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In obesity and diabetes, an imbalance in fatty acid uptake and
fatty acid utilization leads to excess accumulation of lipid in
non-adipose tissues. This lipid overload is associated with cellu-
lar dysfunction and cell death, which contribute to organ failure,
a phenomenon termed lipotoxicity. To elucidate the molecular
mechanism of lipid-mediated cell death, we generated and char-
acterized a mutant Chinese hamster ovary cell line that is resist-
ant to palmitate-induced cell death. In this mutant, random
insertion of a retroviral promoter trap has disrupted the gene for
the non-coding RNA, growth arrested DNA-damage inducible
gene 7 (gadd?). Here we report that gadd?7 is induced by lipo-
toxic stress in a reactive oxygen species (ROS)-dependent fash-
ion and is necessary for both lipid- and general oxidative stress-
mediated cell death. Depletion of gadd7 by mutagenesis or short
hairpin RNA knockdown significantly reduces lipid and non-
lipid induced ROS. Furthermore, depletion of gadd7 delays and
diminishes ROS-induced endoplasmic reticulum stress.
Together these data are the first to implicate a non-coding RNA
in a feed-forward loop with oxidative stress and its induction of
the endoplasmic reticulum stress response.

Cellular homeostasis can be perturbed by a myriad of stimuli,
including metabolic imbalance, oxidative stress, and aberrant
protein folding. In response to such stressors, cells induce spe-
cific molecular pathways that commonly involve activation of
signaling cascades or alterations in gene expression (1, 2). These
responses enable cells to adapt to relatively modest stress and
regain homeostasis. However, if the stress is extreme or pro-
longed, cells are unable to re-establish homeostasis and in turn,
activate pathways that result in cell death.

In obesity and diabetes, high serum triglycerides and free
fatty acids (FFAs)” lead to excess accumulation of lipid in non-
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adipose tissues. This lipid accumulation is associated with cel-
lular dysfunction and cell death, which contribute to organ fail-
ure, a phenomenon termed lipotoxicity (3). Evidence from
human studies implicates lipotoxicity in heart failure associated
with obesity and diabetes by showing a link between cardiom-
yocyte lipid accumulation and heart muscle dysfunction (4 - 6).
In rodent models of diabetes and in several transgenic mouse
models, increased cardiac fatty acid uptake and oxidation
and/or cardiomyocyte lipid accumulation is associated with
heart failure (7-12). Similarly, lipid accumulation in the pan-
creas, kidney, and liver in obesity and diabetes is associated with
organ dysfunction (13—15). Furthermore, end-organ damage in
diabetes and obesity is associated with oxidative and endoplas-
mic reticulum (ER) stress that may be related in part to lipotox-
icity, because perturbation of lipid metabolism alone can lead to
these responses (11, 16-22).

Studies from our laboratory and others show that lipotoxicity
can be modeled in established cell lines by supplementation of
culture media with pathophysiological concentrations of the
saturated FFA, palmitate. In these studies palmitate supple-
mentation of diverse cell types leads to cell death through the
accumulation of ROS and induction of ER stress (21, 23-27). A
number of reports suggest that palmitate induces ROS through
activation of NADPH oxidase (23, 24). Scavenging ROS with
antioxidants not only inhibits lipotoxic cell death, but also sig-
nificantly diminishes induction of the ER stress response, sug-
gesting that lipid-mediated oxidative stress leads to ER stress
(21). Pathophysiological concentrations of palmitate also lead
to rapid remodeling of ER membrane lipids that may directly
impair ER structure and function (28). Although, oxidative
stress and ER stress responses are known to be integral steps in
lipotoxicity, the precise molecular mechanisms by which excess
lipid orchestrates these stress responses remain unresolved.

In an effort to elucidate how cells respond to lipid metabolic
stress, we used retroviral promoter trap mutagenesis and selec-
tion in palmitate-supplemented media to isolate Chinese ham-
ster ovary (CHO) cells that are resistant to lipotoxicity (21).
Herein we describe a mutant with a disruption in gadd?, a gene
that leads to expression of a non-coding RNA (ncRNA) previ-
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otidyl transferase dUTP nick end labeling; RACE, rapid amplification of
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ously described as a hydrogen peroxide (H,O,)-inducible tran-
script (29, 30). We demonstrate that gadd7 participates in a
feed-forward loop that regulates the response to oxidative
stress.

EXPERIMENTAL PROCEDURES

Materials—Palmitate was from Nu-Chek Prep (Elysian) and
[**C]palmitate was from PerkinElmer Life Sciences. Staurospo-
rine and actinomycin D were from Calbiochem. Vitamin E,
H,O,, phloretin, tunicamycin, thapsigargin, fatty acid-free
bovine serum albumin, N-acetyl cysteine (NAC), xanthine, and
xanthine oxidase were from Sigma.

Cell Culture—CHO-K1 cells (American Type Culture Col-
lection) and CHO-derived cell lines were maintained in high
glucose (4.5 mg/ml Dulbecco’s modified Eagle’s medium and
Ham’s F-12 nutrient mixture (1:1)) media with 5% non-inacti-
vated fetal bovine serum, 2 mm L-glutamine, 50 units/ml peni-
cillin G sodium, 50 units/ml streptomycin sulfate, and 1 mm
sodium pyruvate. For lipotoxicity experiments, cell culture
media was supplemented with 500 uMm palmitate complexed to
bovine serum albumin at a 2:1 M ratio, as described previously
(25). For antioxidant studies, cells were pretreated with 400 pum
vitamin E for 1 h or with 5 mM NAC for 5 h, then rinsed with
phosphate-buffered saline (PBS), and co-treated with 500 um
palmitate and 400 uM vitamin E or 5 mm NAC. To induce ER
stress, cells were treated with 2.5 pg/ml tunicamycin or 1 mm
thapsigargin. For ROS induction cells were treated with 2.3 mm
H,0, in growth media or with 100 um xanthine and 15-150
microunits/ml xanthine oxidase in PBS containing 0.5 mMm
MgCl,, 0.92 mm CaCl,, 5 mm glucose, and 0.6% bovine serum
albumin or in growth media.

Generation of CHO Cell Mutants—Vesicular stomatitis virus
G protein pseudotyped murine retrovirus encoding the
ROSABgeo retroviral promoter trap (31) was generated as
described previously (32). CHO cells were transduced with ret-
rovirus at a low multiplicity of infection and mutants were iso-
lated as described previously (21). Number of retroviral inser-
tions within the mutant cell genome was assessed by Southern
blot. Genomic DNA was digested with restriction enzymes
(New England BioLabs) separated by 0.8% agarose gel electro-
phoresis, transferred to nylon membranes, and probed with a
32P-labeled probe corresponding to the ROSABgeo proviral
sequence.

Cell Death and DNA Fragmentation Assays—Cell death was
assessed by membrane permeability to propidium iodide (PI)
staining as described previously (25). Briefly, cells (5 X 10°)
were plated into 35-mm wells 1 day prior to treatment. Follow-
ing treatments, cells were harvested by trypsinization and
stained with 1 uM PI. Percentage of PI-positive cells was deter-
mined by flow cytometry, quantifying 10* cells/sample. Apop-
tosis was assessed by quantifying DNA cleavage using a DNA
fragment end labeling kit (TUNEL; Calbiochem). Percentage of
DNA fragment end-labeled cells was quantified by flow cytom-
etry, quantifying 10* cells/sample.

Identification of Trapped Gene—The endogenous gene dis-
rupted by retroviral insertion was identified by 5’ rapid amplifica-
tion of cDNA ends (RACE) using an oligonucleotide tag and
ROSABgeo sequences (SMART RACE cDNA amplification kit;
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Clontech). The 5" RACE product was TA cloned and sequenced.
Gene identification and directed PCR were carried out as
described previously (21). Directed PCR primers used to verify
retroviral integration within the gadd7 gene were: gadd7 for-
ward, 5'-GGG AAG CTG AGG TTT TTC C-3'; gadd?7 reverse,
5'-CAC ACC AGT CTC AAC TCC C-3'; and ROSABgeo
reverse, 5'-CTC AGG TCA AAT TCA GAC GG-3'.

Quantitative Real Time PCR (qPCR)—Total RNA was iso-
lated using TRIzol reagent (Invitrogen) and reverse transcribed
to cDNA using the SuperScript First-strand Synthesis System
for RT-PCR (Invitrogen) following the manufacturer’s instruc-
tions. cDNA was amplified for 40 PCR cycles using SYBR Green
PCR master mixture (Applied Biosystems) and 10 nm template-
specific primers in a ABI Prism 7500 sequence detector. Primer
sequences to gadd7 (forward, 5'-ACA ATG ACG CCA TCG
TTT TCT-3'; reverse, 5'-TGT CCT CCA TCT GGG CAT
TT-3'),grp78 (forward, 5'-GCC TCATCG GACGCA CTT-3';
reverse, 5'-AAC CAC CTT GAA TGG CAA GAA-3'), and
B-actin (forward, 5'-GGC TCC CAG CAC CAT GAA-3'; reverse,
5'-GCC ACC GAT CCA CAC AGA GT-3') were used in qPCR.
Relative quantification of gene expression was performed using
the comparative threshold method as described by the manufac-
turer. Changes in gadd?7 and grp78 RNA expression levels were
calculated following normalization to 3-actin expression.

Plasmids and Transient Transfection—gadd7 was cloned by
PCRinto pcDNA3.1 to generate pcDNA-gadd?7. QuikChange II
Site-directed Mutagenesis Kit (Stratagene) was used to create
three constructs, each with replacement of one gadd?7 open
reading frame (ORF) stop codon with Agel and Pacl restriction
sites. A double-stranded oligo containing three tandem Myc
sequences and a stop codon, flanked by Agel and Pacl restric-
tion sites, was generated (IDT) and ligated downstream of the
gadd7 ORFs in the three constructs to create in-frame carbox-
yl-terminal Myc tags. The Myc-tagged NPC2 sequence was
generated by PCR and cloned into the AU3 vector. All PCR-
derived segments were confirmed by sequencing. Cells were
transfected with Lipofectamine Plus (Invitrogen) as per the
manufacturer’s protocol and assayed 48 h post-transfection.

Immunofluorescence and Microscopy—Cells (5 X 10°) were
plated onto 0.8% gelatin-coated glass coverslips 48 h before
transfection with Lipofectamine Plus (Invitrogen). 48 h post-
transfection, cells were fixed with 4% paraformaldehyde,
permeabolized with Triton X-100, and stained with a-Myc
antibody (1:800, clone 9E10, Upstate Biotechnology) and Cy5-
coupled donkey a-mouse secondary antibody (1:250, Jackson
ImmunoResearch). Fluorescently labeled cells were visualized
at X40 using a Zeiss Axioskop2 microscope, equipped with an
AxioCam MR5 camera. The percentage of Myc-labeled cells
was determined by quantifying Cy5 fluorescence in 600 green
fluorescent protein (GFP)-expressing cells/sample, analyzed in
three independent experiments.

Generation of gadd7 shRNA Clones—Hamster gadd7 cDNA
sequence (gi: 703070) was used to design siRNA oligonucleo-
tides using Ambion’s siRNA Target Finder Program (ambion.
com/techlib/misc/siRNA_finder.html). gadd7 sense and anti-
sense siRNA sequences were 5'-GAU GAG AAA GUG CAG
UAU UUU-3" and 5'-AAU ACU GCA CUU UCU CAU CUU-
3’, respectively, and scrambled sense and antisense siRNA
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FIGURE 1. Mutant 2E1 is resistant to palmitate-induced cell death and apoptosis. WT and 2E1 mutant cells were incubated with 500 um palmitate (Palm)
for 48 h or 80 nm staurosporine (Staur) and 2 um actinomycin D (Act D) for 24 h. Cell death was assessed by Pl staining and flow cytometry (A) and apoptosis was
assessed by TUNEL and flow cytometry (B). Data are expressed as mean = S.E. for three independent experiments. *, p < 0.005 for 2E1 versus WT. C, autoradiogram
shows Southern blot analysis of WT (lanes 1-3) and 2E1 mutant (lanes 4-6) genomic DNA digested with restriction enzymes Bglll, Ncol, or Xbal, each of which cuts once
within the integrated ROSABgeo provirus. The blot was probed with a 3?P-labeled fragment corresponding to the ROSABgeo sequence.

sequences were 5'-AAG AUG AGC AUA GGA UGU U-3' and
5'-AAC AUC CUA UGC UCA-3/, respectively. shRNA oligo-
nucleotides were designed from these siRNA sequences and
each cloned into a pSilencer 4.1-CMV hygro vector (Ambion)
containing a hygromycin resistance cassette. SARNA vectors
were transfected into CHO cells with Lipofectamine 2000 rea-
gent (Invitrogen). Cells were plated at limiting dilutions and
treated with 0.5 mg/ml hygromycin. Clonal lines were isolated,
and gadd?7 knockdown assessed by qPCR.

Detection of Reactive Oxygen Species Generation—Cells (1 X
10°) were plated in 12-well plates 32 h prior to various treat-
ments. Cells were rinsed with PBS and incubated with PBS con-
taining 0.5 mm MgCl,, 0.92 mMm CaCl,, and 3 um 5-(and-6)-
chloromethyl-2',7’-dichlorodihydrofluorescein diacetate, acetyl
ester (CM-H,DCFDA, Invitrogen) in the dark at 37 °C for 1 h.
Cells were then rinsed with PBS, harvested by trypsinization,
and quenched with culture media. Mean fluorescence was
determined by flow cytometry on 10* cells/sample.

xbp-1 mRNA Splicing—Total RNA was isolated from cells using
TRIzol reagent (Invitrogen) and reverse transcribed to cDNA
using the SuperScript First-strand Synthesis System for RT-PCR
(Invitrogen) following the manufacturer’s instructions. PCR
was performed using hamster xbp-1 primers flanking the xbp-1
splice site as reported previously (33). PCR conditions were
denaturation at 95 °C for 3 min, followed by 40 cycles of 94 °C
for 1 min, 60 °C for 30 s, and 72 °C for 1 min. PCR products were
separated by non-denaturing PAGE on a 3.5% polyacrylamide
gel, which was then stained with ethidium bromide.

Immunoblot Analyses—Whole cell protein lysates were pre-
pared using RIPA buffer (50 mm Tris-Cl, 150 mm NaCl, 1%
Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, and 5 mMm
EDTA) containing 1 mMm phenylmethylsulfonyl fluoride, 1X
Protease Complete inhibitor mixture (Roche), and 1X phos-
phatase inhibitors I and II (Sigma). Nuclear lysates were pre-
pared using the NE-PER Nuclear and Cytoplasmic Extraction
reagents (Pierce Scientific). Proteins (30 ug) were resolved by
12 (for CHOP) or 10% (for JNK) SDS-PAGE gel electrophoresis
and transferred to polyvinylidene difluoride membrane (Milli-
pore). Membranes were probed with CHOP (F-168, Santa
Cruz Biotechnology, 1:1000), phospho-JNK (9251, Cell Sig-
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naling Technology, 1:1000), total JNK (9252, Cell Signaling
Technology, 1:1000), B-actin (A 2066, Sigma, 1:2000), and
proliferating cell nuclear antigen (F 0167, Sigma, 1:2000)
antibodies. Proteins were visualized using appropriate
horseradish peroxidase-conjugated secondary antibodies
(Jackson ImmunoResearch Laboratories, 1:10,000) and
chemiluminescence reagents (PerkinElmer Life Sciences).
Band intensities were quantified by densitometry (Quantity
One Basic Software).

RESULTS

Disruption of gadd7 Confers Resistance to Lipotoxicity—We
carried out a genetic screen in CHO cells using the ROSA Bgeo
retroviral promoter trap vector to identify genes critical for the
lipotoxic response by selecting for mutants in media supple-
mented with a pathophysiological concentration of palmitate
(500 M palmitic acid complexed to bovine serum albumin at a
2:1 molar ratio) (21). From this screen we isolated mutant cell
line 2E1. To characterize 2E1 cells further, we supplemented
wild-type (WT) and mutant cells with palmitate or other induc-
ers of cell death and quantified resistance to cell death and
apoptosis by PI staining and TUNEL assay, respectively (Fig. 1,
A and B). Compared with WT CHO cells, mutant 2E1 cells were
significantly resistant to palmitate-induced cell death (WT 70%
versus 2E1 16% PI positive) and apoptosis (WT 54% versus 2E1
5% TUNEL positive). This resistance was relatively palmitate-
specific, because mutant and WT cells were similarly sensitive
to the apoptotic inducers, staurosporine and actinomycin D.
These data indicate that mutant 2E1 is not generally resistant to
cell death or apoptosis.

Southern blot analysis was used to characterize the insertion of
the provirus in the genome of 2E1 cells. DNA from WT and
mutant cells was digested with restriction enzymes whose sites are
present in the retroviral vector sequence, and analyzed by South-
ern blot, probing for the ROSA Bgeo sequence (Fig. 1C). Only one
hybridizing band was observed for each digest, indicating there is a
single retroviral integration in mutant 2E1, consistent with the low
multiplicity of infection used in the mutagenesis method.

To identify the gene disrupted in mutant 2E1, we performed
5' RACE using cDNA from the mutant. The sequence obtained
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FIGURE 2. Disruption of one gadd7 allele in 2E1 cells leads to decreased gadd7 RNA expression.
A, schematic representation of gadd7-retroviral fusion transcript with 5’ RACE primer location and endog-
enous gadd7 transcript. B, directed PCR was performed on cDNA from WT (lanes 1 and 2) and 2E1 (lanes 3
and 4) cells to detect gadd7 expression (lanes 1 and 3) and fusion transcript (lanes 2 and 4). Negative
control reactions (lanes 5 and 6) contained no cDNA. Forward (F) and reverse (R) primers for gadd7 were
used in PCR for lanes 1, 3, and 5. Forward gadd7 primer and reverse primer for the proviral sequence
(ROSABgeo) were used in PCR for lanes 2, 4, and 6. C, basal gadd7 RNA expression in WT and 2E1 mutant
cells was determined by qPCR and normalized to B-actin RNA expression. *, p < 0.05 for 2E1 versus WT.
Data are expressed as mean = S.E. for three independent experiments. D, WT and 2E1 mutant cells were
treated with 500 um palmitate for the indicated times and gadd7 expression was determined by qPCR and
normalized to B-actin RNA expression.*, p < 0.05 for 2E1 versus WT; #, p < 0.01 for treated versus untreated
WT cells and for treated 2E1 versus treated WT. Data are expressed as mean * S.E. for three independent
experiments.
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FIGURE 3.gadd7 ORFs are not translated. A, schematic representation of gadd7 RNA transcript with three
predicted ORFs. B, WT cells were co-transfected with the indicated plasmids and GFP. GFP (left column of
images) and epitope-tagged proteins (right column) were detected by immunofluorescence. Images
shown are representative of three independent experiments. Bar, 60 um. C, graph shows percentage of
transfected (GFP-positive) cells expressing Myc. Data are mean = S.E. values from analysis of 200 trans-
fected cells in each of three experiments. *, p < 0.001 ORF-Myc-transfected cells versus NPC2-Myc-trans-
fected cells.
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corresponds to 39 nucleotides from
the 5' region of the previously iden-
tified ncRNA gadd7 (Fig. 24). We
carried out directed PCR using
primers to gadd7 and ROSA f3geo to
confirm that gadd7 was the site of
proviral insertion (Fig. 2B). Using
gadd7 forward and ROSAfgeo
reverse primers, a PCR product cor-
responding to the gadd?7-retroviral
fusion transcript was obtained in
mutant ¢cDNA, but not in WT
c¢DNA, demonstrating that the
fusion transcript is present only in
the mutant cells. A product was
obtained in WT and mutant cDNA
using gadd?7 forward and reverse
primers, indicating that both cell
types contain at least one WT allele.
Although not strictly quantitative,
the gadd7 PCR product produced
from the mutant cDNA is of a lower
intensity. Together with data from
Southern blotting, these findings
suggest that the provirus dis-
rupted one of two gadd?7 alleles in
mutant 2E1, creating a model of
haploinsufficiency.

To quantitatively assess the level
of gadd7 expression in 2E1 cells,
basal gadd7 RNA levels were meas-
ured in WT and mutant cells by
qPCR and values were normalized
to B-actin RNA expression (Fig.
2C). Relative to WT cells, gadd7
expression was 50% lower in 2E1
cells, consistent with a model of
haploinsufficiency. Because gadd7
expression is increased by various
stress stimuli, we asked whether
lipotoxic stress affected gadd7 ex-
pression. WT and mutant cells were
supplemented with palmitate for
varying times, and gadd?7 expression
was measured by qPCR (Fig. 2D).
gadd7 expression increased in a
time-dependent manner in both
WT and mutant cells. However,
compared with WT cells, mutant
cells expressed lower levels of gadd7
at all time points and the magnitude
of induction in mutant cells was
substantially diminished. These
results indicate that lipotoxic stress
is an inducer of gadd?7 expression.

Confirmation of gadd7 as a Non-
coding RNA—gadd7 contains three
putative small ORFs predicted to
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FIGURE 4. gadd7 knockdown recapitulates palmitate-resistant phenotype. Stable cell lines were gener-
ated following transfection with a scrambled (SCR) or gadd7 targeting shRNA (KD1 and KD2). A, gadd7 RNA
expression was determined by gPCR and normalized to B-actin RNA expression under normal growth condi-
tions (basal) and following treatment with 500 um palmitate for 10 h (/ipotoxic). B, cells were treated with 500
M palmitate for 48 h and cell death was assessed by Pl staining and flow cytometry. All data are expressed as

mean = S.E. for three independent experiments. *, p < 0.05 for KD versus SCR.
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FIGURE 5. Palmitate-induced ROS generation occurs prior to gadd7
induction. WT cells were treated with 500 uMm palmitate for the indicated time
course and ROS generation was quantified by CM-H,DCFDA labeling and
flow cytometry. gadd7 expression was determined by qPCR normalized to
B-actin RNA expression. All data are expressed as mean = S.E. for three inde-
pendent experiments. *, p < 0.001 palmitate-treated versus untreated.

encode peptides 38, 37, and 43 amino acids in length (Fig. 34). In
vitro translation studies conducted by two independent groups
showed no detectable protein products were produced from
gadd7 RNA (29, 30), leading to the classification of gadd7 as a
ncRNA. To address the possibility that small peptides might have
been missed in SDS-PAGE analyses, we generated gadd7 ORF
fusion constructs by replacing each predicted gadd?7 stop codon
with a triple Myc epitope tag in-frame followed by a stop codon
(ORF1-Myc, ORF2-Myc, and ORF3-Myc). The fusion constructs
were co-transfected into WT cells along with a construct for GFP,
and immunofluorescence was used for detection of fusion pep-
tides (Fig. 3, B and C). Cells were transfected with a Myc-tagged
NPC2 construct in parallel for comparison of translation efficiency
with a bona fide small ORF of 151 amino acids (34). For ORF1-
Myc, sporadic, low level Myc expression was observed in 5% of
transfected cells, whereas for NPC2-Myc high level Myc expres-
sion was observed in 85% of transfected cells. No expression of the
Myc epitope tag was detected in ORF2-Myc or ORF3-Myc trans-
fected cells. The level of epitope tag expression in ORF1-Myc-
transfected cells is extremely low, compared with NPC2-Myc-
transfected cells and is unlikely to have biological significance.
Together, our studies are consistent with a model in which gadd?7
functions at the level of RNA.

Knockdown of gadd7 Recapitulates Mutant Phenotype—To
confirm that disruption of gadd?7 expression leads to a lipo-
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toxicity-resistant phenotype, we

used shRNA technology to deter-
* mine whether directed knock-
down of gadd7 expression in WT
cells recapitulates the palmitate-resis-
tant phenotype. We isolated two
independent stable cell lines express-
ing shRNA directed against gadd7

(KD1 and KD2) and a cell line
expressing a scrambled shRNA
(SCR). Compared with the SCR
control, basal gadd7 expression in
KD1 and KD2 cells was decreased
20% (Fig. 4A, left panel). Under lipo-
toxic conditions, gadd7 expression
was decreased 45 and 48% in KD1
and KD2, respectively (Fig. 4A, right panel). Compared with
SCR cells, KD1 and KD2 cells were significantly protected from
cell death (38 and 32% reduction in PI positivity, respectively,
Fig. 4B). These studies provide independent evidence support-
ing our model in which gadd?7 loss of function is protective
against lipotoxicity.

gadd?7 Functions as a Regulator of Lipid-mediated Oxidative
Stress—We next sought to determine where gadd?7 acts in the
lipotoxic pathway. To assess whether resistance of 2E1 cells to
lipotoxicity was due to impairment in the import of FFAs, initial
rates of palmitate uptake were measured in WT and 2E1 cells
pulsed for 1 min with **C-labeled palmitate. Levels of palmitate
uptake were equivalent in the two cell lines, indicating that
resistance to palmitate-induced cell death in 2E1 cells is not due
to impaired FFA uptake (supplemental Fig. S1).

Studies in cultured cells, as well as animal models, have
implicated oxidative stress in the pathogenesis of lipotoxicity.
Furthermore, H,0,, a ROS precursor, has previously been
shown to increase gadd7 expression (29, 30). To investigate
whether palmitate-induced ROS generation is upstream of
gadd?7 expression, we measured levels of ROS and gadd7 RNA
in WT cells over a time course of palmitate treatment (Fig. 5).
At both 5 and 7 h of palmitate treatment, ROS levels were sig-
nificantly increased, whereas gadd7 expression remained
unchanged relative to untreated cells. After these time points,
ROS continued to increase. By contrast, gadd7 levels were not
significantly elevated until 10 h following palmitate treatment.
These data indicate that palmitate-induced ROS generation
occurs before gadd7 expression.

We then sought to determine whether palmitate-induced
ROS generation was required for gadd?7 expression. We supple-
mented WT cells with palmitate in the absence and presence of
the antioxidants, vitamin E (a-tocopherol) or NAC to deplete
ROS. In the presence of vitamin E and NAC, palmitate-induced
ROS levels were decreased by 42 and 58% compared with vehi-
cle treated cells, respectively (Figs. 6, A and C). This reduction
of ROS resulted in a 62 and 55% decrease in gadd?7 expression
upon treatment with vitamin E and NAC, respectively (Fig. 6, B
and D). These data indicate that lipotoxic stress induces gadd7
expression in a ROS-dependent fashion.

To determine whether this induction of gadd?7 also contributed
to the level of oxidative stress in palmitate-treated cells, we meas-
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FIGURE 6. gadd?7 is a regulator of palmitate-induced ROS generation. A, WT cells were treated with 500 um
palmitate in the presence or absence of vitamin E (Vit E) for 12 h. ROS generation was quantified by
CM-H,DCFDA labeling and flow cytometry. *, p < 0.001 palmitate (Palm)-treated versus untreated; #, p < 0.01
Vit E/palmitate-treated versus Vit E-treated; %, p < 0.05 Vit E/palmitate-treated versus palmitate-treated cells.
B, WT cells were treated as in A, and gadd7 expression was determined by qPCR normalized to B-actin RNA
expression. *, p < 0.001 palmitate-treated versus untreated; #, p < 0.05 Vit E/palmitate-treated versus Vit
E-treated; #, p < 0.005 for Vit E/palm-treated versus palmitate-treated cells. C, WT cells were treated with 500 um
palmitate in the presence or absence of NAC for 12 h. ROS generation was quantified as in A. *, p < 0.001
palmitate-treated versus untreated; #, p < 0.0017 NAC/palmitate-treated versus NAC-treated; $, p < 0.05
NAC/palmitate-treated versus palmitate-treated cells. D, WT cells were treated as in C, and gadd7 expression
was determined by qPCR as in B.*, p < 0.001 palmitate-treated versus untreated; #, p < 0.001 NAC/palmitate-
treated versus NAC-treated; #, p < 0.001 for NAC/palmitate-treated versus palmitate-treated cells. £, WT and
2E1 cells were treated with palmitate and analyzed for ROS generation as in A. *, p < 0.05 for treated versus
untreated mutant cells; #, p < 0.001 for treated mutant versus treated WT cells. F, stable scrambled (SCR) and
gadd7 knockdown (KD1 and KD2) cell lines were treated with palmitate and analyzed for ROS generation as in
A.*,p <0.001 for treated versus untreated knockdown cells; #, p < 0.005 for treated knockdown versus treated
SCR cells. All data are expressed as mean = S.E. for three independent experiments.

that palmitate-induced ROS genera-
tion precedes and is required for
gadd?7 induction, our data are consist-
ent with a model in which gadd7
serves as a feed-forward regulator of
lipid-mediated oxidative stress.

gadd7 Regulates Lipid-mediated
ER Stress—Because gadd7 expres-
sion amplifies palmitate-induced
ROS, and because palmitate-induced
ROS contributes to the induction of
ER stress, we asked whether gadd?7 is
required for palmitate-induced ER
stress. Splicing of xbp-1 mRNA, an
early indicator of the ER stress
response, was complete following
10 h of palmitate supplementation in
WT cells, but remained incomplete in
mutant cells even up to 20 h of treat-
ment (Fig. 7A). Similarly, grp78
mRNA induction was diminished
in mutant cells 10 and 24 h follow-
ing palmitate supplementation
(9-fold induction in WT cells ver-
sus 2-fold induction in 2E1 cells at
24 h, Fig. 7B). CHOP protein
expression and JNK phosphoryla-
tion were also diminished and
delayed in 2E1 cells (Fig. 7, C and
D). Consistent with these findings,
cells with knockdown of gadd7
expression also demonstrated
delayed and diminished palmi-
tate-induced ER stress (supple-
mental Fig. S2). These effects of
gadd7 were specific for palmitate-in-
duced ER stress. In response to the
non-lipid inducers of ER stress, tuni-
camycin and thapsigargin, splicing of
xbp-1 and induction of grp78 mRNA
and CHOP protein were indistin-
guishable between WT and mutant
cells (Fig. 7, A-C). Taken together,
these data indicate that gadd” is
required for palmitate-induced ER
stress.

gadd?7 Is a Regulator of General
Oxidative Stress—Our data indicate

ured levels of ROS in WT and 2E1 mutant cells supplemented with
palmitate. At baseline, levels of ROS were similar between the two
cell types, and ROS increased significantly in both WT and 2E1
cells in response to lipid challenge. However, under lipotoxic con-
ditions, levels of ROS were 77% lower in mutant cells compared
with WT cells (Fig. 6E). A similar response was observed in gadd7
knockdown clones (KD1 and KD2), which showed a mean 62%
decrease in palmitate-induced ROS compared with SCR cells (Fig.
6F). These findings indicate that gadd?7 is a positive regulator of
palmitate-induced ROS accumulation. Together with the findings
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that gadd?7 plays a critical role in lipid-mediated oxidative stress
and the downstream induction of ER stress and cell death. Because
gadd?7 is up-regulated not only by palmitate, but also by non-lipid
inducers of oxidative stress, we sought to investigate whether
gadd?7 is a regulator of general oxidative stress (27, 28). To address
this, WT and mutant cells were treated with H,O, or with xan-
thine and xanthine oxidase (X:XO) and gadd?7 expression and ROS
accumulation were measured. In the presence of H,0, and X:XO,
gadd?7 expression was induced 5- and 2-fold, respectively (Fig. 84).
ROS increased significantly in both treated WT and 2E1 cells, but
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FIGURE 7. gadd7 is necessary for palmitate-induced ER stress. WT and 2E1 cells were incubated with 500 um palmitate, 1 um thapsigargin (Tg), or 2.5 ug/ml
tunicamycin (Tm) for the indicated times. A, cDNA was synthesized and used for PCR with primers specific for the region of xbp-1 that is spliced during ER stress
induction. PCR products were separated by non-denaturing PAGE, followed by EtBr staining. Gel shown is representative of three independent experiments,
with arrows indicating xbp-1 unspliced (u) and spliced (s) species. B, Grp78 RNA expression in WT and 2E1 mutant cells was determined by qPCR and is reported
normalized to B-actin RNA expression. Data are expressed as mean = S.E. for three independent experiments, *, p < 0.01 palmitate-treated 2E1 versus treated
WT. n.s., not significant. C, cell lysates were analyzed by Western blot probed for CHOP and B-actin proteins. Blots shown are representative of three independ-
entexperiments. Graph shows quantification of CHOP expression normalized to 3-actin. Data are expressed as mean = S.E.for three independent experiments,
*,p < 0.05 for 2E1 versus WT. D, cell lysates were analyzed by Western blot probed for phosphorylated (P-JNK) and total (T-JNK) JNK proteins. A representative
blot is shown. Graph shows quantification of phosphorylated JNK1 and JNK2 normalized to total JNKT and JNK2, respectively. Data are expressed as mean *
S.E. for three independent experiments, *, p < 0.05 for 2E1 versus WT.
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gadd7 was required for ROS-induced
ER stress and cell death. In the pres-
ence of H,O,, CHOP protein expres-
sion was decreased in mutant cells
compared with WT cells, consistent
with a block in ER stress induction
(Fig. 9A). Moreover, mutant cells
were resistant to ROS-induced cell
death as assessed by PI staining (Fig.
9B). These findings indicate that
gadd?7 is a regulator of ROS-induced
ER stress and cell death.

FIGURE 8. gadd7 regulates general ROS amplification. A, WT cells were treated with 1 mm H,0, or 100 um
xanthine and 150 microunits/ml xanthine oxidase (X:XO) for 4 h. gadd7 expression was determined by gPCR

and is reported normalized to B-actin RNA expression. All data are expressed as mean = S.E. for a minimum of
6 measures per condition. ¥, p < 0.005 for treated versus untreated cells. B, WT and 2E1 cells were treated with
2.3 mm H,0, or 100 um xanthine and 15 microunits/ml xanthine oxidase for 30 min or 2 h, respectively.
Generation of ROS was measured by CM-H,DCFDA labeling and flow cytometry. All data are expressed as

mean * S.E. for three independent experiments. ¥, p < 0.05 for treated 2E1 versus treated WT.

the level of ROS accumulation in 2E1 cells was decreased by 62%

with H,O, and 66% with X:XO compared with WT cells (Fig. 8B).
These data indicate that gadd? is up-regulated by non-lipid induc-
ers of oxidative stress and is required for the amplification of ROS.
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DISCUSSION

Oxidative and ER stress are inte-
gral to the cellular response to lipid
metabolic stress. To understand the
molecular mechanism whereby

excess lipid contributes to cell dysfunction and cell death, we
conducted a genetic screen in CHO cells that led to isolation of
a mutant with a disruption of one allele of gadd”7. Here we
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resolved. Our data show that
gadd?7 participates in a feed-for-
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FIGURE 9. gadd?7 is necessary for ROS-induced ER stress and cell death. A, WT and 2E1 cells were treated
with 2.3 mm H,0,. Nuclear cell lysates were analyzed by Western blot for CHOP and proliferating cell nuclear
antigen proteins. Blots shown are representative of three independent experiments. B, cells were treated as in
Afor 24 h. Cell death was assessed by Pl staining and flow cytometry. All data are expressed as mean = S.E. for
three independent experiments. *, p < 0.001 for treated 2E1 versus treated WT.
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FIGURE 10. Model of the role of gadd?7 in the lipotoxic response. Excess
palmitate leads to generation of ROS, which in turn activates the ER stress
response. Palmitate may also act directly on the ER through remodeling of ER
membrane lipids (28). Oxidative stress generated by palmitate induces expres-
sion of gadd7, which plays a role in amplifying oxidative stress and in turning on
the ER stress response following oxidative stress. Oxidative stress, ER stress, and
induction of gadd?7 all contribute to palmitate-induced cell death.

report that gadd? is a regulator of lipotoxicity and is necessary
for lipid-induced cell death. Palmitate induces gadd?7 in a ROS
dependent fashion; however, the further amplification of
these ROS is dependent upon induction of gadd?7, suggesting
that gadd7 functions in a feed-forward loop with ROS in
response to lipid overload (Fig. 10). Furthermore, during
lipid overload, induction of gadd?7 is necessary for the down-
stream activation of ER stress and subsequent cell death.
Cellular oxidative stress can be initiated not only by lipids,
but also by ROS precursors such as H,O,, nitric oxide, and
cytokines such as tumor necrosis factor a. ROS generated by
each of these mechanisms induces ER stress (21, 26, 27,
35-37). However, the precise mechanisms linking ROS pro-
duction to activation of the ER stress response remain to be
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shown that induction of gadd?7 by
H,O, requires intracellular cal-
cium (38). Together these data
suggest that ROS may induce
gadd?7 through a calcium-depend-
ent signaling mechanism. Overex-
pression of gadd7 in WT cells does not further amplify the
response to lipotoxic stress or H,O, (not shown), suggesting
that induction of gadd7 under these circumstances is already
sufficient to achieve a maximal response. Furthermore,
gadd?7 overexpression alone in the absence of a lipid (or non-
lipid) source of ROS does not increase cellular ROS levels or
induce ER stress (not shown). It is likely that gadd7 RNA acts
in concert with other cellular signals generated by ROS.

Given the absence of an ORF of greater than 43 amino
acids, gadd?7 has been hypothesized to function as a ncRNA,
a model supported by the absence of a detectable in vitro
translation product (29, 30). Computational analyses of
sequence conservation and codon structure also support this
model. None of the three short ORFs of gadd7 have signifi-
cant homology to known proteins, and whereas the pre-
dicted 28-amino acid peptide from ORF1 shares 50% homol-
ogy with a predicted amino acid sequence of a murine EST
clone, there is substantially greater conservation at the
nucleotide level for this region (71%). The greater homology
of nucleotide sequence over the amino acid sequence
observed in gadd?7 is a hallmark of ncRNAs (39-41). Addi-
tionally, examination of the predicted codon structures of
ORF1 and the predicted amino acid sequence of the murine
EST clone show a lack of conserved codon structure. More-
over, our studies demonstrate that none of the gadd” ORFs is
efficiently translated. Disruption of low-level translation of
ORF1 is unlikely to account for the robust phenotype in the
haploinsufficient 2E1 cells.

gadd7belongs to a large class of non-coding RNAs, described
aslong or mRNA-like ncRNAs, which are found in species from
Drosophila to humans (39, 42— 44). Recent reports suggest that
for long ncRNAs, greater conservation exists in the predicted
secondary structure, because this is more highly conserved than
the nucleotide sequence (42). Thus, mouse or human orthologs
of gadd?7 are unlikely to be identified based on sequence con-
servation alone. Future studies will need to combine analysis of
secondary structure, identification of small conserved nucleo-

JOURNAL OF BIOLOGICAL CHEMISTRY 7453



gadd?7 Is a Regulator of Oxidative Stress

tide motifs, and functional assays to delineate gadd?7 orthologs
in these other species.

Over the past decade, transcriptional profiling and expres-
sion analyses have uncovered a large number of ncRNAs.
Although the cellular functions for a few ncRNAs have been
described, the specific roles for the vast majority of ncRNA
species are unknown. Here we describe gadd7 as the first
ncRNA to link oxidative stress to ER stress and the only long
ncRNA to be implicated in oxidative stress. The precise molec-
ular mechanisms of action of long ncRNAs such as gadd?7 are
presently unknown. It has been proposed that ncRNAs may
serve as cellular rheostats, providing a previously unappreci-
ated layer of fine regulation of gene expression (45). Future
studies will be necessary to ascertain whether gadd7 acts at the
level of RNA-RNA interactions or RNA-protein interactions
and to identify the downstream targets that it regulates.
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