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whereas active Atf6a stimulates this response.

\_

(Bacl(ground: Lipase maturation factor 1 (Lmfl) plays an important role in plasma lipid metabolism, but its regulation
Results: Endoplasmic reticulum (ER) stress induces Lmfl expression in cell lines and mouse liver. Atf6a deficiency abolishes,

Conclusion: Lmf1 is an unfolded protein response (UPR) target through Atf6a signaling.
Significance: Lmf1 regulation by the UPR suggests a possible role in ER homeostasis.

J

Lipase maturation factor 1 (Lmf1) is a critical determinant of
plasma lipid metabolism, as demonstrated by severe hypertri-
glyceridemia associated with its mutations in mice and human
subjects. Lmf1 is a chaperone localized to the endoplasmic retic-
ulum (ER) and required for the post-translational maturation
and activation of several vascular lipases. Despite its importance
in plasma lipid homeostasis, the regulation of Lmfl remains
unexplored. We report here that Lmf1 expression is induced by
ER stress in various cell lines and in tunicamycin (TM)-injected
mice. Using genetic deficiencies in mouse embryonic fibroblasts
and mouse liver, we identified the Atf6a arm of the unfolded
protein response as being responsible for the up-regulation of
Lmfl in ER stress. Experiments with luciferase reporter con-
structs indicated that ER stress activates the LmfI promoter
through a GC-rich DNA sequence 264 bp upstream of the tran-
scriptional start site. We demonstrated that Atf6a is sufficient
to induce the LmfI promoter in the absence of ER stress, and
this effect is mediated by the TM-responsive cis-regulatory
element. Conversely, Atf6a deficiency induced by genetic
ablation or a dominant-negative form of Atf6a abolished TM
stimulation of the LmfI promoter. In conclusion, our results
indicate that Lmfl is an unfolded protein response target
gene, and Atf6a signaling is sufficient and necessary for acti-
vation of the Lmfl promoter. Importantly, the induction of
Lmfl by ER stress appears to be a general phenomenon not
restricted to lipase-expressing cells, which suggests a lipase-
independent cellular role for this protein in ER homeostasis.
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Lipoprotein lipase, hepatic lipase, and endothelial lipase are
members of the vascular lipase protein family and are involved
in plasma lipid metabolism (1). Through their lipolytic activi-
ties against triglycerides and phospholipids associated with
lipoprotein particles in the circulation, these enzymes play crit-
ical roles in the regulation of plasma lipid levels, tissue lipid
utilization, and cardiovascular disease risk.

The biosynthesis of vascular lipases takes place in the endo-
plasmic reticulum (ER)? of parenchymal cells within lipase-ex-
pressing tissues such as adipose muscle, heart (2—4). The con-
version of nascent lipase polypeptide chain into catalytically
active enzyme requires post-translational maturation that
involves glycosylation, glycan processing, and protein folding
(5). The maturation of lipases is facilitated by both major chap-
erone systems operating within the ER, the calnexin/calreticu-
lin and 78-kDa glucose-regulated protein (Grp78)/Grp94 sys-
tems (6, 7). In addition to general chaperones, lipase maturation
critically depends on a client-specific chaperone residing in the
ER membrane, lipase maturation factor 1 (Lmf1) (8). Lmf1 was
first identified as the protein affected by a naturally occurring
mutation in the mouse, combined lipase deficiency (cld) (9).
Homozygous cld mutant mice suffer from massive hypertri-
glyceridemia and neonatal lethality owing to greatly reduced
plasma lipoprotein lipase and hepatic lipase activities (10). Sub-
sequent studies demonstrated that endothelial lipase activity is
also diminished in the absence of Lmfl (11). Although lipase
proteins are expressed at normal levels in c/d cells, they remain

2The abbreviations used are: ER, endoplasmic reticulum; Atf6q, activating
transcription factor 6¢; nAtféq, constitutively active nuclear Atf6a; Chop,
C/EBP homologous protein; cld, combined lipase deficiency mutation;
Grp78, 78-kDa glucose-regulated protein; Ire1a, endoribonuclease 1«;
Lmf1, lipase maturation factor 1; MEF, mouse embryonic fibroblast; Perk,
protein kinase R-like ER kinase; TM, tunicamycin; UPR, unfolded protein
response; ANOVA, one-way analysis of variance.
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inactive, form high-molecular weight aggregates within the ER,
and are degraded (12). Similar to c¢/d mice, LMF1 deficiency
causes abnormalities in lipid metabolism in humans as high-
lighted by the identification of loss-of-function mutations in
patients with combined lipase deficiency and hypertriglyceri-
demia (8, 13).

Prompted by the dramatic hyperlipidemia phenotype in cld
mutant mice, previous studies characterized Lmf1 exclusively
in the context of lipase maturation. Nonetheless, LmfI is ubiq-
uitously expressed in cells and tissues independent of the pres-
ence of lipases (8). Moreover, several naturally occurring splice
variants of Lmf1 lack the domain that is critical for lipase mat-
uration (14). Based on these observations, it has been hypothe-
sized that in addition to its established function in the post-
translational maturation of lipases, Lmfl may play a wider role
in ER homeostasis (15).

Homeostasis in the ER is maintained through the unfolded
protein response (UPR), a network of signaling pathways coor-
dinating the cellular response to perturbations in protein bio-
synthesis within the organelle (16). In response to ER stress, the
UPR activates processes that reduce protein load within the ER
through inhibition of protein translation and transcriptional
activation of genes involved in protein folding and ER-associ-
ated protein degradation. When chronic or excessive ER stress
cannot be resolved by these adaptive mechanisms, the UPR
triggers apoptotic signaling and cell death (17).

UPR signaling is initiated by three signal transducers
anchored in the ER membrane, protein kinase R-like ER kinase
(Perk), inositol-requiring transmembrane kinase and endori-
bonuclease 1a (Irela), and activating transcription factor 6c
(Atf6c) (16). Perk signaling leads to phosphorylation and
inhibition of eukaryotic initiation factor 2« (elF2«), resulting
in transient translational attenuation of most mRNAs. In
addition, the Perk pathway also coordinates transcriptional
activation of genes related to protein biosynthesis and redox
regulation through the up-regulation of the Atf4 and C/EBP
homologous protein (Chop) transcription factors (18, 19). Acti-
vation of Irela promotes splicing of XbpI mRNA to produce a
spliced Xbp1 transcript (sXbpI), which allows expression of a
transcription factor involved in the up-regulation of ER-associ-
ated protein degradation genes (20). Upon ER stress, Atf6 is
transported to the Golgi complex, where site-specific proteo-
Iytic cleavage generates a transcription factor competent for
nuclear translocation (nAtféa) (21). Within the nucleus,
nAtf6a activates transcription through binding to ER stress
response elements within promoters of chaperones and ER-as-
sociated protein degradation components (22, 23). Impaired
protein folding, secretion, and degradation in Atf6a '~ cells
and tissues demonstrate the importance of Atf6a signaling dur-
ing ER stress (22).

The transcriptional regulation of LmfI expression has
remained unexplored so far. In the present study, we address
this issue and provide evidence that LmfI is a UPR target gene.
We demonstrate that ER stress activation of LmfI requires
Atf6a signaling in vitro and in vivo and identify a cis-acting
element that mediates this effect within the LmfI promoter.
Our results point to a conserved pathway linking ER stress to
Lmf1 expression in diverse cell types, thus raising the possibility
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that Lmfl has a more general function in ER homeostasis
beyond its established role in the maturation of lipases.

EXPERIMENTAL PROCEDURES

Cell Culture, Transfection, and Viability Assays—Immortal-
ized Irela™’~, Perk /™ mouse embryonic fibroblasts (MEFs)
with or without lentiviral reconstitution of Irela and Perk expres-
sion (24) were obtained from Dr. Fumihiko Urano (Washington
University School of Medicine). Primary Atféa '~ MEFs
were generated as described (22, 24) and maintained in DMEM
supplemented with 10% fetal bovine serum. To restore expres-
sion of Atf6a in Atf6a™ '~ primary MEF, cells were transiently
transfected with a constitutively active nuclear form of Atf6a
(nAtf6a) containing the N-terminal 373 amino acids of the pro-
tein (25) using the Amaxa Nucleofector protocol for MEF
(Lonza) according to the manufacturer’s instructions. 3T3-L1
fibroblasts were obtained from ATCC and maintained in
DMEM supplemented with 10% calf serum and transfected
with polyethylenimine. For a single well of a 48-well plate, 0.5
pg of plasmid DNA and 1 ul of 1 mg/ml polyethylenimine was
preincubated for 20 min and added to cells in the absence of
antibiotics. Six hours later, cells were washed with PBS, and
complete medium was added. INS1-832/13 cells were cultured
in RPMI 1640 medium supplemented with 10% fetal bovine
serum as described (26). Cell viability was assessed with the
alamarBlue Reagent (Invitrogen) according to the manu-
facturer’s instructions.

Real-time PCR—RNA and cDNA was prepared as described
previously (39). Quantitative real-time PCR was performed
using the QuantiTect SYBR Green PCR kit (Qiagen) on a 7500
real-time PCR System (Applied Biosystems). Relative mRNA
values were calculated using the standard curve method.
Expression of several housekeeping genes, including GAPDH,
36B4, actin, and Thp, was typically assessed in experiments and
the gene(s) showing the least variation among samples was used
as an internal control for normalization. Primer sequences are
available upon request.

Western Blotting—Cell lysates were prepared in homogeni-
zation buffer (10 mm Tris-HCI, pH 7.5, 150 mm NaCl, and 1%
Nonidet P-40), and particulate matter was removed by centri-
fugation at 20,000 X g for 10 min at 4 °C. Protein content was
determined using the bicinchoninic assay (Pierce), and equal
total protein amounts were separated on 7% Tris acetate SDS-
polyacrylamide gels (Invitrogen). After electrotransfer, PVDF
membranes were blocked with 5% BSA for 1 h, followed by
overnight incubations with primary antibodies at 4 °C and sec-
ondary antibodies for 1 h. Lmf1 was detected with a polyclonal
rabbit antibody raised against a C-terminal peptide and HRP-
conjugated anti-rabbit IgG (Pierce). For normalization, hsp90
was detected with anti-hsp90 antibody (sc-7947, Santa Cruz
Biotechnology) and HRP-conjugated anti-rabbit IgG. Immuno-
reactive bands were visualized using the West Femto chemilu-
minescent substrate (Pierce).

Mouse Experiments—Wild-type C57BL/6] and Atféa '~
mice backcrossed (>10 generations) to C57BL/6] were main-
tained on standard laboratory chow in the University of Iowa
specific pathogen-free facility on a 12:12 h light cycle. Four-
month-old mice of both sexes were intraperitoneally injected
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FIGURE 1.Lmf1 expression is induced by ER stress. A, MEFs, INS1 cells and 3T3-L1 fibroblasts were exposed, respectively, to 0.5, 2.5, and 5 ng/ml TM for 16 h
followed by real-time PCR analysis of Grp78, sXbp1, and Lmf1 gene expression. B, Western blot analysis of Lmf1 and hsp90 in 3T3-L1 fibroblasts exposed to 5
rg/ml TM for 24 h. C, real-time PCR analysis of Grp78 and Lmf1 expression in 3T3-L1 fibroblasts treated with 10 nm thapsigargin (Thaps), 5 mm DTT or 50 um
A23187 for 16 h. Results are expressed as mean = S.D., n = 3 per group. *, p < 0.05 versus control (ctrl).

with 1 mg/kg body weight of tunicamycin (TM), and livers were Luciferase Reporter Assays—A bacterial artificial chromo-
harvested for RNA isolation 48 h after injection. All animal some clone (RP24-180G21) carrying the mouse LmfI gene was
experiments were approved by the Institutional Animal Care used to PCR-amplify various fragments of the LmfI promoter
and Use Committees at Cedars-Sinai Medical Center and the  with primers flanked by KpnI and Xhol restriction sites. Primer
University of lowa. sequences are available upon request. Lmfl promoter frag-
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ments were cloned between Kpnl and Xhol sites of the pGL3-
Basic promoterless firefly (FF) luciferase reporter plasmid (Pro-
mega). Point-mutations in promoter fragments were generated
with the QuikChange site-directed mutagenesis kit (Strat-
agene). For luciferase assays, cells were plated in 48-well plates
and transfected with a mixture of pGL3-promoter-FF and
phRL(SV) control plasmid (Promega) expressing Renilla lucif-
erase in a 100:1 ratio. Six hours after transfection, cells were
treated with TM or thapsigargin for 16 h, and normalized FF
luciferase activities were determined in cell lysates using the
Dual-Luciferase reporter assay system and a GloMax-96 micro-
plate luminometer (Promega). In some experiments, the trans-
fection mixture also contained Atf6 expression vectors, or
empty vector, at a ratio of pGL3-promoter-FF/phRL(SV)/
Atfe = 4:1.

Statistical Analysis—Results are shown as means = S.D. or
S.E. as indicated in figure legends. Statistical analyses were
performed with SigmaPlot 11 software. Two-tailed unpaired
Student’s ¢ test was used to compare two groups of data and
one-way analysis of variance (ANOVA) followed by Tukey’s
test was applied for the analysis of multiple group comparisons.
Differences were considered statistically significant at p values
<0.05.

RESULTS

Lmfl Is Induced by ER Stress—As Lmf1 functions as a chap-
erone within the ER, we investigated whether its expression is
induced under conditions of ER stress. We triggered ER stress
in MEFs with TM, a drug that inhibits N-glycosylation within
the ER and induces the UPR. As expected, expression of the ER
stress markers Grp78 and sXbpl was robustly elevated after
16 h of treatment (Fig. 14). Furthermore, TM treatment signif-
icantly increased (~5-fold) LmfI transcript and protein levels
(Fig. 1, A and B). The TM effect on LmfI expression was not
limited to MEFs, as similar results were obtained in INS1 insuli-
noma cells and 3T3-L1 fibroblasts (Fig. 14). To assess whether
Lmf1 expression is affected by ER stress induced by other mech-
anisms, 3T3-L1 cells were treated with thapsigargin and
A23187, which perturb ER Ca*>* homeostasis, and DTT, which
alters ER redox state. All three treatments induced Grp78 as
well as LmfI expression (Fig. 1C), indicating that LmfI is a tar-
get of the ER stress response program.

Next, we investigated the time course of LmfI induction by
ER stress. The ER stress markers Grp78, Chop, and sXbpl
reached maximal expression within 8 h of TM exposure, after
which their transcript levels decreased, consistent with previ-
ous reports (Fig. 24) (27, 28). In contrast, the induction of LmfI
occurred later with highest expression observed 16 h after TM
treatment (Fig. 2A4). Qualitatively similar results were obtained in
INSI cells, where Grp78, Chop, and sXbpl were maximally
induced after 4—8 h of TM treatment, whereas LmfI peaked at
16 h (data not shown). Delayed induction of LmfI relative to direct
targets of UPR signaling suggested that the transcriptional
response of LmfI may require new protein synthesis. Consistent
with this idea, the translation inhibitor cycloheximide completely
abolished TM-induced LmifI expression (Fig. 2B).

Prolonged and unmitigated ER stress leads to the activation
of apoptotic signaling cascades and promotes apoptosis (29).
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FIGURE 2. Lmf1 induction occurs late during ER stress and depends on
new protein synthesis. A, time course of ER stress-induced gene expression
was analyzed in TM-treated (5 wg/ml) 3T3-L1 fibroblasts by real-time PCR. B,
3T3-L1 cells were treated with TM (5 wg/ml) in the presence and absence of 10
ng/ml cycloheximide (CHX) for 16 h followed by real-time PCR analysis of
Lmf1 expression. Results are expressed as mean * S.D., n = 3 pergroup.*,p <
0.05 versus control (ctrl).

Thus, the relatively high dose of TM (5 ng/ml) and long expo-
sure (16 h) required for maximal LmfI induction raised the
possibility that the apoptotic program may have been initiated
at the time point of maximal Lmf1 expression. Indeed, after 16 h
of TM treatment cell viability was reduced (Fig. 3A4), and the
expression of proapoptotic (Gadd34, Erola, Trb3) and anti-
apoptotic (Bc/2) genes was elevated and diminished, respec-
tively (Fig. 3B). To discriminate between ER stress versus
apoptotic signaling as the underlying mechanism of Lmfl
induction, cells were treated with etoposide, a topoisomerase
inhibitor known to trigger apoptosis through genotoxic stress.
Etoposide treatment for 48 h resulted in reduced cell viability
(Fig. 3C) and elevated expression of the proapoptotic markers
the Gadd34 and p21 (Fig. 3D). As expected, etoposide failed to
induce ER stress as indicated by only mildly elevated and unaf-
fected expression of Grp78 and sXbp1I, respectively (Fig. 3D).
Importantly, Lmfl expression remained unchanged under
these conditions. Taken together, our results suggest that LmfI
expression is induced by ER stress signaling through a pathway
dependent on new protein synthesis.
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FIGURE 3.Prolonged TM treatment of 3T3-L1 cells induces cell death and apoptotic gene expression, but Lmf1 expression is unaffected by etoposide-
induced apoptosis. A, confluent cell layers were exposed to 5 ug/ml TM or vehicle (control; ctrl), and cell viability was assessed by the analysis of total cellular
protein 16 h later. B, pro- (Gadd34, Ero1a, Trb3) and anti-apoptotic (Bc/2) gene expression was determined after 16 h of TM treatment. C, confluent cell layers
were exposed to 50 mm etoposide (Etop) or vehicle (control; ctrl), and cell viability was assessed by the analysis of total cellular protein 48 h later. D, expression
of ER stress markers, proapoptotic genes, and Lmfl was determined by real-time PCR analysis. Relative gene expression is normalized to vehicle-treated

(control) samples, and results are expressed as mean = S.D., n = 3 per group. *

Atf6a Is Required for ER Stress-induced Lmf1 Expression—To
identify the UPR signaling branch(es) mediating the effect of
TM on Lmfl expression, we characterized transcriptional
responses in MEFs deficient in each of the three principal signal
transducers. Consistent with the critical role of Irela in Xbp1
mRNA splicing, basal and TM-induced expression of sXbpl
was completely abolished in Irela™’~ MEFs and restored after
reconstitution of these cells with Irela (Fig. 44, left panel). In
contrast, Irela deficiency had no effect on Lmf1, indicating that
the Irela signaling pathway is not involved in TM induction of
Lmfl (Fig. 4A, right panel).

As expected, TM-induced expression of Chop, a transcrip-
tional target of the Perk signaling pathway (30), was greatly
reduced in Perk '~ MEFs compared with wild-type cells and
partially restored when Perk deficiency was rescued (Fig. 4B,
left panel). Similarly, the induction of Lmf1 was diminished in
Perk™’~ MEFs, but re-expression of Perk had no effect (Fig. 4B,
right panel). We interpret the reduced Lmf1 response observed
in the Perk /"~ cell line as an epiphenomenon unrelated to Perk
deficiency and suggest that Perk signaling is unlikely to be
involved in TM-induced regulation of LmfI. Nonetheless, we
cannot exclude the possibility that the Perk pathway may also
contribute to LmfI expression.

To assess the role of Atf6a signaling on LmfI expression,
Atf6a '~ and Atf6a ™" primary MEFs were compared. Con-
sistent with previous studies (22), TM-stimulated up-regula-
tion of Dnajc3 was diminished in Atf6a/~ MEFs (Fig. 4C, left
panel). The expression of Lmfl was similarly affected with
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, p < 0.05 versus control (ctrl). Tuni, tunicamycin.

~50% suppression of TM-induction in Atf6éa-deficient cells
(Fig. 4C, right panel). Importantly, rescue with nuclear Atf6a
(nAtf6ar) increased both Dnajc3 and Lmfl expression in
Atf6a ' cells (Fig. 4D). Based on these results, we conclude
that TM-induction of Lmf1 is mediated, at least in part, by the
Atf6a signaling pathway. Although Atf6a is activated through a
post-translational mechanism (21), Lmf1 induction requires
new protein synthesis (Fig. 2B), suggesting that the effect of
Atf6éa on LmfI expression is likely to be indirect.

Lmf1 Is Induced in Vivo by ER Stress in an Atf6a-dependent
Manner—To investigate the in vivo relevance of the above
results, we analyzed mice injected with a sublethal dose (1
mg/kg body weight) of TM, an established model of hepatic ER
stress (31-33). Using this model, we previously applied
microarray analysis to document temporal changes in global
gene expression patterns associated with ER stress in the liver of
wild-type and Atf6a™/~ mice (28, 34). Analysis of these data
sets revealed that TM treatment led to modest but detectable
induction of LmfI 8 h after drug injection and produced a more
robust increase a day later (Fig. 54). Importantly, Atf6éa defi-
ciency abolished TM-induced Lmifl expression at both time
points. To confirm these results, we injected TM in an inde-
pendent cohort of Atféa™* and Atféa™’~ mice and analyzed
hepatic Lmf1 expression by quantitative real-time PCR 48 h
later. Consistent with earlier observations, Lmf1 expression was
significantly elevated by TM treatment and this induction was
completely abrogated in Atf6a™ /™ mice (Fig. 5B). In conclu-
sion, these results demonstrate that Lmfl is induced by ER

JOURNAL OF BIOLOGICAL CHEMISTRY 24421
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FIGURE 4. ER stress-induced Lmf1 expression is dependent on Atf6a. A, wild-type (+/+), Irela-deficient (—/—), and Ire1a-deficient MEFs transduced with
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stress in vivo and signaling through the Atf6éa pathway is
required for this effect.

ER Stress Response Is Mediated by GC-rich Sequence in the
Lmfl Promoter—The broad effects of ER stress on the tran-
scriptome are mediated through both transcriptional and post-
transcriptional mechanisms (35). To investigate whether ER
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stress-induced Lmfl expression is due to transcriptional
changes mediated by the LmfI promoter, luciferase reporter
constructs were generated and analyzed in 3T3-L1 fibroblasts.
In untreated cells, a construct containing —267 to +39 of the
promoter region (Pr-256) increased luciferase activity 6-fold
relative to a promoterless plasmid indicating the presence of
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n = 3 per group. *, p < 0.05 between indicated groups (ANOVA).

the LmfI core promoter in this region (Fig. 64). Importantly,
Pr-256 responded to TM treatment and exhibited ~3-fold
increased luciferase activity relative to untreated cells, an effect
similar in magnitude to that observed on endogenous Lmif1
mRNA expression (Fig. 1A4). This suggests that a transcriptional
mechanism is largely responsible for ER stress-induced Lmf1
expression. To localize the cis-acting DNA element mediating
the effect of TM on the promoter, we generated a series of
5'-terminal deletions from Pr-256. Analysis of these constructs
localized the response element to the —113 to —96 region
(Fig. 6A). Subsequent site-directed mutagenesis experiments
revealed that mutations of the CCGCCC sequence in this
region abolish TM induction of the promoter (Fig. 64). To
extend these results to ER stress triggered by perturbations in
Ca®>" homeostasis, we performed similar experiments with
thapsigargin. Consistent with the results of TM treatment,
deletion or mutation of the GC box also abolished thapsigargin-
responsiveness of the promoter (Fig. 6B). We conclude that ER
stress-induced LmfI expression is mediated by a transcrip-
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tional mechanism through a GC box within the proximal
promoter.

Atfoa Is Sufficient and Necessary for Lmfl Promoter
Activation—Our results in Atf6a-deficient MEFs and mice sug-
gested that Atf6éa was required for TM-induced expression of
endogenous LmfI (Figs. 3 and 4). To investigate whether Atf6a
signaling is involved in the activation of the Lmf1 promoter, we
co-transfected nAtf6c with the Pr-113 luciferase construct in
3T3-L1 cells. Consistent with earlier results, nAtf6a up-regu-
lated the LmfI proximal promoter (Fig. 7A). Moreover, this
effect was abolished by deletion (Pr-98) or mutation (Pr-113-
m?2) of the GC-box involved in the TM-response (Fig. 7A).
These results indicate that Atf6a signaling is sufficient for the
transcriptional activation of Lmf1 and the effects of TM and
Atf6a are mediated by the same cis-acting sequence within the
LmfI promoter.

To investigate whether Atf6a is required for TM-induction
of the Lmf1 promoter, we performed loss-of-function experi-
ments. Genetic deficiency of Atf6ar in MEFs significantly
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FIGURE 6. ER stress induces Lmf1 promoter activity through GC-rich sequence. 3T3-L1 fibroblasts were transfected with Lmf1 promoter-luciferase con-
structs and treated with 5 wg/ml TM (A) or 10 nm thapsigargin (Thaps; B) for 16 h. Sequence of relevant promoter region (gray shading) is shown, and critical
nucleotides are capitalized. Firefly luciferase (luc) activities were normalized by Renilla luciferase transfection control and are expressed as mean = S.D.;n = 4

per group.

reduced the effect of TM treatment on the Pr-113 reporter con-
struct, and the TM response could be restored by reconstitu-
tion of Atféa™’~ cells with Atf6a (Fig. 7B). Furthermore, a
dominant negative form of Atf6a (DN-Atf6) lacking the trans-
activation domain (25) diminished LmfI promoter activation
by TM in 3T3-L1 cells (Fig. 7C). In conclusion, these results
demonstrate that TM-induced activation of the Lmf1 promoter
is mediated by Atf6a.

DISCUSSION

Although the role of Lmf1 in the posttranslational matura-
tion of lipases is well established, the regulation of Lmf1 expres-
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sion remains poorly characterized. We initially hypothesized
that, as a posttranslational effector of lipase activities, Lmf1l
may be regulated by metabolic cues. However, we and others
(36) found that Lmf1 expression was unaffected by feeding sta-
tus.? The rationale for the present study was the hypothesis that
Lmf1 regulation may be related to its function as an ER chap-
erone. Indeed, we demonstrate here that Lmfl expression is
induced by the UPR triggered by diverse mechanisms, includ-

3 H. Z. Mao, N. Ehrhardt, C. Bedoya, J. A. Gomez, D. DeZwann-McCabe, I. N.
Mungrue, R. J. Kaufman, D. T. Rutkowski, and M. Péterfy, unpublished
observations.
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FIGURE 7. Atfé« is sufficient and necessary for Lmf1 promoter activation. A, 3T3-L1 fibroblasts were co-transfected with Lmf1 promoter-luciferase con-
structs and vector or nAtf6e, and luciferase activity was measured 24 h later. B, wild-type (+/+) and Atf6a-deficient (—/—) MEFs were co-transfected with
Pr-113 reporter construct and Atf6é« or vector (vect) followed by treatment with 0.5 wg/ml TM. Luciferase activity was measured after 16 h exposure to TM. C,
3T3-L1 fibroblasts co-transfected with Pr-113 and dominant-negative Atf6 (DN-Atf6) or vector (vect) were treated with 5 ug/ml TM and assayed for luciferase
(luc) activity 16 h later. Renilla luciferase-normalized firefly luciferase activities are shown. Results are expressed as mean = S.D., n = 4 per group. *, p < 0.05

between indicated groups (ANOVA). ctrl, control.

ing perturbed protein glycosylation, redox state, and Ca>" sig-
naling. Importantly, ER stress-induced LmfI expression was
observed in diverse cell lines as well as in the liver of TM-in-
jected mice. Thus, our results indicate that induction of LmfI
gene expression is a general feature of the ER stress response in
vitro and in vivo.

Induction of the UPR results in widespread transcriptional
changes affecting hundreds of genes related to ER homeostasis,
cell survival, and other physiological processes (22, 28, 32). In
general terms, acute ER stress triggers early transcriptional
changes that mitigate stress and promote survival, whereas pro-
longed and excessive stress leads to the activation of proapo-
ptotic pathways in later stages of the UPR program. In this
context, maximal induction of LmfI is a late event occurring
8-12 h after that of Grp78 and sXbpl and requires relatively
high concentrations of TM. Furthermore, peak LmfI expres-
sion coincides with high expression of Chop, a key transcrip-
tional regulator of ER stress-induced apoptosis (17), and the
induction of its proapoptotic (Gadd34, Trb3, Erola) and sup-
pression of prosurvival (Bcl2) targets. Thus, LmfI is induced
under proapoptotic conditions in TM-treated 3T3-L1 cells,
which raises the question of whether LmfI is a bona fide target
of the UPR or apoptotic signaling. To discriminate between
these possibilities, we used etoposide-induced genotoxic stress
to trigger apoptosis independent of ER stress. Under these con-
ditions, LmfI expression remained unaffected, indicating that
the intrinsic (i.e. mitochondrial) apoptosis pathway does not
induce Lmf1. Collectively, our results suggest that UPR signal-
ing is necessary for ER stress-induced regulation of Lmf1.

Having established the role of UPR in LmfI regulation, we
demonstrated that the Atf6éa signaling branch plays a major
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role in TM induction of LmfI both in vitro and in vivo. We
localized the cis-acting element mediating the effect of ER
stress on the LmfI promoter and demonstrated that Atf6a is
necessary and sufficient for the induction of LmfI by TM
through this DNA sequence. Although Atf6 is a transcription
factor, multiple lines of evidence suggest that the involvement
of Atf6a in the regulation of LmfI is indirect. First, the kinetics
of TM-induced Lmf1 expression is significantly delayed com-
pared with direct targets of Atféa such as Dnajc3, Erdj3, and
Erp72 (34). Moreover, whereas stress-induced activation of
Atf6a is a posttranslational process, TM-induced LmfI expres-
sion depends on new protein synthesis, as demonstrated by the
inhibitory effect of cycloheximide. Finally, the GC-rich
sequence mediating the effect of TM within the LmfI promoter
does not resemble the canonical Atf6a binding sites ERSE and
ERSE-II (37). Indeed, interactions between Atf6 and the GC box
could not be detected in electrophoretic mobility shift assays.?
Thus, the induction of LmfI expression during ER stress is
likely to be mediated by a putative GC box-binding transcrip-
tion factor whose activity is regulated by Atf6a. Using overex-
pression and knockdown approaches, we functionally evalu-
ated several candidate GC motif-binding transcription factors
previously implicated in UPR signaling, including Sp1, E2F1,
and YY1 (38-40). However, we were unable to demonstrate
modulation of the Lmfl promoter through the TM-responsive
GC box by any of the transcription factors tested in initial
experiments (data not shown). Thus, further studies will be
required to identify the molecular mechanisms involved in
UPR-induced regulation of Lmf1.

In addition to its established role in proteostasis, UPR signal-
ing has also been implicated in the regulation of lipid metabo-
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lism (41). Canonical signaling through Irela affects lipogenesis
and very low-density lipoprotein (VLDL) secretion (42—44),
whereas non-canonical UPR signaling involving the cAMP
response element-binding protein, hepatocyte-specific regu-
lates lipolysis through the transcriptional regulation of apolipo-
proteins that activate or inhibit lipoprotein lipase activity (45).
As Lmf1 overexpression results in elevated tissue lipoprotein
lipase activity (46), UPR-induced Lmf1 expression may repre-
sent a novel mechanism through which ER stress modulates
lipolysis and tissue lipid uptake. However, our study demon-
strates that ER stress-induced Lmf1 regulation also occurs in a
lipase-independent cellular context. Indeed, fibroblasts used in
our experiments are not known to express Lmfl-dependent
lipases (47, 48). Thus, regulation of Lmf1 by the UPR appears to
be a general cellular mechanism, which suggests a broader role
for Lmf1 in ER homeostasis. For example, the chaperone func-
tion of Lmfl may not be restricted to lipases and may affect a
wider range of secretory proteins. In addition, Lmfl may be
involved in other ER-associated functions such as protein traf-
ficking, Ca>* homeostasis, or protein degradation. Consistent
with these possibilities, Lmfl exhibits a ubiquitous tissue
expression pattern that is independent of lipases (8). Moreover,
naturally occurring Lmfl isoforms that lack the domain
involved in lipase maturation have been identified (49). Thus,
our results warrant future studies to explore the lipase-inde-
pendent cellular functions of Lmf1.

In conclusion, we identified LmifI as a transcriptional target
of the UPR and demonstrated a critical role for Atf6a signaling
in ER stress-induced Lmf1 regulation. The present work repre-
sents the first study of Lmf1 in a lipase-independent context
and raises the possibility that, in addition to its established
function in lipase maturation, Lmfl may have a novel role in ER
homeostasis.
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