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Abstract
To understand pathways mediating the inflammatory responses of human aortic endothelial cells to
oxidized phospholipids, we previously used a combination of genetics and genomics to model a
coexpression network encompassing >1000 genes. CHAC1 (cation transport regulator-like protein
1), a novel gene regulated by ox-PAPC (oxidized 1-palmitoyl-2-arachidonyl-sn-3-glycero-
phosphorylcholine), was identified in a co-regulated group of genes enriched for components of the
ATF4 (activating transcription factor 4) arm of the unfolded protein response pathway. Herein, we
characterize the role of CHAC1 and validate the network model. We first define the activation of
CHAC1 mRNA by chemical unfolded protein response-inducers, but not other cell stressors. We
then define activation of CHAC1 by the ATF4-ATF3-CHOP (C/EBP homologous protein), and not
parallel XBP1 (X box-binding protein 1) or ATF6 pathways, using siRNA and/or overexpression
plasmids. To examine the subset of genes downstream of CHAC1, we used expression microarray
analysis to identify a list of 227 differentially regulated genes. We validated the activation of
TNFRSF6B (tumor necrosis factor receptor superfamily, member 6b), a FASL decoy receptor, in
cells treated with CHAC1 small interfering RNA. Finally, we showed that CHAC1 overexpression
enhanced apoptosis, while CHAC1 small interfering RNA suppressed apoptosis, as determined by
TUNEL, PARP (poly(ADP-ribose) polymerase) cleavage, and AIF (apoptosis-inducing factor)
nuclear translocation.

Most natural populations exhibit thousands of common DNA variations that perturb gene
expression (1–3). These expression variations can be quantified by microarray analysis and
used to identify co-regulated genes and construct co-expression network modules (1–8). We
and others have shown that such networks identify groups of correlated genes in modules that
are highly enriched for known pathways (1–8). We now show that network modeling can
generate useful hypotheses for the functional annotation of novel genes.
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Oxidized 1-palmitoyl-2-arachidonyl-sn-3-glycero-phosphoryl-choline (ox-PAPC)3 is a
proinflammatory oxidized phospholipid that has been implicated in the pathogenesis of
atherosclerosis. We previously generated global gene expression networks using a set of
primary human aortic endothelial cell (HAEC) lines from healthy donors treated with ox-PAPC
(5,6). Among 15 modules identified, one was highly enriched for genes of the ATF4 (activating
transcription factor 4) branch of the unfolded protein response (UPR) pathway. CHAC1 (cation
transport regulator-like protein 1, aka MGC4504, YER163c, chaC, Rik1810008K03,
MMT00059404) was among the most highly connected genes in this module. Preliminary
studies showed that CHAC1 was induced in HAEC by tunicamycin and that ATF4 small
interfering RNA (siRNA) could inhibit this induction (6). The yeast homolog of CHAC1
(YER163c) has also been identified as a mRNA that was induced by UPR activation (9).

CHAC1/YER163c/ChaC/MGC4504 is highly conserved, having ~30% aa identity between
mammalian and bacterial genes, suggesting a fundamental role for survival. The bacterial
CHAC1 homolog, chaC, is part of the cha (Ca2+, H+ antiporter) operon and consists of three
genes: chaA, chaB, and chaC (10–12). chaA is a bacterial membrane antiporter that transports
Ca2+, H+, Na+, and K+ and is thought to be involved in the maintenance of cellular ion
concentration and osmolarity. The functions of chaB and chaC are less well defined in the
bacterial system, but they may modulate the activity of the chaA antiporter, as is the common
modus for prokaryotic operons. Since there are numerous analogous membrane-associated
cation antiporters in mammals (13), auxiliary functions of chaB and chaC in relation to chaA
are likely not conserved. The CHAC1 protein contains a large conserved domain spanning aa
30–210 (Pfam: ChaC-like domain) that has been solved in a conserved yeast protein
At5g39720.1, and the Escherichia coli YtfP. The localization or function of this protein has
previously not been defined in any system.

The endoplasmic reticulum (ER) facilitates the translation, maturation, and trafficking of
integral membrane and secreted proteins and lipids. Sensor proteins regulate ER function, and
when their capacity is exceeded, the UPR is activated. The UPR is a protective response to ER
stress, with the net effect being augmentation of divergent pathways that reduce ER load
(14–16). The molecular pathways defining UPR induction have been well characterized and
involve the activation of several key transcription factors, including ATF4, ATF6, and XBP1
(X box-binding protein 1). These then increase synthesis of several proteins involved in protein
stabilization (DNAJ, HSP70, HSP90), ER-associated degradation (HERPUD1), and other
pathways that reduce ER load (14,16). Additionally, various protective responses, including
activation of inflammatory pathways, G1 arrest, and apoptosis are signaled.

Herein, we define CHAC1 as a novel component of the mammalian UPR, downstream of the
ATF4-ATF3-CHOP (C/EBP homologous protein) pathway. Additionally, we define a role for
CHAC1 in promoting apoptosis signaling through AIF (apoptosis-inducing factor) and PARP
(poly(ADP-ribose) polymerase).

Materials and Methods
Reagents and Abs

The following commercially available Abs were used: V5-epitope (Invitrogen, R960-25),
cleaved PARP1 (Cell Signaling Technology, no. 9541), AIF (Cell Signaling Technology, no.

3Abbreviations used in this paper: ox-PAPC, oxidized 1-palmitoyl-2-arachidonyl-sn-3-glycero-phosphorylcholine; AIF, apoptosis-
inducing factor; ATF, activating transcription factor; CHAC1, cation transport regulator-like protein 1; CHOP, C/EBP homologous
protein; cPARP, cleaved PARP; DAPI, 4′,6-diamidino-2-phenylindole; eGFP, enhanced GFP; ER, endoplasmic reticulum; HAEC, human
aortic endothelial cells; KLF, Kruppel-like factor; PARP, poly(ADP-ribose) polymerase; siRNA, small interfering RNA; TNFRSF6B,
tumor necrosis factor receptor superfamily, member 6b, a FASL decoy receptor; UPR, unfolded protein response; XBP1, X box-binding
protein 1.
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4642), caspase-3 (Santa Cruz Bio-technology, SC7272), cleaved caspase-3 (Cell Signaling
Technology, no. 9664), TNFRSF6B (tumor necrosis factor receptor superfamily, member 6b,
a FASL decoy receptor; Cell Signaling Technology, no. 4758), actin (Sigma-Aldrich, no.
A2066), GAPDH (Cell Signaling Technology, no. 2118), histone H3 (Cell Signaling
Technology, no. 9715), secondary anti-mouse Ab (Amersham/GE Healthcare, NA931V), and
anti-rabbit Ab (Amersham/GE Healthcare, NA934V).

The following human specific siRNAs were purchased from Qiagen: CHAC1 (SI00642131,
SI00642138, SI00642145), CHOP (SI00059528, SI00059535), ATF3 (SI00305900,
SI00305907), ATF6 (SI03019205, SI03019206), XBP1 (SI00763840, SI02656661), and
scrambled control (1027280).

Primers for real-time PCR were as follows: β2-microglobulin, forward, ATC GGA GCA GTC
AGA CCT GTC TTT, reverse, ATG GTG CTG CTT ACA GGT CTC GAT; CHAC1, forward,
CCT GAA GTA CCT GAA TGT GCG AGA, reverse, GCA GCA AGT ATT CAA GGT TGT
GGC; ATF4, forward, CAT TCC TCG ATT CCA GCA AAG CAC, reverse, TTC TCC AAC
ATC CAA TCT GTC CCG; ATF3, forward, TTG CAG AGC TAA GCA GTC GTG GTA,
reverse, ATG GTT CTC TGC TGC TGG GAT TCT; CHOP, forward, ATG GCA GCT GAG
TCA TTG CCT TTC, reverse, AGA AGC AGG GTC AAG AGT GGT GAA; spliced XBP1,
forward, CCG CAG CAG GTG CAG G, reverse, GAG TCA ATA CCG CCA GAA TCC A;
BiP, forward, ATC CCG TGG CAT AAA CCC AGA TGA, reverse, ACT TCT GGT AGG
CAC CAC TGT GT; ATF6 (Qiagen, QT00083370); TNFRSF6B, forward, AGG TCA TCA
ACG AGC TTC GGA ACA, reverse, AGA AAT GAC AGG AGC GAC TTG CCA.

The full-length CHAC1 coding region was PCR amplified from a cDNA clone purchased from
OriGene (SC111411) and cloned in-frame, directly upstream of a V5 epitope and enhanced
GFP (eGFP) coding peptide to generate CHAC1-V5eGFP. This construct, containing a CMV
promoter, was fully sequenced in both directions to verify that no mutations were introduced
by PCR.

Cell culture
HAEC were cultured as previously described (6). HEK 293 and HeLa cells were grown in
DMEM supplemented with 10% FBS. Cells were transfected with HiPerFect reagent (Qiagen)
for siRNA treatments or Lipo-fectamine 2000 (Invitrogen) for plasmids according to the
manufacturers’ protocols. UPR-inducing treatments were 1 mM DTT, 10 μg/ml tunicamycin,
5 μM thapsigargin, or 50 μg/ml ox-PAPC for 4 h. Nonspecific cell stress treatments were heat
shock (40°C for 60 min) or UV (5 J/m2) followed by 24 h recovery. For eGFP and V5
immunostaining, cells were grown on glass coverslips, fixed with formalin, and treated with
Abs diluted in PBS, with 3% BSA blocking solution. Following washing and incubation with
corresponding secondary Ab, coverslips were counter-stained with DAPI (4′,6-diamidino-2-
phenylindole), mounted in 50% glycerol, and visualized using a Leica fluorescence
microscope. TUNEL staining was done using the ApopTag Red in situ apoptosis detection kit
(Chemicon International, catalog no. S7165), according to the manufacturer’s specifications.

Immunoblotting
Nuclear vs cytoplasmic protein extractions were performed as previously described (6). Protein
samples were separated and blotted using precast gels and membranes (Invitrogen) and blocked
with 3% BSA in TBST (10 mM Tris (pH 7.5), 100 mM NaCl, 0.1% Tween 20). Primary Abs
were incubated for 1 h at room temperature diluted 1/1000 in TBST, washed in TBST, and
subsequently incubated in corresponding secondary Abs diluted 1/2500. Membranes were
treated with ECL Plus reagent (Amersham Biosciences) for detection. Quantification of band
intensities was done using a GelDoc1000 (Bio-Rad). Student’s t test was used to determine
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significant differences in band intensities, normalized to control (cytosol: GAPDH or actin;
nucleus: histone H3). For experiments with more than two groups we used ANOVA followed
by the Student-Newman-Keuls test. Each sample was run in triplicate and repeated in at least
two separate experiments.

Real-time PCR
Quantitative mRNA measurements were performed in triplicate using SYBR Green detection
as described previously (6). RNA was isolated using RNeasy columns (Qiagen), and reverse
transcription was performed using SuperScript III (Invitrogen) according to the manufacturers’
protocols. Each real-time measurement of reverse-transcribed mRNA was normalized to β2-
microglobulin levels, run in parallel. For statistical analysis we used ANOVA followed by the
Student-Newman-Keuls test. All measurements were done using n = 3 for each treatment,
repeated in at least two separate experiments.

Microarrays
Global RNA expression was determined using RNA isolated as above, and assayed using the
Illumina platform HumanRef-8 v2 BeadChips that assay more than 22,000 transcripts. Primary
data were normalized using the rank-invariant method of bead detection studio software
(Illumina). Statistical analyses were done using the GeneSifter package of programs
(www.genesifter.net).

Results
Chemical UPR activators, but not general cell stressors, induce CHAC1 expression

The UPR can be induced with chemical agents, such as tunicamycin (N-linked glycosylation
inhibitor), DTT (reduces disulfide linkages), thapsigargin (SERCA (sarco-endoplasmic Ca2+-
ATPase) inhibitor), or ox-PAPC (6), but not with other general stressors such as heat shock
(42°C, 60 min) or short-wave UV treatment (5 J/m2) (17).

We assayed CHAC1 mRNA by real-time RT-PCR in cells treated with tunicamycin, DTT,
thapsigargin, or Ox-PAPC vs UV or heat shock (Fig. 1). These experiments demonstrated that
CHAC1 mRNA was robustly induced in HAEC and in HEK and HeLa cells following
treatments that induce the UPR (tunicamycin, DTT, or thapsigargin) but not with general cell
stressors (UV or heat shock). We also examined the mRNA expression of ATF4 and ATF3
following these same treatments to validate the chemical UPR inducers (Fig. 1, d and e).

It is noteworthy that ox-PAPC did not induce CHAC1 mRNA in HEK or HeLa cells, in contrast
to our previous findings in HAEC. These data indicate that the induction of portions of the
UPR pathway in HAEC by ox-PAPC is selective to this cell type. Collectively, these data
indicate that CHAC1 is indeed a novel member of the UPR pathway.

CHAC1 is downstream of the ATF4-ATF3-CHOP pathway
Network modeling suggested that CHAC1 was in the ATF4 rather than in the XBP1 or ATF6
branches of the UPR. We have previously shown that CHAC1 mRNA was stimulated following
ATF4 overexpression and that siRNA inhibition of ATF4 inhibited UPR induction of CHAC1
(6). To further characterize UPR signal transduction pathways that regulate CHAC1, we
examined the effect of inhibiting other components of the UPR on CHAC1 mRNA expression.
Unlike the effect of ATF4 siRNA, neither XBP1 nor ATF6 knockdown significantly prevented
the induction of CHAC1 by UPR stimulation (tunicamycin treatment) in HAEC or HEK cells
(Fig. 2). Since we noted a small, but nonsignificant, reduction in CHAC1 mRNA following
XBP1 inhibition in both cell types, we additionally examined the effect of spliced XBP1
overexpression. Increasing XBP1 levels did not significantly affect CHAC1 mRNA induction
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in HAEC or HEK cells (Fig. 2, b and e). We validated the efficacy of the ATF6 and XBP1
siRNA, as well as spliced XBP1 expression constructs, by monitoring mRNA expression of
these genes following transfections with respective siRNA or plasmid (Fig. 2). These data
suggest that CHAC1 activation by the UPR is dependent solely on ATF4 and not XBP1 or
ATF6.

We next examined whether siRNA knockdown of ATF3 or CHOP was sufficient to reduce the
expression of CHAC1 following induction of the UPR. These transcription factors are
downstream of ATF4 in the UPR induction cascade (14). Both ATF3 and CHOP knockdown
were sufficient to reduce the induction of CHAC1 mRNA by tunicamycin in HEK cells and
HAEC (Fig. 3). These data suggest that CHAC1 is indeed a component of the UPR and that it
lies downstream of the ATF4-ATF3-CHOP pathway.

CHAC1 is coexpressed with ATF4 in vivo
We examined the expression of CHAC1 in a genetic cross between the C57BL/6J-ApoE and
C3H/HeJ-ApoE mouse strains. Whole-genome transcript levels in four tissues, brain, liver,
muscle, and adipose, were examined in 334 F2 progeny. Notably, ATF4 was the gene most
highly correlated with CHAC1 in brain (Pearson’s correlation: 0.73, p < 5 × 10−50), and it was
also highly correlated (ranked 24th overall) in liver (Pearson’s correlation: 0.37, p < 2.5 ×
10−11), two metabolically active tissues that have a high ER load. However, this interaction
was not observed in adipose or muscle, likely because these tissues have a smaller ER folding
capacity, and the induction of UPR signaling pathways is below the limits of detection.
Interestingly, we also noted expression correlations between ATF3 (−0.27, 1.6 × 10−6) and
CHOP (−0.25, 1.1 × 10−5) with CHAC1 in brain tissue from this data set.

Structure and subcellular localization of CHAC1
CHAC1 contains a domain that is highly conserved from the bacterial chaC, but the function
of this domain is unknown. The three-dimensional structure of CHAC1 was modeled using
the Phyre algorithm (www.sbg.bio.ic.ac.uk/phyre) (18). The output indicated an E-value of
0.063, with estimated precision of 95%. The structure of this protein most closely resembles
that of BtrG and ytfr, two yeast proteins of unknown function. This software algorithm also
models the presence of pockets/cavities/clefts as an indicator of possible active sites or critical
amino acid residues. Residues Phe36, Gly94, Trp93, Tyr60, and Ala140 received high scores and
will be the subject of future site-directed mutagenesis studies defining the molecular function
of CHAC1.

Human CHAC1 does not contain an ER-targeting signal peptide or any other sequence
indicating subcellular localization, although the N terminus of the peptide contains a
hydrophobic region that could be embedded in or span a membrane (aa 5–21). To determine
the cellular localization of CHAC1, we generated expression constructs fused in-frame to an
epitope tag and eGFP (CHAC1-V5eGFP). We fractionated cells transfected with CHAC1-
V5eGFP and examined expression of CHAC1-V5eGFP by Western blotting. CHAC1 was
primarily localized in the cytosolic compartment compared with the nucleus or pellet fractions
(Fig. 4a).

To further demonstrate the cytosolic expression of CHAC1 we used fluorescence microscopy.
Cells transiently transfected with CHAC1-V5eGFP displayed diffuse staining throughout the
cytoplasm, similar to a control eGFP, which is expressed in the cytosol (Fig. 4b), consistent
with the Western blot of fractionated cells. Additionally, we examined whether there was a
change in localization of CHAC1 by GFP fluorescence (Fig. 4c), V5 immunostaining, or
Western blot (data not shown) following treatment with tunicamycin, DTT, thapsigargin, or
ox-PAPC. Cells transfected with CHAC1-V5eGFP displayed a cytosolic distribution following
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UPR induction with tunicamycin, DTT, thapsigargin, or ox-PAPC, not different from untreated
controls. These data suggest that CHAC1 protein is contained in the cytosol and not targeted
to ER, Golgi, mitochondria, or nuclear compartments and that its localization is not changed
following induction of the UPR.

Downstream targets of CHAC1
To uncover downstream targets of CHAC1, we transfected cells with a siRNA directed against
CHAC1. As demonstrated in Fig. 5, we were able to reduce UPR-induced expression of
CHAC1 by >50% using three separate siRNAs (data shown for one siRNA) targeting different
regions of CHAC1, compared with a scrambled control. We examined the expression of the
ATF4-regulated genes ATF3 and CHOP, and the XBP1/ATF6-activated gene BiP, in cells
treated with CHAC1 siRNA. There were no changes in the ox-PAPC- or tunicamycin-induced
expression of ATF3, CHOP, or BiP in HAEC following CHAC1 knockdown (Fig. 5). These
data indicate that CHAC1 knockdown does not affect the currently known targets of ATF4,
and that it likely lies downstream of CHOP in the ATF4-ATF3-CHOP cascade.

To define downstream targets of CHAC1, we next performed mRNA expression arrays on 1)
control HAEC transfected with scrambled siRNA, 2) cells transfected with scrambled siRNA
with tunicamycin, and 3) cells transfected with the CHAC1 siRNA with tunicamycin. We
examined the intersample reproducibility as a measure of the quality of RNA preparation and
array protocol. Within each group there was a 0.9 correlation coefficient between expressions
of mRNAs within the gene set. Following removal of genes that were expressed at low levels,
with a GeneSifter detection score of <0.99, we identified ~10,000 genes that could be accurately
quantified. Of these, we first compared the expression of genes induced by the UPR in human
endothelial cells and filtered out all candidates that were at least changed 1.5-fold and passed
t test analysis, with Benjamini and Hochberg correction (19).

In response to tunicamycin, there was a robust increase in expression of CHAC1, as well as
other well-characterized components of the UPR, including GADD45A, GADD45B,
GADD34, HERPUD, ERO1L, ERO1Lβ, SLC3A2, SLC7A1, SLC35B1, SLC7A5,
SLC39A14, SLC3A2, SLC2A6, PDIA4, PDIA6, PDIA5, HSPA5, XBP1, DNAJB9, DNAJC3,
DNAJB11, DNAJC12, DNAJA3, DNAJC16, and IL8 (group 1 vs 2). Interestingly, the
transcription factors KLF6 (Kruppel-like factor 6), KLF4, and KLF2 were also induced by
tunicamycin, indicating these as potential new components that may play a role in the UPR.
In total, 588 genes were selected as being differentially expressed according to our selection
criteria stated above (supplemental Table I).4 This is the first definition of the global changes
in gene expression in human endothelial cells following UPR induction.

Using similar analysis as above to compare cells treated with CHAC1 siRNA vs scrambled
(group 2 vs 3), we identified 227 genes that were differentially expressed based on t test in
HAEC treated with tunicamycin (supplemental Table II). Using the CRÉME
(creme.dcode.org) algorithm, we searched the transcription factor binding sites enriched in the
CHAC1 selected gene list from siRNA treatment compared with control (Table I). These data
highlight transcription factors that might be targets of CHAC1, although their respective
mRNAs were not affected directly by CHAC1 knockdown, implying posttranscriptional
regulation.

We examined the expression of several candidate mRNAs from the microarray list using real-
time RT-PCR, choosing well-defined genes that were likely involved in known pathways. One
of the 11 candidates, TNFRSF6B, was validated with real-time RT-PCR using three CHAC1

4The online version of this article contains supplemental material.
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siRNAs, and the direction of the response to CHAC1 siRNA was the same as determined from
the array (Fig. 6). Additionally, we assayed the effects of CHAC1 overexpression on
TNFRSF6B protein levels by Western blot and noted a decrease (Fig. 6), consistent with siRNA
treatments. TNFRSF6B is a soluble decoy receptor for the proapoptotic FASL pathway (20)
and is inhibited by CHAC1.

CHAC1 overexpression promotes, while siRNA inhibition blocks, apoptosis
Since we identified CHAC1 as a target of ATF3 and CHOP, known to promote apoptosis
(21), and an inhibitor of TNFRSF6B, an antiapoptotic protein (20), we tested whether CHAC1
modulation affected apoptosis. To assay apoptosis, we examined TUNEL staining and the
expression of cleaved PARP (cPARP), nuclear AIF, or cleaved caspase-3 in HEK cells
transfected with CHAC1 overexpressing plasmid vs control. We noted an increase in TUNEL
staining (Fig. 7), cPARP, and AIF nuclear translocation (Fig. 8, a and e) in CHAC1-transfected
cells vs GFP control, but no change in caspase-3 cleavage (data not shown). Additionally, we
examined the effect of CHAC1 inhibition using a specific siRNA in cells treated with cadmium
chloride, an inducer of apoptosis that has been demonstrated to act via induction of UPR
components, and JNK phosphorylation (22). There was a specific inhibition of cPARP levels
(Fig. 8c) in cells treated with CHAC1 siRNA vs scrambled control. Additionally, we examined
the effects of CHAC1 siRNA treatment on apoptosis measures in HEK cells treated with
tunicamycin for 48 h, and noted that CHAC1 inhibition caused a decrease in cPARP and nuclear
AIF, but no change in caspase-3 activation. These data highlight CHAC1 expression as
necessary and sufficient to induce well-characterized markers of apoptosis, TUNEL, cPARP,
and AIF nuclear translocation. These data suggest that CHAC1 represents a mechanism that
mediates ATF3 or CHOP signaling, involving inhibition of TNFRSF6B, and that sensitizes
cells to commit to apoptosis following induction of the UPR pathways.

Discussion
We have characterized the regulation and function of the highly conserved CHAC1 gene and
several significant conclusions have emerged. CHAC1 is clearly a UPR-inducible gene
regulated by the ATF4 arm of the pathway (Fig. 9). It is downstream of ATF3 and CHOP and
may mediate, in part, the proapoptotic effects of these transcription factors. Significantly, our
results are highly consistent with the integrative genetics network modeling of the response of
a population of HAEC to ox-PAPC.

CHAC1 is a specific component of the ATF4-ATF3-CHOP signaling pathway and is not
directly regulated by the ATF6 or XBP1 arms of the UPR. Inhibition of CHOP was sufficient
to prevent UPR-induced CHAC1 expression, while neither XBP1 nor ATF6 knockdown or
spliced XBP1 overexpression significantly affected CHAC1 induction. These data suggest the
presence of other components that regulate the CHAC1 promoter, since CHOP mRNA can be
induced by XBP1 or ATF6. Importantly, these data highlight that XBP1/ATF6 induction of
CHOP can result in different sequelae compared with ATF4-ATF3, consistent with reports that
demonstrate ATF4 as the dominant factor mediating induction of CHOP (23).

We examined sequences flanking CHAC1 using the online ECR browser
(ecrbrowser.dcode.org) and found that elements of the 3′-UTR as well as ~2 kb upstream and
downstream of the gene were highly conserved. Scanning the 2-kb region directly upstream
of the CHAC1 promoter, we used the MultiTF algorithm (multitf. dcode.org) to identify regions
likely to be bound by transcription factors ATF4, ATF3, and CHOP. We found a putative ATF
binding site that was in an orthologous block ~250 bp upstream of the start site of the CHAC1
gene (TTGCATCAC), conserved from human to mouse. This promoter element is similar in
sequence and location to a known UPR-inducible element within the CHOP promoter (24).
This suggests that the CHAC1 gene may be directly regulated by ATF4, ATF3, and CHOP
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following UPR induction. Additionally, in vivo studies with genetically randomized mice (344
F2 progeny from a cross between C57BL/6J and C3H/HeJ) indicated a strong correlation
between CHAC1 and ATF4, ATF3, and CHOP expression, analogous to the results obtained
from the human HAEC population.

Collectively, these data suggest that regulation of the CHAC1 promoter is complex. Our current
model places CHAC1 as a direct target of CHOP; however, direct transcriptional effects of
ATF4 and ATF3 are also suggested. These interactions provide a possible explanation why
CHAC1 expression is more closely correlated with ATF4 than ATF3, CHOP, XBP1, or ATF6
in our study populations. Moreover, these data strengthen the validity of the network model
and highlight how mRNA coexpression networks have functional underpinnings and can
uncover complex relationships compared with examinations of linear cell signaling pathways.

Based on studies of C-terminal tagged CHAC1, this protein is expressed primarily in the
cytoplasm, compared with the nucleus, ER-Golgi sectretory apparatus, or mitochondria.
Additionally, its localization is not changed following treatment with chemical UPR inducers,
suggesting that it functions in this compartment. These data are consistent with the predicted
three-dimensional structure using the Phyre algorithm, and they suggest that CHAC1 is a
soluble peptide. Our future studies aim to determine molecular functions of CHAC1, and we
will explore possible interactions with other proteins and effects on ER-associated degradation
of misfolded proteins.

We performed microarray analyses of mammalian HAEC in the presence and absence of
chemical UPR induction with tunicamycin, the first systematic examination of the global
mRNA response to UPR induction in human endothelial cells. In addition to well-characterized
UPR pathway components (9), we noted previously unidentified genes that are significantly
induced by UPR activation, such as KLF transcription factors.

We defined the global mRNA profile for cells treated with CHAC1 siRNA and verified a subset
of these results by real-time PCR. TNFRSF6B, one of the candidates identified by microarray,
showed a consistent change when assayed by real-time PCR. Interestingly, this gene was not
identified in the chemical UPR induction dataset compared with control, but mRNA expression
levels were altered as a result of CHAC1 siRNA treatment. These data suggest that the functions
of CHAC1 may represent a boundary between UPR-mediated and other pathways, and that
CHAC1 may have other functions independent of the UPR.

We noted that CHAC1 siRNA treatment was sufficient to activate the expression of
TNFRSF6B. This protein is a soluble decoy receptor of the proapoptotic FASL (20), an
important signaling mechanism in the activation of apoptosis in endothelial cells by
macrophages. We examined the effect of CHAC1 overexpression and inhibition on apoptosis
in HEK cells and HAEC. Interestingly, we noted augmentation of TUNEL staining, cPARP,
and AIF nuclear translocation, but not caspase-3 cleavage, following CHAC1 overexpression.
These data suggest that CHAC1 can modulate the AIF-PARP apoptotic pathway, but the
parallel caspase-3-dependent cascade is not affected.

There are several proposed mechanisms that contribute to apoptosis following UPR activation.
Caspase-12 is the prototypical UPR-inducible pathway in mice, which leads to caspase-3
activation (25,26), but this protein is nonfunctional in humans (27). CHOP is known to activate
apoptosis; however, the downstream mechanism has not been completely characterized. There
are data suggesting that CHOP may act through inhibiting Bcl-2 (28), activating Bax (29), or
changing the redox status by activating GADD34 and Ero1α (30). This is consistent with our
data and suggests that the cleavage of PARP and translocation of AIF are also events associated
with CHOP-dependent induction of apoptosis. Also, our data suggest that these pathways occur
as a result of the induction of CHOP by ATF4, and not by XBP1 or ATF6, and they highlight
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the presence of two separate mechanisms that can transduce UPR-dependent apoptotic
signaling.

These data highlight CHAC1 as a novel target for modulating the AIF-PARP apoptosis
pathway in disease. Also, inhibiting TNFRSF6b (antiapoptotic) is a mechanism whereby
CHAC1 activation contributes to apoptosis. Collectively, these data suggest that CHAC1
activation may augment endothelial cell apoptosis in response to oxidized phospholipids. More
generally, these data suggest that CHAC1 may be an important downstream target of the ATF4-
ATF3-CHOP pathway that promotes apoptosis.
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FIGURE 1.
CHAC1 is induced specifically by chemical UPR inducers. Determination of normalized
CHAC1 mRNA measured by real-time RT-PCR in untreated cells (Media) and in cells treated
with ox-PAPC (Ox), tunicamycin (Tun), DTT, thapsigargin (Thaps), or the general cell
stressors UV and heat shock (HS). Shown are data from primary (a) HAEC, (b) HEK 293 cells,
and (c) HeLa cells. Induction of known UPR genes (d) ATF4 and (e) ATF3 in HAEC, by real-
time RT-PCR, in untreated cells (media) and in cells treated with chemical UPR inducers. *,
p < 0.01.

Mungrue et al. Page 11

J Immunol. Author manuscript; available in PMC 2010 March 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 2.
XBP1 or ATF6 arms of the UPR do not affect CHAC1 mRNA expression. Determination of
normalized CHAC1 mRNA levels measured by real-time RT-PCR following treatment with
media, ox-PAPC (Ox), and/or tunicamycin (Tun) in HAEC cells transfected with (a) XBP1
siRNA, or scrambled control, (b) spliced XBP1 (sXBP1) overexpression construct or eGFP
control plasmid, or (c) ATF6 siRNA, vs scrambled control. d–f, Determination of normalized
CHAC1 mRNA levels as in a–c in HEK 293 cells. Measurement of normalized target gene
modulation is also shown in the bottom panels. *, p < 0.01.
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FIGURE 3.
ATF3 or CHOP siRNA treatment inhibits CHAC1 mRNA expression in the context of UPR
induction. Determination of normalized CHAC1 mRNA levels measured by real-time RT-PCR
following treatment with media or tunicamycin (Tun) in (a and c) HAEC or (b and d) HEK
293 cells treated with (a and b) ATF3 siRNA or (c and d) CHOP siRNA vs scrambled control.
Determination of normalized levels of the target mRNA is also shown in each panel. *, p <
0.01.
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FIGURE 4.
CHAC1 protein is expressed in the cytosol, and protein localization is not changed following
induction of the UPR. a, Western blot detecting the V5 epitope, cytosolic control GAPDH,
and nuclear histone H3 in cells transfected with C (CHAC1-V5eGFP (55 kDa)) or G (control
eGFP). Whole indicates whole-cell extract, Cyto, cytosolic extract; Nuc, nuclear extract; Pellet,
pelleted membranes. b, Fluorescence images of eGFP (green) and DAPI (blue) in cells
transfected with CHAC1-V5eGFP-expressing plasmid or eGFP control. c, eGFP and DAPI
fluorescence of HEK cells transfected with CHAC1-V5eGFP and treated with ox-PAPC or the
chemical UPR inducers DTT, thapsigargin, or tunicamycin.
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FIGURE 5.
CHAC1 siRNA treatment does not affect the expression of CHOP, ATF3, or BiP.
Determination of normalized mRNA levels by real-time RT-PCR of (a) CHAC1, (b) CHOP,
(c) ATF3, and (d) BiP following transfection with CHAC1-specific siRNA vs scrambled
control in HAEC that were untreated (media) vs treated with ox-PAPC (ox) or Tunicamycin
(Tun). *, p < 0.01.
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FIGURE 6.
CHAC1 siRNA treatment activates and overexpression reduces TNFRSF6B. Determination
of normalized mRNA levels by real-time RT-PCR of (a) CHAC1 and (b) TNFRSF6B
following transfection with CHAC1-specific siRNA vs scrambled control. c and d,
Measurement of TNFRSF6B levels by Western blot, normalized to GAPDH in cells transfected
with CHAC1-V5eGFP overexpressing plasmid, vs eGFP control. *, p < 0.01.
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FIGURE 7.
CHAC1 overexpression induces apoptosis. HEK cells untransfected (UNT co) or transfected
with CHAC1-V5 (CHAC1), GFP (GFP co), or CHAC1-V5eGFP (CHAC1-GFP). a,
Fluorescent staining of nuclei with DAPI (blue), apoptoic nuclei with TUNEL-rhodamine
(red), and GFP (green). Examples of apoptotic nuclei are highlighted with white arrows. b,
Quantification of TUNEL-positive nuclei. *, p < 0.01.
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FIGURE 8.
CHAC1 overexpression induces, while siRNA treatment reduces, apoptosis. Measurement of
cleaved PARP (cPARP) levels by Western blot in (a) cells transfected with CHAC1-V5eGFP
overexpression plasmid vs eGFP control normalized to GAPDH, (c) in cells treated with
CHAC1 siRNA vs scrambled control, and 0, 10, or 20 μM cadmium chloride, normalized to
actin. e, Measurement of cytoplasmic and nuclear AIF levels by Western blot, normalized to
GAPDH (Cytosol) or histone H3 (Nucleus) in cells transfected with CHAC1-V5eGFP
overexpressing plasmid vs eGFP. b, d, and f, Quantification of band intensities in a, c, and e.
*, p < 0.05.
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FIGURE 9.
Schematic showing the proposed position of CHAC1 within the UPR cascade.
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Table I

Putative transcription factors downstream of CHAC1a

Transcription Factor p No. of Genes

GATA3_03 0.000242543 8

STAT1_03 0.000508342 67

AREB6_04 0.000575685 30

YY1_01 0.000725818 5

HNF3α_Q6 0.00157133 19

AP4_Q5 0.00218991 21

CDXA_01 0.00350079 47

STAT6_02 0.00355877 77

STAT5A_03 0.00412948 60

AP4_Q6 0.004432 18

STAT_01 0.00613769 15

IRF1_Q6 0.00886876 23

NFMUE1_Q6 0.0110571 6

STAT5A_04 0.016443 77

MYB_Q6 0.0188144 19

SRY_01 0.0218238 44

FAC1_01 0.0230942 5

SP1_Q6 0.024927 26

HSF1_01 0.0259192 6

CAAT_01 0.0262597 19

SOX5_01 0.0332317 8

HFH3_01 0.0340206 9

STAT_Q6 0.0438751 12

HNF3_Q6 0.0452026 13

a
List of transcription factors having binding sites that were enriched within the corresponding promoters of genes identified in cells transfected with

CHAC1 siRNA vs scrambled control. Analysis was done using the CRÈME algorithm.
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