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Peroxisome Deficiency Causes a Complex Phenotype
because of Hepatic SREBP/Insig Dysregulation Associated
with Endoplasmic Reticulum Stress™
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Regulation of hepatic cholesterol biosynthesis, lipogenesis,
and insulin signaling intersect at the transcriptional level by
control of SREBP and Insig genes. We previously demonstrated
that peroxisome-deficient PEX2™/~ mice activate SREBP-2
pathways but are unable to maintain normal cholesterol home-
ostasis. In this study, we demonstrate that oral bile acid treat-
ment normalized hepatic and plasma cholesterol levels and
hepatic cholesterol synthesis in early postnatal PEX2 mutants,
but SREBP-2 and its target gene expressions remained
increased. SREBP-2 pathway induction was also observed in
neonatal and longer surviving PEX2 mutants, where hepatic
cholesterol levels were normal. Abnormal expression patterns
for SREBP-1c and Insig-2a, and novel regulation of Insig-2b, fur-
ther demonstrate that peroxisome deficiency widely affects the
regulation of related metabolic pathways. We have provided the
first demonstration that peroxisome deficiency activates
hepatic endoplasmic reticulum (ER) stress pathways, especially
the integrated stress response mediated by PERK and ATF4 sig-
naling. Our studies suggest a mechanism whereby ER stress
leads to dysregulation of the endogenous sterol response mech-
anism and concordantly activates oxidative stress pathways.
Several metabolic derangements in peroxisome-deficient
PEX2~/~ liver are likely to trigger ER stress, including perturbed
flux of mevalonate metabolites, altered bile acid homeostasis,
changes in fatty acid levels and composition, and oxidative
stress.
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Cholesterol is an essential lipid in vertebrate cell membranes
and an obligatory precursor for synthesis of steroid hormones,
bile acids, and regulatory oxysterols (1, 2). Mammals adjust
their sterol content by both transcriptional and posttranscrip-
tional feedback systems that regulate cholesterol metabolism.
Cholesterol homeostasis is achieved through the coordinated
regulation of dietary cholesterol absorption, de novo biosynthe-
sis, and disposal in the form of bile acids (3, 4, 5). The sterol
regulatory element-binding protein (SREBP)* family of tran-
scription factors is central to this feedback system. Mammalian
cells produce three SREBP isoforms, called SREBP-1a, SREBP-
1c, and SREBP-2 (3). SREBP-1a and -1c are produced from the
same gene by use of different promoters and alternative splic-
ing. SREBP-1c activates predominantly genes involved in fatty
acid and triglyceride biosynthesis, whereas SREBP-2 activates
primarily genes required for cholesterol synthesis. SREBPs are
present as transcriptionally inactive precursor proteins in the
endoplasmic reticulum membrane by their interaction with
SREBP cleavage-activating protein (SCAP), which functions as
a sterol sensor. In sterol-depleted cells, SCAP escorts SREBPs
from the ER to the Golgi, where the SREBPs are processed pro-
teolytically to generate their nuclear forms that activate SREBP
target genes (6).

Insigs (Insig-1 and -2; insulin-induced genes) are polytopic
ER membrane proteins that reduce cholesterol synthesis by
blocking the translocation of the SCAP-SREBP complex and by
enhancing degradation of 3-hydroxy-3-methylglutaryl (HMG)-
CoA reductase in response to sterols (3). Insig-1 is an obligatory
SREBP target gene, whereas Insig-2 is constitutively expressed
at a low level, at least in cultured cells (7). By use of different
promoters, the Insig-2 gene produces two transcripts in the
liver, Insig-2a, which is liver-specific and selectively down-reg-

3 The abbreviations used are: SREBP, sterol regulatory element-binding pro-
tein; SCAP, SREBP cleavage-activating protein; ER, endoplasmic reticulum;
ERAD, ER-associated protein degradation; PERK, protein kinase RNA-like ER
kinase; IRE, inositol-requiring protein; ATF, activating transcription factor;
Insig, insulin-induced gene; HMG, 3-hydroxy-3-methylglutaryl; HMGCR,
HMG-CoA reductase; HDL, high density lipoprotein; LDL, low density
lipoprotein; BA, bile acid; UPR, unfolded protein response; IDI, isopente-
nylpyrophosphate isomerase; P, postnatal day; LXR, liver X-activated
receptor; CHOP, C/EBP-homologous protein; ISR, integrated stress
response; RT, reverse transcription; ANOVA, analysis of variance.
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ulated by insulin, and Insig-2b, which is ubiquitously expressed
in various tissues (8).

Peroxisomes are ubiquitous organelles of eukaryotic cells
that are predominantly involved in lipid metabolism (9, 10).
The pre-squalene segment of the cholesterol biosynthetic path-
way is localized to peroxisomes, and acetyl-CoA derived from
peroxisomal B-oxidation of very long-chain fatty acids and
medium-chain dicarboxylic acids is channeled preferentially to
cholesterol synthesis inside the peroxisomes (11).

We recently examined cholesterol homeostasis in mice lack-
ing functional peroxisomes (PEX2 /" mice), and demon-
strated that: 1) PEX2™"~ mice had significantly decreased total
cholesterol and high density lipoprotein (HDL) cholesterol lev-
els in plasma; 2) the steady-state cholesterol content in
PEX2™"" liver was decreased by 40% relative to control mouse
liver; 3) PEX2~ " mice did not lose cholesterol by catabolism to
bile acids or excretion in the stool; and 4) PEX2~~ mice failed
to maintain normal cholesterol balance, despite a dramatic
increase in SREBP-2, its target genes, and cholesterol biosyn-
thesis in most tissues (12).

Bile acids (BAs) are synthesized from cholesterol in the liver
and are important for the digestion and absorption of lipid
nutrients (5). To evaluate whether the lack of mature bile acids
plays a role in the altered cholesterol homeostasis in peroxi-
some-deficient mice, control and PEX2™"~ mice were fed a
mixture of cholic and ursodeoxycholic acid daily by means of an
orogastric tube feeding (13). The effects on cholesterol levels
and its biosynthesis and transcriptional regulatory controls
were evaluated. Our studies demonstrate that BA feeding nor-
malized cholesterol levels in liver and plasma of early postnatal
PEX2~"" mice, but the activities, expression and protein levels
of SREBP-2 pathway genes were still significantly up-regulated,
indicating a persistently abnormal cholesterol homeostasis. In
untreated and BA-fed PEX2~” mice at postnatal day 36 (P36),
liver cholesterol levels were normal, but SREBP-2 target genes
remained induced. Therefore, cholesterol biosynthesis path-
way abnormalities persist in peroxisome-deficient mice even
when cholesterol balance is maintained. We propose a mecha-
nism whereby activation of the hepatic ER unfolded protein
response (UPR) in peroxisome deficiency leads to dysregulation
of the endogenous sterol response mechanism.

EXPERIMENTAL PROCEDURES

Animals—Homozygous PEX2™’~ mice were obtained by
breeding PEX2 heterozygotes (Swiss Webster (SW)X129SvEv
mouse genetic background) (14 —16). Mice had access to food
and water ad libitum and were exposed to a 12-h light-dark
cycle. For the purposes of this study, control mice consisted of
either PEX2"/* or PEX2"/~ genotypes, as biochemical meas-
ures did not differ (12). Starting on P1, mice were fed a solution
containing cholic acid and ursodeoxycholic acid (Sigma), each
at 3 mg/ml, in sterile 1.5% sodium carbonate. A 15 mg/kg daily
dose of each bile acid was administered by orogastric gavage as
described (13). All protocols for animal use and experiments
were reviewed and approved by the Institutional Animal Care
and Use Committee of San Diego State University and Colum-
bia University.
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Plasma and Hepatic Lipid Analysis—Tissue sterols and
plasma total cholesterol, HDL and LDL cholesterol, phospho-
lipids, and triglycerides were measured as described previously
(12).

Enzyme Assays—HMG-CoA reductase (HMGCR) (EC
1.1.1.34), farnesyl pyrophosphate synthase (EC 2.5.1.10), iso-
pentenylpyrophosphate isomerase (IDI1) (EC 5.3.3.2), and
squalene synthase (EC 2.5.1.21) activities were assayed as
described previously (12). Protein concentration was deter-
mined by the BCA method (Pierce).

Western Blot Analysis—Proteins were separated on SDS-
polyacrylamide gels. Immunoblot analysis was performed by
enhanced chemiluminescence (PerkinElmer Life Sciences)
with the following antibodies: anti-HMGCR, anti-mevalonate
kinase, anti-IDI1, anti-squalene synthase (BD Biosciences), and
anti-SREBP-1 (Santa Cruz Biotechnology, Santa Cruz, CA),
with the appropriate horseradish peroxidase-linked secondary
antibody (Bio-Rad). Blots were exposed to Kodak X-Omat LS
film (Rochester, NY), scanned on a densitometer (GE Health-
care) and analyzed with ImageQuant® software (Amersham
Biosciences).

Quantitative Real-time RT-PCR—Total RNA was prepared
from frozen mouse tissues with TRIzol (Invitrogen) and treated
with DNase I (DNA-free; Ambion, Austin, TX). First-strand
c¢DNA was synthesized with random hexamer primers using
Ready-To-Go You-Prime First-Strand Beads (Amersham Bio-
sciences). The real-time RT-PCR reaction was set up in a final
volume of 20 ul using 2X LightCycler 480 SYBR Green I Mas-
termix (Roche Diagnostics). PCR reactions were performed in
triplicate using a Roche LightCycler 480. The relative mRNA
amount was calculated using the comparative threshold cycle
(Cr) method. 18S rRNA was used as the invariant control.
Primer sequences are available on request. Northern blot anal-
ysis was performed as described previously (12). RT-PCR anal-
ysis of XBP-1 splicing was performed as described previously
(17, 18).

Immunohistochemistry—Mice were cardiac-perfused with
4% paraformaldehyde-phosphate-buffered saline. The liver was
post-fixed overnight in paraformaldehyde-phosphate-buffered
saline and either processed for paraffin embedding or cryopro-
tected in 30% sucrose for frozen section preparation. 2—4 wm of
paraffin or 10 wm of frozen liver sections were mounted on
Superfrost Plus slides. For antigen retrieval of paraffin-embed-
ded tissue, deparaffinized and rehydrated sections were
digested with 0.01% trypsin for 10 min at 37 °C followed by
microwaving in 10 mu citrate buffer, pH 6.0, three times for 5
min at 800 watts. Nonspecific binding was blocked with 10%
normal donkey serum, 1% bovine serum albumin, and 0.5% Tri-
ton X-100 in phosphate-buffered saline for 2 h, and sections
were then incubated overnight at 4 °C with goat anti-Grp78
(SC-1051; Santa Cruz Biotechnology). Cy3-conjugated donkey
anti-goat IgG was applied for 2 h (Jackson ImmunoResearch
Laboratories). Negative control sections were incubated in par-
allel by omitting the primary antibody. Images were taken with
a Zeiss LSM510 confocal laser-scanning microscope.

Statistical Analyses—Data are expressed as means = S.D.
Statistical significance was evaluated either by an unpaired Stu-
dent’s ¢ test or by ANOVA followed by Fisher’s least-squares
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TABLE 1

Plasma analysis of untreated and BA-fed control and PEX2 knock-out mice

Each value represents the mean *+ S.D. Numbers in parentheses denote the number of samples analyzed. Plasma LDL cholesterol was calculated according to the Friedewald
formula applying the values of total cholesterol, HDL cholesterol, and triglycerides. One-way ANOVA was used to determine statistical significance of changes followed by
Fisher’s least-squares difference post hoc test to evaluate multiple group comparisons. Significance at the 0.01 level: *, significant difference vs. untreated control mice; #,

significant difference vs. bile acid-fed control mice; 1, significant difference vs. untreated PEX2™'~ mice. Significance at the 0.05 level: #, significant difference vs. untreated
PEX2™'" mice.

Concentration
Age/Parameter Untreated mice Bile acid-fed mice
Control PEX27/~ Control PEX2~/~
mgldl
P9-P10
Total plasma cholesterol 172.8 = 31.9 (28) 98.3 = 30.0 (9)*# 161.8 * 34.3 (15)t 168.7 = 58.5 (12)t
Plasma HDL cholesterol 80.5 = 28.8 (22) 31.6 = 18.8 (11)* 33.8 * 14.3 (14)* 11.6 + 6.7 (12)*#+
Plasma triglycerides 88.8 = 45.1 (40) 83.5 = 26.4 (13)# 179.5 = 81.4 (14)*+ 201.7 = 61.7 (9)*t
Plasma phospholipids 412.1 = 52.1 (31) 273.9 = 93.7 (11)* 311.6 = 30.8 (11)* 321.9 = 95.5 (8)*
Plasma LDL cholesterol 74.5 50 92.1 116.8

P36

Total plasma cholesterol 121.4 + 22.4 (10) 222.0 + 20.4 (2)* 147.0 = 23.1(8) 178.1 = 47.1 (4)
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FIGURE 1. A-B, activities of selected cholesterol biosynthetic enzymes in liver homogenates of P7-P10
untreated (A) and P9 BA-fed (B) control and PEX2~/~ mice. Enzyme activities from PEX2 wild-type and heterozy-
gous mice were similar and were combined (control mice). Values are mean = S.D. (Untreated mice: n = 10 for
control mice, n = 7 for PEX2~/~ mice; BA-fed mice: n = 5 for control and PEX2~/~ mice; n = 7 for HMGCR activity
measurements). *, p < 0.05; **, p < 0.005; ***, p < 0.001 (Student’s t test). The data presented in A are repro-
duced from Kovacs et al. (12) with permission from the American Society for Microbiology. IPP, isopentenylpy-
rophosphate; FPP, farnesyl pyrophosphate; Untxt, untreated; BA, bile acid-fed.

vated 1.8-fold compared with that
in controls (Table 1; p < 0.001),
which contrasts markedly with the
decreased level in early postnatal
untreated mutants. BA feeding

difference post hoc test to compare four sample group means at
each time.

RESULTS

Plasma Lipid Analysis of Bile Acid-fed Control and PEX2~"~
Mice—We first investigated whether BA feeding changed the
plasma lipid alterations seen in P10 untreated PEX2 " mice,
where total plasma cholesterol and HDL cholesterol were 0.57-
and 0.27-fold the corresponding values of untreated controls,
respectively (12). BA feeding normalized total plasma choles-
terol level in PEX2~”~ mice but did not alter the level in con-
trols (Table 1). Plasma HDL cholesterol levels decreased with
BA feeding in both control (65%) and PEX2 7~ (55%) mice,
resulting in a similar reduction of HDL cholesterol in mutants
versus controls for both untreated (0.39-fold) and bile acid-fed
(0.34-fold) PEX2™"~ mice. BA feeding increased plasma LDL
cholesterol concentrations 1.25- and 2.3-fold in control and
PEX2~"" mice, respectively, as compared with untreated mice.
Plasma triglyceride levels were similar in controls versus PEX2
mutants in either treatment group, although BA feeding
increased triglyceride levels around 2.5-fold versus that in
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mildly increased total plasma cho-

lesterol level in P36 control mice
(p = 0.065 versus untreated controls) and again normalized it in
P36 PEX2™/" mice.

Hepatic Cholesterol Biosynthetic Enzyme Activities and Pro-
tein Levels Remain Increased after BA Feeding—W e next exam-
ined the effect of BA feeding on the activities of cholesterol
biosynthetic enzymes, including HMGCR, IDI1, farnesyl pyro-
phosphate synthase, and squalene synthase, in the liver and
kidney of P9 control and PEX2™~ mice. Although the activities
of these enzymes were increased ~10-18-fold in the liver of
untreated PEX2~”~ mice compared with control mice (12), BA
feeding significantly attenuated, but did not completely nor-
malize, these enzyme activities in PEX2~"~ mice (Fig. 1). In the
PEX2 mutants the fold increase in activity of HMGCR and far-
nesyl pyrophosphate synthase changed from 10- to 1.6-fold, of
IDI1 from 18- to 2.2-fold, and of squalene synthase from 10- to
3-fold. BA feeding did not alter the cholesterol biosynthetic
enzyme activities in control mice.

We previously demonstrated a different regulatory pattern of
cholesterol enzyme activities in PEX2~"~ kidneys, with a 2-fold
increase for farnesyl pyrophosphate synthase and squalene syn-
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FIGURE 2. A-C, immunoblot of cholesterol biosynthetic enzymes in extract of
livers of individual control and PEX2~”~ mice at the indicated ages and treat-
ment using 200 ug of total liver protein (A and C) or 50 ug liver microsomal
fraction (B). D, immunoblot of SREBP-1c precursor in microsomal fraction of
P9 livers. The -fold change in the protein level in PEX2~/~ mice was expressed
relative to that in control mice, which in each case was arbitrarily set at 1.0.
MVK, mevalonate kinase.

thase and a 42% decrease for HMGCR (12). BA feeding did not
affect the cholesterol biosynthetic enzyme activities in control
and PEX2~'~ kidneys (supplemental Table S1), leading to a
similarly abnormal enzyme profile in BA-fed PEX2™~ mice.

Western blot analysis of cholesterol biosynthetic enzymes
was performed to determine whether the measured activities
were a reflection of the protein levels. HMGCR protein was still
elevated 5.8-fold in livers of P9 BA-fed PEX2~"~ mice (Fig. 24;
p < 0.001), which is greater than the 1.6-fold increase in
HMGCR activity (Fig. 1B). Mevalonate kinase, IDI1, and squa-
lene synthase protein levels also remained increased in BA-fed
PEX2™"" mice (Fig. 2, A and B; p < 0.005).

HMGCR protein level was dramatically increased in P36
untreated PEX2™"~ liver (30-fold, p < 0.001) (Fig. 2C). As in
early postnatal mutants, HMCGR protein level was still
increased about 5-fold in P36 BA-fed PEX2™" mice. A signif-
icant increase in mevalonate kinase and IDI1 proteins was also
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TABLE 2

Specific activity of HMGCR normalized to HMGCR protein content in
the livers of P9 BA-fed control and PEX2™/~ mice

Measurements of HMGCR activities and immunoblots were done on the same liver
samples. For Western blot analysis, 200 ug of protein was separated on a SDS-7.5%
polyacrylamide gel, transferred to a nitrocellulose membrane, and subjected to
immunoblot analysis using a polyclonal anti-HMGCR antibody. *, p < 0.001 (Stu-
dent’s ¢ test). Sp. act., specific activity.

] Sp. act./ Normalized
Genotype Sp. act. Vol. density vol. density average sp.‘act./
vol. density
pmol/min/mg  per mg of protein  fimol/min
+/+ 47.8 217,437 220
+/+ 76.2 31,6048 241
+/+ 525 15,9508 329
+/+ 70.3 14,5511 483 1.0 £ 0.4
+/+ 98.7 26,3780 374
+/+ 41.0 22,7160 180
+/+ 47.7 29,6570 161
+/+ 43.6 26,8290 163
—/= 105.5 88,1295 120
—/= 99.7 91,6150 109
—/= 118.4 161,7222 73
—/= 80.2 155,4749 52 0.3 +0.1*
—/= 86.1 112,2032 77
—/= 116.0 137,4880 84
—/= 70.5 103,4210 68
—/—= 59.0 126,0890 47

observed in the livers of P36 untreated and BA-fed PEX2™"~
mice (Fig. 2C). These data show a persistent elevation of cho-
lesterol synthesis enzymes in P36 untreated PEX2~”~ mice and
attenuation with BA feeding similar to that seen in early post-
natal mutants.

Altered Catalytic Efficiency of Cholesterol Biosynthetic
Enzymes in PEX2™"~ Mice—Because enzyme activity measure-
ments and immunoblots were done on the same liver samples,
we normalized the specific activities to the enzyme protein con-
tent to obtain an estimate of “catalytic efficiency.” We demon-
strated previously that the catalytic efficiency of HMGCR was
decreased by 55% in P10 PEX2~"~ mice (12). In P9 BA-fed
PEX2™"" mice, the catalytic efficiency of HMGCR was reduced
by about 70% (p < 0.001) (Table 2) and thus was more severely
affected in BA-fed PEX2~/~ mice compared with untreated
mutants (p < 0.05). The catalytic efficiency of IDI1 in P9 BA-fed
PEX2™"~ mice was decreased by ~60%, similar to the 70%
decrease seen in untreated PEX2 mutants (data not shown).
These data illustrate that peroxisome deficiency consistently
alters the catalytic efficiency of hepatic cholesterol biosynthetic
enzymes in PEX2™"~ mice, a decrement that may be exacer-
bated by BA feeding.

In Vivo Synthesis Rates of Sterols and Tissue Cholesterol Lev-
els in BA-fed PEX2 Mice—To test the effect of BA feeding on
cholesterol synthesis in vivo, we measured the rate of incorpo-
ration of subcutaneously injected [*H]acetate into nonsaponi-
fiable lipids in various tissues of P9 control and PEX2~"" mice.
Although the specific activity of cholesterol in livers of P7-P9
untreated PEX2~'~ mice was 13-fold higher than in control
mice (12), BA feeding reduced hepatic cholesterol synthesis in
PEX2~"" mice to control levels (Fig. 34). Cholesterol specific
activity in the spleen, heart, and lungs of BA-fed PEX2™"~ mice
was attenuated compared with that in untreated PEX2™"~ mice
(12) but was still significantly increased 1.8-fold (p < 0.05; p =
0.06 for spleen) compared with BA-fed control mice. In kidney,
BA feeding did not affect the cholesterol synthesis rate in con-
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FIGURE 3. Rate of cholesterol synthesis and concentration of cholesterol in various tissues of control and PEX2™’~ mice. A and B, [*H]acetate was
administered by subcutaneous injection to BA-fed mice, and the animals were killed 6 h later. The amount of [*H]acetate incorporated into cholesterol (A) and
cholesterol content (B) in the indicated tissues was determined (n = 7 for control mice; n = 6 for PEX2™/~ mice). ¥, p < 0.05; **, p < 0.005 versus BA-fed control
mice (Student’s t test). C, levels of liver cholesterol and squalene in P9 and P36 untreated (Untxt) and BA-fed mice (BA). D, cholesterol levels in stool of P9 and
P36 untreated and BA-fed mice. E, cholesterol levels in bile of P36 untreated and BA-fed mice. Significance at the 0.01 level was analyzed by ANOVA with Fisher’s
post test: #, significantly different from untreated control mice; 1, significantly different from untreated PEX2~/~ mice; §, significantly different from BA-fed
control mice. Significance at the 0.05 level was analyzed by ANOVA with Fisher’s post test: £, significantly different from untreated control mice; §, significantly

different from untreated PEX2/~ mice. Values represent the mean = S.D. The number of animals/group indicated above the bars.

trols, and there was a similar 2-fold decreased rate in both the
untreated and BA-fed PEX2™"~ mice. Surprisingly, whereas
cholesterol specific activity in the brain was 2.4-fold lower in
untreated PEX2~"" versus control mice (12), specific activity
was normalized in PEX2~"" mice by BA feeding. These findings
further emphasize that peroxisome deficiency and BA treat-
ment differentially affect cholesterol synthesis in different
organs.

The total cholesterol level was similar in the brain, kidney,
spleen, heart, and lung of untreated (12) and BA-fed PEX2 "~
mice (Fig. 3B) when compared with control mice. In addition to
normalizing total plasma cholesterol in early postnatal
PEX2™”" mice (Table 1), BA feeding also corrected the 40%
decrease in hepatic total cholesterol (Fig. 3, B and C) (12).
Although fat malabsorption, present in untreated PEX2
mutants (13), may adversely affect intestinal cholesterol
absorption (19, 20), fecal cholesterol content was reduced by
62% in P10 untreated PEX2~"~ mice (Fig. 3D) (12). Fecal cho-
lesterol content increased 1.7-fold in P9 BA-fed control mice
(Fig. 3D), which may reflect feeding with unconjugated bile
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acids that are less efficient for cholesterol absorption. BA feed-
ing of PEX2 mutants increased fecal cholesterol by 3.3-fold,
leading to a level similar to that seen in BA-fed controls. In sum,
these findings demonstrate that BA replenishment dramati-
cally improved cholesterol homeostasis in early postnatal
PEX2™/" mice.

Unexpectedly, the hepatic cholesterol level was similar in
P36 untreated PEX2~ "~ and control mice, which may have
been enabled by these older mutants obtaining small amounts
of BAs through coprophagy. Despite the normal hepatic cho-
lesterol content in the P36 untreated PEX2 mutant, bile cho-
lesterol level was decreased 0.5-fold (Fig. 3E). Thus, the
increased total plasma cholesterol level in P36 untreated
mutants (Table 1) reflects this defect in hepatic cholesterol
excretion into bile. In all of the P36 BA-fed mice, the hepatic
and biliary cholesterol level was significantly increased com-
pared with that in untreated mice (Fig. 3, C and E) and was
similar between controls and PEX2 mutants. Interestingly,
although P36 BA-fed PEX2 mutants can increase bile choles-
terol content to control levels, biliary BA concentration is
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tion of the cholesterol content in liv-
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Bile Acids Attenuate Expression
of Cholesterogenic Genes—We re-
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FIGURE 4. Quantitative RT-PCR analysis of various mRNAs in livers from untreated and BA-fed control
and PEX2~/~ mice. The values obtained were normalized to 785 rRNA values. Each value represents the
amount of mRNA relative to that in untreated controls at that age, which was arbitrarily defined as 1. A, P9
and P36 liver. Values are mean = S.D. from RNA samples of at least five individual mice, except for P36
, where n = 1. B, PO liver. Values are mean = S.D. from RNA samples of four individual
¥, p < 0.05; **, p < 0.01; ***, p < 0.001 versus untreated control mice or versus BA-fed control mice
(indicated by brackets; Student’s t test); #, outside 95% confidence interval of P36 untreated control mice.
FPPS, farnesyl pyrophosphate synthase; SQLE, squalene epoxidase; LDLR, LDL receptor; FAS, fatty acid

untreated PEX2™/~
mice.

synthase.

still markedly deficient (13). Stool cholesterol levels were
much lower in P36 than in P9 mice (Fig. 3D), likely reflecting
the decrement in dietary fat content between suckling pups
and weaned animals. Fecal cholesterol content was similar in
P36 untreated control and mutant mice and was mildly
increased in BA-fed mice, paralleling the increases in their
hepatic and bile cholesterol content.

We reported previously a markedly reduced amount of the
cholesterol precursor squalene in livers of early postnatal
untreated PEX2~~ mice compared with control mice (12).
Hepatic squalene levels were still markedly decreased both in
P9 and P36 BA-fed PEX2~"~ mice (Fig. 3C), despite normaliza-
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these cholesterol synthesis genes in
PEX2~/~ livers, but mRNA levels
were still significantly increased
2—-6-fold compared with BA-fed
control mice at both ages (Fig. 44,
supplemental Fig. S1). The mRNA
for the LDL receptor (LDLR) was
increased 2.5-fold in the livers of P9
and P36 untreated PEX2™"~ mice,
and LDLR expression levels were
similar in BA-fed control and
PEX2™"" mice (Fig. 4A). SCAP
expression was not affected in
PEX2™"" mice.

SREBP-2 expression changes at both P9 and P36 paralleled
those for cholesterol biosynthesis genes, with the increased lev-
els seen in untreated PEX2~"~ mice being attenuated but not
completely normalized by BA feeding (Fig. 4A4). In contrast, the
expression of SREBP-Ic was reduced dramatically in both
untreated (15-fold at P9; 3-fold at P36) and BA-fed (6.3— 8-fold)
PEX2~’~ mice. Analysis of the SREBP-1c precursor protein
level in P9 livers (Fig. 2D) further confirmed the gene expres-
sion profiles. The SREBP-1c mRNA level was also decreased
2-fold by BA feeding in P9 control mice, consistent with BA-
mediated induction of the small heterodimer partner that
inhibits the stimulatory effect of liver X-activated receptor «
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FIGURE 5. Induction of ER chaperone expression in untreated and BA-fed PEX2~/~ mouse livers. Liver sections from untreated control (A and F) and
PEX2~/~ (B, C, G, and H) mice and BA-fed PEX2™/~ (D, E, I, and J) mice at P9-P13 (A-E) and P36 (F-J) were stained with an antibody to Grp78 and imaged by
confocal microscopy. Grp78 was increased in an irregular mosaic pattern in both untreated and BA-fed PEX2 mutant livers. In early postnatal untreated mutants
(B and (), staining was particularly prominent in clusters of vesicles beneath the plasma membrane and occasionally in larger cytosolic aggregates. In early
postnatal BA-fed mutants (D and E), prominent vesicles were seen throughout the hepatocyte cytoplasm along with very heavily Grp78-labeled cells that
correspond to highly vacuolated, degenerate hepaotcytes (inset in E, toluidine blue-stained semithin section). Large cytosolic aggregates (G) and multivacu-
olated cells (H) were prominently labeled in P36 untreated mutants. Labeling was more focal in P36 BA-fed PEX2 mutant livers (/), but large rounded clusters of
ER were evident (J). Immunohistochemical staining patterns were similar for untreated and BA-fed control mice at either age (not shown). Scale bar: 50 um for

J

panels A, B, D, and F-I; 10 um for panels C, E, and J.

(LXRa) on SREBP-I1c expression (21). However, this mecha-
nism is not operative in PEX2 mutants, as the small het-
erodimer partner is not activated even in BA-fed mutants.* BA
feeding did not affect SREBP-1c mRNA expression in P36 con-
trol mice, most likely because of the relatively small amount of
BA administered (13). The expression of LXRa and its target
genes, ABCAI and ABCGI, which are important regulators of
cholesterol efflux, was unaffected in P10 PEX2~~ compared
with control mice (12). LXRa expression was normal in P36
PEX2~”" mice and was unaffected by BA feeding in both con-
trol and PEX2 mutant mice at both ages (data not shown).
These findings suggest that the LXR pathway is not altered in
PEX2~"" mice and thus cannot explain the SREBP-Ic gene
expression changes in mutant mice.

Surprisingly, the expression of the SREBP-1c target gene
fatty acid synthase (FAS) was increased 2.6- and 10-fold in the
livers of P9 and P36 untreated PEX2 7~ mice, respectively,
compared with age-matched controls (Fig. 4A4). This FAS
expression pattern was also confirmed by Northern hybridiza-
tion (data not shown). The increased FAS expression may be
explained by the up-regulation of SREBP-2, which can partially
substitute for SREBP-1c¢ when overexpressed in liver (22). FAS
expression levels were similar in BA-fed control and PEX2™"~
mice.

Insig-1 and Insig-2 are essential elements in the feedback
control of lipid synthesis in animal cells. Insig-1 is a direct target
of SREBP action, and its mRNA rises and falls coordinately with
nuclear SREBP (nSREBP) levels (23, 24), especially SREBP-1c.
Despite the marked reduction in SREBP-Ic transcripts in

“T. Wikander and P. Faust, manuscript in preparation.
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PEX2~"" livers, Insig-1 mRNA levels were significantly
increased 3.2- and 2.4-fold in P9 and P36 untreated PEX2™"~
mice, respectively, and declined below basal levels upon BA
feeding in both control and PEX2 mutant mice (Fig. 44). In
early postnatal control mice, this BA-induced decrease in
Insig-1 mRNA levels parallels the decline in SREBP-1c mRNA
and protein levels. Surprisingly, both Insig-2a and Insig-2b
mRNA levels were significantly increased in both untreated and
BA-fed PEX2~/" mice at both ages.

As hepatic cholesterol levels were similar in newborn (P0)
PEX2™"~ and control mice (data not shown), we examined
whether SREBP pathway genes were also activated in PO
mutants (Fig. 4B). The expression of SREBP-2 and its target
genes, HMGCR, farnesyl pyrophosphate synthase (FPPS), and
Insig-1, were all significantly increased in PO PEX2™"~ com-
pared with control mouse liver. The activities and protein levels
of cholesterol biosynthetic enzymes were similar or slightly ele-
vated in the livers of PO PEX2 "~ versus control mice (12).
SREBP-1¢ expression was reduced by 60% in PO PEX2™"~ mice.
Similar to the expression pattern in P9 and P36 mutants,
Insig-2a mRNA was increased 5.2-fold in PO PEX2™"" mice.
Collectively, the PO, P9, and P36 expression data suggest that
SREBP pathways are abnormally regulated in peroxisome-defi-
cient livers despite normal cholesterol levels.

Activation of the UPR in the Liver of PEX2™/~ Mice—Previ-
ous studies have demonstrated that ER stress induces SREBP
activation independently of intracellular cholesterol concen-
tration (25-27). To determine whether peroxisome deficiency
causes ER stress and thereby induces the unfolded protein
response, we first examined the expression of the ER chaperone
proteins glucose-regulated protein 78 (Grp78) (Fig. 5) and
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FIGURE 6. Expression of ER stress markers in untreated (Untxt) and BA-fed c
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Northern blots (supplemental Fig. 2) and yielded highly similar results. C, P36 li
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ontrol and PEX2~/~ mouse livers. RNA was analyzed by quantitative real-time
NA levels of Herpud1, CHOP, GADD45, Grp78, and p8 were also quantified from
ver. Values represent the amount of mRNA relative to that in untreated control
p < 0.01;***, p < 0.001 versus control mice. #, p < 0.05; ##, p < 0.01; p < 0.001

versus BA-fed control mice (Student’s t test). #, outside 95% confidence interval of P36 untreated control mice.

Grp94 (data not shown) by immunohistochemistry in control
and PEX2 7" livers. Whereas the levels of Grp78 and Grp94
were relatively low in control sections, the staining was signifi-
cantly increased in the livers of all PEX2"" mice. In early post-
natal untreated mutants, Grp78 accumulation was most prom-
inent in subplasmalemal or larger cytosolic aggregates (Fig. 5, B
and C). Grp78 was in larger particles throughout the cytosol in
early postnatal BA-fed mutants (Fig. 5, D and E), with the most
strongly labeled cells representing heavily lipid-laden and vac-
uolated hepatocytes (Fig. 5E). Grp78 staining was dramatically
increased in P36 untreated mutants and was present in variably
sized cytosolic vesicular aggregates or larger vacuoles through-
out the hepatic lobule (Fig. 5, G and H). Thus, the highly vacu-
olated degenerating hepatocytes, previously identified by ultra-
structural analysis in P10 BA-fed and P36 untreated PEX2™ "~
mice (13), represent markedly dilated ER due to UPR activation.
The large, often rounded Grp78-positive aggregates seen in P36
BA-fed PEX2™”" mice (Fig. 5, ] and J) also correlate morpho-

AV N
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logically with the marked accumulations of ER seen by
ultrastructure.

Recent studies have demonstrated considerable overlap
between the subsets of genes regulated by the three principal
stress-sensing ER-transmembrane proteins: protein kinase
RNA-like ER kinase (PERK), inositol-requiring protein (IRE)-
1a, and activating transcription factor (ATF)-6« (28 —31). The
response of these various targets to chronic stress in vivo has
not been well characterized. mRNA expression analysis of sev-
eral UPR target genes revealed an evolving age- and treatment-
dependent pattern of the hepatic stress response in peroxisome
deficiency (Fig. 6). For instance, Herpudl (homocysteine-in-
ducible ER stress-inducible ubiquitin-like domain member 1)
mRNA was most prominently increased in PO PEX2™"" mice
(Fig. 64; 3.5-fold), somewhat less so in P9 mutants (Fig. 6B;
1.8-2.8-fold), and not at all in P36 mutants (Fig. 6C), independ-
ently of BA feeding. Both Herpudl and Edem1 (ER degradation
enhancer mannosidase a-like 1) are components of the ER-
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associated protein degradation (ERAD) pathway (32). Thus, the
progressive postnatal loss of Herpudl overexpression and the
absence of an increase in Edem1 in P9 and P36 PEX2 mutants
(Fig. 6, B and C) suggest a declining function and/or role of
ERAD in peroxisome-deficient liver.

Although ER chaperone (Grp78 and Grp94) and GADD45
(growth arrest and DNA damage-inducible 45) mRNA levels
were not increased in PO PEX2~"" mice (Fig. 6A), their expres-
sion was strongly induced in livers from P9 (Fig. 6B) and P36
(Fig. 6C) untreated and BA-fed PEX2 mutants. The expression
of ER chaperones and the cochaperone protein p58™°F are reg-
ulated to some degree by all three arms of the UPR (29, 33), but
p58™K expression was only transiently increased in P9 PEX2
mutants (Fig. 6B).

IRE1« is a dual function serine-threonine protein kinase and
endoribonuclease. Activation of its RNase domain results in the
unconventional splicing of XBP-1 (X-box-binding protein 1)
mRNA (sXBP-1) and feedback down-regulation of IREla
mRNA (34). RT-PCR analysis for XBP-1 mRNAs (Fig. 7A) and
quantitative RT-PCR analysis for sXBP-1 (Fig. 7B) showed nor-
mal sXBP-1 and precursor mRNA levels in PO and P9 PEX2~"~
mice. sXBP-1 expression was significantly elevated only in the
P36 untreated PEX2 mutant (Fig. 7) but still represented a
minor component of total XBP-1 mRNAs. Although the IRE]1«
mRNA level was increased in PO and P9 PEX2~"~ mice, expres-
sion was variable in P36 mutants, being somewhat reduced in
the untreated mutant (consistent with some XBP-1 splicing)
but still increased in BA-fed mutants. These findings show that
IRElwa signaling and it’s RNase activity are not prominently
induced in PEX2™ 7" livers.

PERK activation and subsequent eIF2a phosphorylation lead
to production of the ATF4 transcription factor, which plays a
crucial role for the adaptation to stress (28). ATF4 mRNA level
was most prominently increased in P9 PEX2~"~ mice and less
so in P36 mutants, independently of BA treatment (Fig. 6).
Next, we determined the expression of transcriptional targets
of ATF4, namely ATF3, CHOP (C/EBP-homologous protein),
and TRIB3 (tribbles homolog 3). CHOP expression (predomi-
nantly reflects PERK activation but is also modulated by
ATF6a) was mildly increased in PO PEX2™"~ liver but was
strongly elevated in both untreated and BA-fed PEX2 mutants
at P9 and P36 (Fig. 6). The expression of ATF3 was highly up-
regulated in the livers of both untreated and BA-fed PEX2~"~
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mice at all ages (Fig. 6). p8 (stress-associated protein p8), also a
downstream target of the PERK pathway (35), showed a differ-
ent pattern, with strong up-regulation at PO and an ever
increasing mRNA induction exacerbated by BA treatment in
postnatal PEX2 mutants (Fig. 6). TRIB3, a direct transcriptional
target of ATF4 and CHOP, is induced after prolonged ER stress
and acts as a transcriptional repressor to attenuate CHOP- and
ATF4-mediated transcription (36, 37). TRIB3 expression was
already increased 10-fold in PO PEX2™"~ mice (Fig. 6A). TRIB3
mRNA levels were dramatically elevated 250- and 150-fold in
untreated and BA-fed P9 PEX2™ " mice, respectively, correlat-
ing with the highest ATF4 expression (Fig. 6B). At P36, the
TRIB3 mRNA level in BA-fed PEX2 mutants was again similar
to that in PO mutants but was much less induced in the
untreated mutant (Fig. 6C). Thus, the persistent elevation of
Grp78 and CHOP mRNA in P36 PEX2 mutants likely reflects
modulatory effects of other UPR pathways. There was also a
minimal expression change for the CHOP target GADD34 in P9
PEX2™/" liver, a finding best explained by ATF6a-mediated
suppression of GADD34 production (33).

As ER stress results in the accumulation of reactive oxygen
species, the PERK and ATF4-mediated integrated stress
response (ISR) transcriptionally activates genes involved in
amino acid metabolism and antioxidant-detoxifying enzymes
that may protect against oxidative stress (38). As part of the
amino acid response, ATF4 regulates expression of the amino
acid biosynthetic enzyme asparagine synthetase, which was
highly increased in the livers of both untreated and BA-fed
PEX2™’" mice at all ages (Fig. 8, A and B, ASNS). Amino acid
catabolism genes, including ornithine transcarbamylase, were
highly decreased in the livers of both untreated and BA-fed
PEX2~"" mice at all ages (Fig. 8, A and B, OTC). Furthermore,
PERK-mediated phosphorylation of the transcription factor
NF-E2-related factor 2 (Nrf2) activates several oxidative stress
genes to promote cellular redox homeostasis (39) and thereby
connects ER stress and oxidative stress signaling pathways.
Expression of several Nrf2 target genes was highly increased in
untreated and BA-fed PEX2 /" mice at all ages, including
Sqstml (sequestosome 1), Ngol (NAD(P)H:quinine oxi-
doreductase 1), and Hmox1 (heme oxygenase 1) (Fig. 8, C and
D). These data suggest that excessive reactive oxygen species in
livers of PEX2~"~ mice lead to the activation of the ISR and
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transcriptional activation of PERK and ATF4 oxidative stress
pathways.

DISCUSSION

Our previous studies demonstrated that peroxisome-defi-
cient PEX2~"~ mice have a complex cholesterol phenotype in
which activation of hepatic SREBP-2 and its target genes
occurs, as expected, in association with reductions in hepatic
and plasma cholesterol levels but is unable to maintain choles-
terol homeostasis. As cholesterol and BA synthetic pathways
are normally tightly and coordinately regulated in the liver, the
question remained whether the concurrent disruption to BA
synthesis and resulting marked paucity of mature C24 bile acids
in PEX2~/~ mice (13) was central to the pathogenesis of the
observed cholesterol abnormalities. In the present study we
evaluated the effects of BA replenishment on cholesterol
metabolism in both neonatal and longer surviving PEX2 "~
mice. A striking finding of our data is that the cholesterol bio-
synthetic pathway remains up-regulated in peroxisome-defi-
cient PEX2 "~ liver even when plasma and hepatic cholesterol
levels are normalized by BA feeding. Induction of several stress-
related pathways in the livers of both untreated and BA-fed
PEX2™’" mice suggest a mechanism whereby ER stress leads to
dysregulation of the endogenous sterol response mechanism.

ER Stress and Activation of SREBP-2 Genes Independent of
Cholesterol Content in PEX2™"~ Liver—PEX2™’" mice dis-
played persistent up-regulation of cholesterogenic pathways in
liver even when hepatic cholesterol levels were normal, as seen
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in newborn and P36 mutants and in BA-fed early postnatal
mutants. Our studies revealed several abnormalities in gene
expression pathways regulated by cholesterol levels through
SREBPs and Insigs in PEX2~/~ mice. Although SCAP overex-
pression leads to noninhibitable SREBP processing by saturat-
ing endogenous Insigs (40, 41), SCAP expression was normal in
PEX2~”" mice at all ages and thus cannot be used to explain the
observed cholesterol-independent SREBP-2 activation. Recent
studies report that cells can bypass the cholesterol inhibition of
SREBP processing in response to ER stress and activate
SREBP-2 (25-27). Various biochemical and physiologic stimuli
may impose stress to the ER and lead to the accumulation of
unfolded or misfolded proteins in the ER lumen (28, 30). These
disturbances trigger the UPR to cope with the changing envi-
ronment and reestablish normal ER function. Our data clearly
demonstrate that the UPR was activated in the liver of both
untreated and BA-fed PEX2™"" mice.

Insigs inhibit SREBP processing and enhance the degrada-
tion of HMGCR in response to sterols (3). We provide novel
data that link ER dysfunction in peroxisome-deficient cells to
defects in Insig-SCAP-SREBP signaling. Cholesterol-indepen-
dent SREBP-2 activation in response to ER stress has been
attributed to the rapid turnover of Insig-1 protein, even if
Insig-1 mRNA is increased (26). Decreased Insig-1 expression
in BA-fed PEX2™~ mice could create a relative resistance to
the effects of sterols in blocking SREBP processing (42) and
accelerating HMGCR degradation (43—45). ER stress does not
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alter Insig-2 expression, and Insig-2 cannot substitute for
Insig-1 in blocking SREBP cleavage under conditions of hypo-
tonic stress (26). Unfortunately we could not determine
whether Insig-1, a protein with a very rapid rate of turnover, is
depleted in the liver of PEX2~”~ mice. However, depletion of
rapidly degraded proteins such as Insig-1 in PEX2 mutant liver
is likely, given the inhibition of protein translation that occurs
with ER stress due to PERK activation. Our HMGCR data are
also consistent with an altered ER environment, as the activity
of HMGCR in the liver of both untreated and BA-fed PEX2™/~
mice was significantly lower than anticipated from the highly
increased mRNA and protein levels (Table 2) (12). HMGCR is
the rate-limiting enzyme in cholesterol synthesis, and its tran-
scription, translation, and degradation are governed by a com-
plex multivalent regulatory system (3). Microsomal abnormal-
ities have been observed in peroxisome-deficient hepatocytes
in both PEX2™7" (13) and PEX5~ " mice (46). In this study, we
have demonstrated that vesicular aggregates, large vacuoles,
and proliferated ER seen in untreated and BA-fed PEX2™ /"~
hepatocytes (Fig. 5) label strongly with antibodies to Grp78,
associating marked activation of the UPR with hepatocyte
degeneration. In addition, as HMGCR degradation is regulated
by ERAD (3), the declining postnatal expression of Herpudl
and lack of Edem 1 up-regulation in PEX2™" livers (Fig. 6) may
well contribute to the persistently elevated hepatic HMGCR
protein levels. In contrast to liver, HMGCR activity was
reduced in PEX2™ /" kidneys (supplemental Table S1) (12) even
in BA-fed mutants. This appears to be a posttranscriptional
regulation, as the mRNA expression of HMGCR, Insig-1, and
SREBP-2 was increased 2-fold in untreated P10 PEX2~"" kid-
ney (p < 0.05; data not shown). However, there was no ER stress
response in PEX2~/~ kidney, as Grp78 immunostain and quan-
titative real-time RT-PCR expression analysis of Grp78, Her-
pudl, CHOP, GADD45, and p8 failed to reveal any abnormali-
ties (data not shown).

Analysis of ER stress-associated genes in PEX2™ 7~ liver
revealed an evolving, age- and treatment-dependent pattern of
the hepatic stress response (Fig. 6). The mRNA expression of
ER chaperones and the CHOP gene increased in early postnatal
PEX2~"" liver and persisted in longer surviving P36 mutants,
consistent with activation of the ATF6a and/or PERK pathway
(30). Interplay between these pathways was observed in P9
mutants by paucity of GADD34 up-regulation, despite a prom-
inent increase in its upstream regulator, CHOP, suggesting that
suppression by ATF6« activity may enable persistent PERK/
elF2a-mediated translation attenuation. At all ages, there was a
paucity of XBPI mRNA splicing in the PEX2™ /" liver, as has
been observed in cell lines and in vivo with chronic stress expo-
sure (47, 48). In chronic retinal degeneration, down-regulation
of the IRE1a/XBP1 pathway was also seen in vivo, but CHOP
induction was maintained in the absence of Grp78 activation,
suggesting persistent activation of PERK but attenuated ATF6«
activity (17). Thus, the regulatory pattern differs in chronically
stressed PEX2~"" livers, as both CHOP and Grp78 induction
are maintained, likely reflecting different disease mechanisms
and/or tissue-specific responses to stress.

CHOP expression serves as a sentinel for apoptosis and the
failure of cells to adapt to chronic stress (48). However, despite
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a strong increase in caspase-3 activation by BA feeding in P9
and P36 PEX2~" liver (13), CHOP mRNA levels did not differ
significantly between these mutants. Thus, BA feeding did not
generally increase UPR activation in PEX2~’~ mice, and the
increased hepatocyte cell death is more likely due to BA-medi-
ated mitochondrial toxicity (49). Interestingly, p8 gene expres-
sion was prominently increased even in PO PEX2~"~ livers and
was further induced in postnatal mutant livers and with BA
treatment. p8 is up-regulated in response to several stresses,
including lipopolysaccharide and proapoptotic agents (50); our
data demonstrate that bile acids may also regulate this stress
protein.

Peroxisome Deficiency Induces the Integrated Stress Response—
The integrated stress response is one of the three known com-
ponents of the UPR whereby PERK activation and ATF4 induc-
tion links ER stress and other cellular adapative pathways. The
ATF4 targets ATF3 and TRIB3 were highly increased in both
untreated and BA-fed PEX2 /" mice at all ages. Hepatic
expression of ATF3 has been shown to result in several symp-
toms of liver dysfunction, including hypoglycemia and
increased serum levels of bilirubin, bile acids, and liver
transaminases (51, 52). It has been established that the ISR is
subject to negative regulation, mediated in part by GADD34
and TRIB3, which are induced after prolonged ER stress. How-
ever, whereas GADD34 expression was not prominently
affected in PEX2™ "~ mice, TRIB3 was highly induced at all ages
but did not attenuate CHOP- and ATF4-mediated transcrip-
tion. Further studies are needed to characterize the negative
feedback regulation of the ISR under chronic stress.

ER stress, nutrient deprivation, oxidative stress, double-
stranded RNA accumulation, and heme depletion converge on
elF2a phosphorylation and elicit an ISR pathway designed to
resolve stress (38, 53). Four different kinases that respond to
distinct upstream stress signals are known to phosphorylate
elF2«a (i.e. PERK, GCNZ2, PKR, and HRI). Stress from accumu-
lation of unfolded or misfolded proteins in the ER activates the
ISR through ER-localized PERK, leading to ATF4 production
and Nrf2 phosphorylation (31). Amino acid starvation and
diverse metabolic perturbations activate the ISR through
GCN2 (54). The exact mechanisms triggering ER stress in per-
oxisome-deficient PEX2™ 7" livers remain to be fully defined
but likely involve multiple signals, including perturbed flux of
mevalonate metabolites, altered bile acid homeostasis, changes
in fatty acid levels and composition, and oxidative stress (Fig. 9).

The mevalonate pathway produces isoprenoids that are crit-
ical for diverse cellular functions (55). We have demonstrated
here that hepatic levels of squalene, an intermediate in the cho-
lesterol biosynthetic pathway, are markedly decreased both in
P9 and P36 untreated and BA-fed PEX2™"~ mice despite nor-
malization of the cholesterol content in BA-fed PEX2™"™ mice.
Therefore, levels of other mevalonate metabolites may also be
perturbed in PEX2~~ mice leading to an activation of PERK
and/or GCN2. For instance, inhibition of cholesterol biosyn-
thesis can trigger the ISR, probably because of alterations of
membrane cholesterol composition (56, 57). Perturbations of
non-sterol isoprenoids downstream of the farnesyl pyrophos-
phate branch point also contribute to the development of ER
stress. Dolichol is involved in the N-linked glycosylation of ER

VOLUME 284 -NUMBER 11+MARCH 13, 2009


http://www.jbc.org/cgi/content/full/M809064200/DC1

Complex Cholesterol Phenotype in PEX2-null Mice

Peroxisomes

Cyiool a A VLcFAs \
ytopfasm | B-oxidation I
Acetyl-CoA o Acetyl-CoA
Acetoacetyl-CoA 1 ! SO A
oo oy g Aceloacelyl-CoA I
cetoacetyl-Co. <
HMG-CoA synthase | 1 8 Acetoacetyl-CoA 1
] I @ {HMG-CoA synthase I Oxidative stress Fatty acid alterations
HMG-CoA 3 HMG-CoA
HMG-CoA reductase | *HMG—COA reductase |
Mevalonate me — _I. — = == |\|evalonate
ER Mevalonate kinase | .
+ | Mevalonate-5-P | Low nutrlent
*Phosphqmevalonate concentration
I kinase
A Mevalonate-5-PP |
+
Diphosphomevalonate
| decarboxylase |
IPP isomerase \f
| Isopentenyl-PP <— Dimethylallyl-PP 1
| Farnesyidiphosphate ¥ 1 ? Famesyl moiefies . ER stress /
synthase Farnesyl-PP » Geranylgeranyl moieties
. ——
| J Dolichol ISR
‘ Squalene synthase Heme A
+ Squalene Ubiquinone
Squalene epoxidase
SREBP-2 e } Squalene epoxi
Squalene epoxide
A ¥
¥ Membrane/rafts
ER {Cholesterol » Steroid hormones
[ Lipoproteins
‘ Protein modification
* Bile acid synthesis
P e -
I } c27 bile acids \
| ; I
* Dysregulated
I ot I bile acid
Y e acids l homeostasis
| ‘ BAAT
| Conjugated I
bile acids ]
N
Peroxisomes

FIGURE 9. Model illustrating the relationships between peroxisome deficiency, cholesterol biosynthesis, and ER stress/integrated stress response.
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proteins (55), and inhibition of N-linked glycosylation by tuni-
camycin induces ER stress in a wide variety of cell types. Per-
turbations in farnesylated and geranylgeranylated Rho and Rab
proteins, which play critical roles in ER, have been demon-
strated to result in ER stress (58, 59). Ubiquinone is a powerful
antioxidant and an important component of the mitochondrial
respiratory chain, and its depletion may lead to oxidative cellu-
lar stress (55). Thus, a number of mevalonate metabolites trig-
ger the ISR; future studies are needed to define whether these
metabolite levels are altered in the PEX2™"" liver.

Bochkis et al. (60) showed that dysregulation of BA homeo-
stasis in hepatocyte-specific Foxa2 ”~ mice leads to ER stress
due to cumulative defects in expression of bile acid-CoA ligase,
involved in BA conjugation, and BA transporters. Indeed, our
previous study demonstrated that BA homeostasis is widely
disturbed in PEX2™"" mice associated with alterations in BA

asEve
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transporters, leading to hypercholanemia and defects in BA
conjugation (13), which strongly suggests that BA alterations
contribute to the activation of the ISR.

Fatty acid alterations induced by peroxisome deficiency may
also induce the ISR. Recently, it has been shown that changes in
fatty acid composition in Scdl~”~ mice fed a very low fat diet
induce ER stress (61). Alterations in cellular fatty acid compo-
sition may induce ER stress due to a disturbed physical state of
cellular membranes and altered function and/or localization of
membrane transport proteins. Peroxisome deficiency leads to
an accumulation of fatty acids that are degraded via peroxiso-
mal B-oxidation (e.g. very long-chain and branched-chain fatty
acids, dicarboxylic acids). Plasma and hepatic very long-chain
fatty acids were significantly increased in PEX2™"~ mice (14)
and other peroxisome-deficient mouse models (62). Further-
more, levels of n-6 polyunsaturated fatty acids (i.e. 18:2n-6,
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18:31-6, 20:21-6, 20:31-6, 22:411-6) were increased in the livers
of P9 PEX2™”" mice compared with controls (data not shown).

Peroxisomes play an important role in the homeostasis of
reactive oxygen species (63). Peroxisome-deficient mice may
activate the ISR through oxidative stress caused by defective
peroxisomal antioxidant mechanisms. Marked alterations of
the mitochondria were observed in both PEX2~/~ (13) and
PEX5~"~ (64) mice, which resemble closely those in disorders
associated with oxidative stress. Although no evidence of oxi-
dative damage to proteins or lipids or of increased peroxide
production has been found in hepatocyte-specific PEX5 "~
mice (46), the highly increased hepatic expression of several
targets of the oxidative stress-activated transcription factor
Nrf2 strongly suggests that increased oxidative stress is present
in livers of PEX2™"" mice.

In conclusion, our study has revealed a dysregulation of
SREBP-2, SREBP-1c, and Insig-2a expression and a novel regu-
lation of Insig-2b. Our data support a mechanism by which
peroxisome-deficient cells experience ER stress that leads to
the activation and dysregulation of the endogenous sterol
response pathway. The discovery that the regulation of SREBP/
Insig genes is disturbed in peroxisome-deficient cells paves the
way for new studies on the coordinated control of these closely
regulated metabolic pathways. The overall pathology in the
PEX2~"~ mouse model has potential implications for future
disease treatment interventions that target lipid metabolism.
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