo, Japan) using a 10�

or 40� objective. All of the microscope settings including laser power

were exactly replicated for control and test cell lines.

TFAM Transcriptional Activation Assay
The cells were transfected with a human TFAM promoter reporter

construct,10 phRL-CMV (Renilla luciferase control reporter), and

pcDNA4-Myc-PGC-1�60 or empty vector control using FuGENE

transfection reagent (Roche). The cells were harvested 48 hours post-

transfection, and luciferase activity was determined using a dual-lu-

ciferase reporter assay system (Promega, Southampton, UK). Firefly

luciferase was normalized to Renilla luciferase.

Statistical Analyses
All of the experiments were carried out with a minimum of n � 3. Inter-

group comparisons were made by t test or one-way ANOVA using

GraphPad Prism, with P � 0.05 considered statistically significant.
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