THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 284, NO. 25, pp. 16891-16897, June 19, 2009
© 2009 by The American Society for Biochemistry and Molecular Biology, Inc. ~ Printed in the U.S.A.

Selenoprotein S/SEPS1 Modifies Endoplasmic Reticulum
Stress in Z Variant «,-Antitrypsin Deficiency”

Received for publication, April 9, 2009, and in revised form, April 24, 2009 Published, JBC Papers in Press, April 27,2009, DOI 10.1074/jbc.M109.006288

Emer Kelly', Catherine M. Greene'?, Tomas P. Carroll, Noel G. McElvaney, and Shane J. O’Neill
From the Respiratory Research Division, Department of Medicine, Royal College of Surgeons in Ireland, Education and Research

Centre, Beaumont Hospital, Dublin 9, Ireland

Z o;-antitrypsin (ZAAT) deficiency is a disease associated
with emphysematous lung disease and also with liver disease.
The liver disease of AAT deficiency is associated with endoplas-
mic reticulum (ER) stress. SEPS1 is a selenoprotein that,
through a chaperone activity, decreases ER stress. To determine
the effect of SEPS1 on ER stress in ZAAT deficiency, we meas-
ured activity of the grp78 promoter and levels of active ATF6 as
markers of the unfolded protein response in HepG2 cells trans-
fected with the mutant form of AAT, a ZAAT transgene. We
evaluated levels of NFkB activity as a marker of the ER overload
response. To determine the effect of selenium supplementation
on the function of SEPS1, we investigated glutathione peroxi-
dase activity, grp78 promoter activity, and NFkB activity in the
presence or absence of selenium. SEPS1 reduced levels of active
ATF6. Overexpression of SEPS1 also inhibited grp78 promoter
and NFkB activity, and this effect was enhanced in the presence
of selenium supplementation. This finding demonstrates a role
for SEPS1in ZAAT deficiency and suggests a possible therapeu-
tic potential for selenium supplementation.

SEPSI1 (selenoprotein S, VIMP, Tanis, or SelS) is a selenopro-
tein found in the endoplasmic reticulum (ER)® membrane.
SEPS1 participates in the processing and removal of misfolded
proteins from the ER to the cytosol, where they are polyubig-
uitinated and degraded through the proteasome (1). SEPS1 can
be induced by ER stress (2) and has been shown in macrophages
to be protective from pharmacological ER stress agent-induced
apoptosis (3).

The endoplasmic reticulum is one of the largest cell
organelles. It serves many essential functions, including pro-
duction of all components of cellular membranes, proteins,
lipids, and sterols (4). Only correctly folded proteins are
transported out of the ER, whereas incompletely folded pro-
teins are retained in the organelle to complete the folding
process or be targeted for destruction. ER stress is defined as
an imbalance between the cellular demand for ER function
and capacity of the organelle. It is characterized by a number
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of intracellular responses. These responses include the ER
overload response (EOR), the unfolded protein response
(UPR), and apoptosis.

o, -Antitrypsin (AAT) deficiency is a disease characterized by
early onset emphysema and liver disease (5). The mutant Z
form of this autosomal co-dominant disease occurs in >95% of
all individuals with AAT deficiency (6). Liver disease occurs in
~10% of all homozygous neonates who develop hepatitis and
cholestasis. A proportion of these children progress to liver
failure, requiring liver transplantation (7, 8). Cirrhosis can also
occur in adults without a preceding history of childhood liver
disease. The mutant Z AAT polymerizes and accumulates in
the ER, leaving only 15% of ZAAT secreted (9, 10). This accu-
mulation of abnormal protein in the ER gives rise to ER stress,
which is believed to contribute to the liver disease that results
from AAT deficiency. The cells respond to this perturbation by
inducing the expression of novel genes whose products aim to
restore normal ER function (11). SEPS1 is an example of a
molecular chaperone that serves to augment the capacity of the
ER for protein folding and degradation.

In this paper, we investigate the role of SEPS1 in regulating
the cellular response to ER stress in HepG2 cells transfected
with the ZAAT transgene. We investigate the effect of SEPS1
on the UPR component of this response by measuring grp78
promoter activity, a UPR-up-regulated gene that functions
as a molecular chaperone, and by detecting activated ATF®6,
which occurs downstream to the activation of grp78. The
EOR component of ER stress is investigated by measuring
NF«kB activation.

We study the effect of selenium supplementation on the
action of SEPS1 to see if the function of this selenoprotein can
be enhanced and, if so, through which pathways, looking spe-
cifically at grp78 promoter activity, ATF6 activation, and NFkB
activation and also at glutathione peroxidase (GPx) activity and
at the anti-inflammatory 15-deoxy-A'*>'*-prostaglandin ],
(15d-PG]J,) pathway. GPx is a selenoprotein whose activity can
be readily assayed. This was used as a measure of selenoprotein
activity.

The role of SEPSI in conformational diseases has not been
evaluated. These diseases are caused by inherited or acquired
modifications in protein structure, where specific proteins
undergo a conformational rearrangement, causing deposition
within cellular compartments, such as the ER. This can lead to
devastating results. AAT deficiency is one such disease, but the
group includes Alzheimer, Parkinson, and Huntington diseases
and cystic fibrosis.
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MATERIALS AND METHODS

Cell Culture, Treatments, and Transfections—HepG2 cells
(3 X 10° cells/well) were grown in 24-well plates overnight in
serum-free Eagle’s minimum essential medium supplemented
with L-glutamine (Glutamax) and 0.1 mm nonessential amino
acids in preparation for transfection (Transfast; Promega).
Cells were co-transfected with pCMV (empty vector), pSEPS1
(Origene), pZAAT, or pSEPS + pZAAT and an inducible grp78
promoter-linked (firefly) luciferase reporter plasmid or an
inducible (NFkB), promoter (firefly) luciferase reporter plas-
mid and pRLSV40, a constitutive luciferase reporter plasmid
for 24 h. Cells were treated with vehicle, tunicamycin (10
pg/ml) or IL-1B (10 ng/ml) for a further 24 h, as indicated.
Supernatants or lysates were prepared for further analyses.

Western Blot Analysis—Cells (1 X 10°) were grown in the
absence or presence of selenium (as indicated) or in 6-well
plates overnight in serum-free medium in preparation for
transfection. Cells were transfected with appropriate plasmids
and treated as indicated. Whole cell lysates were prepared.
Immunoreactive proteins were detected using specific antibod-
ies (SEPS1, ATF6; Abcam); signals were detected using horse-
radish peroxidase-conjugated secondary antibodies (Cell Sig-
naling Technologies) and chemiluminescent substrate solution
(Pierce). Equal protein loading was confirmed by Ponceau S
staining.

Z Form of AAT Enzyme-linked Immunosorbent Assay—De-
tection of the Z form of AAT was carried out using the Wieslab
AAT deficiency test according to the manufacturer’s instruc-
tions. Duplicate samples of supernatants and lysates from
PZAAT-transfected cells were used. Absorbance values were
measured at 405 nm, and these were corrected for transfection
efficiency.

Luciferase Assays—pRLSV40 luciferase activity was quanti-
fied, using coelenterazine as the luminescent enzyme substrate
and using a Wallac Victor’ 1420 multilabel counter. For
(NFkB); and grp78 promoter luciferase assays, the Promega
luciferase assay system was used according to the manufactur-
er’s instructions. Values are expressed as (NFkB); or grp78 pro-
moter activity per transfected cell.

Quantitative Reverse Transcription-PCR—Total RNA was
isolated using TRI Reagent (Sigma). RNA (2 ug) was reverse-
transcribed, and cDNAs were amplified using standard PCR
conditions and primers for SEPS1 (sense, 5'-GAAACG-
GAAATCGGACAGAA-3'; antisense, 5-GGCAATTGA-
ATCGAGGGTTA-3’') and glyceraldehyde-3-phosphate dehy-
drogenase (sense, 5-ACAGTCAGCCGCATCTTCTT-3;
antisense, 5'-GACAAGCTTCCCGTTCTCAG-3'). Amplifica-
tions were carried out for 35 cycles at 94 °C for 10 s, 55 °C for
10 s, and 72 °C for 7 s using a Roche Applied Science Light-
Cycler (LC480). The expression of SEPS] relative to glyceralde-
hyde-3-phosphate dehydrogenase was determined using the
27 22T method.

Measurement of Serum Selenium Levels in Patients—Follow-
ing informed consent under a protocol approved by the Beau-
mont Hospital Ethics Committee, serum samples were taken
from 24 patients who had been screened for AAT deficiency
and phenotyped. Twelve ZZ and 12 MM patients who were age-
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and sex-matched were compared. Serum selenium levels were
measured in ug/liter by Trace Laboratories.

Selenium Supplementation of HepG2 Cells—Cells were cul-
tured in the presence or absence of 40 nm or 150 um seleno-pL-
methionine (Sigma)-supplemented medium (12).

GPx Assay—GPx activity was quantified using the Sigma glu-
tathione peroxidase cellular activity assay kit. This kit measures
total GPx activity and does not differentiate different isoforms.

15-Deoxy-A">"*-Prostaglandin ], Activity—HepG2 cells (9 X
10°) transfected or treated appropriately were grown in 6-well
plates in 3 ml of complete medium or selenium-supplemented
medium (150 um seleno-pL-methionine) for 48 h. 15-Deoxy-
A'*'*_prostaglandin ], levels were quantified using an enzyme
immunoassay kit (Correlate-EIA; Assay Designs).

Statistical Analysis—Data were analyzed with the GraphPad
Prism 4 software package (GraphPad Software, San Diego, CA).
Results are compared by ¢ test or analysis of variance, as appro-
priate. Differences were considered significant at p values of
less than 0.05.

RESULTS

Validation of Model System—Fig. 1 shows that HepG2 cells
transfected with pSEPS1 express higher SEPS1 protein (Fig. 1A)
and mRNA (Fig. 1B) compared with empty vector-transfected
cells. Cells transfected with pZAAT but not an empty vector
produce ZAAT (Fig. 1C).

Effect of SEPS1 Overexpression on ZAAT-induced grp78 Pro-
moter Activity—The unfolded protein response was examined
by measuring grp78 promoter activity in HepG2 cells trans-
fected with an empty vector (CMV) or with the ZAAT trans-
gene (ZAAT in Fig. 2A). Cells transfected with an empty vector
and treated with tunicamycin, a known ER stress agonist, had
double the grp78 promoter activity of cells transfected with the
empty vector alone. Overexpression of SEPS1 in these cells
decreased grp78 promoter activity to the level of the empty
vector alone. Transfection with pZAAT caused an increase in
grp78 promoter activity to the level seen in the positive control
with tunicamycin. When the cells were co-transfected with
pSEPS1, grp78 promoter activity was abrogated (p < 0.0001).

Effect of SEPS1 Overexpression on ZAAT-induced ATF6
Cleavage—The unfolded protein response was examined by
Western immunoblotting for ATF6 (Fig. 2B). The active form
of ATF6, occurring in ER stress, has a molecular mass of 50 kDa
and is termed ATF6p50. There was no detectable ATF6p50 in
empty vector-transfected cells (lane 1). Tunicamycin treatment
and ZAAT overexpression lead to cleavage and activation of
ATEF6 (lanes 2 and 3, respectively). Co-transfection with SEPS1
inhibited generation of ATF6p50 (lanes 4 and 5).

Effect of SEPS1 Overexpression on NFkB Activity in HepG2
Cells—NFkB is a key transcription factor activated in ER stress.
We examined the effect of SEPS1 expression on NFkB activa-
tion in HepG2 cells in response to ZAAT or another NFkB
activator, IL-18. HepG2 cells were co-transfected with an
empty vector, CMV, or a plasmid carrying the ZAAT transgene
and an (NFkB);-luciferase reporter construct (Fig. 3). Overex-
pression of SEPS1 significantly reduced NF«B activation
induced by ZAAT (Fig. 3A) or IL-1p (Fig. 3B).
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FIGURE 1. Confirmation of expression of SEPS1 and ZAAT by HepG2
transfectants. A, HepG2 cells (1 X 10°) were transfected with empty vector
(lane 1) or pSEPS1 (lane 2). Protein extracts (40 ng) were analyzed by Western
immunoblot. B, SEPS1 expression was quantified by quantitative reverse tran-
scription-PCR. C, HepG2 cells were cotransfected with pRLSV40 and an empty
vector (CMV) or pZAAT. ZAAT expression in cell lysates was quantified by an
enzyme-linked immunosorbent assay. Absorbance at 405 nm per light unit (L.U.)
indicates relative expression of ZAAT. The dashed line indicates background
absorbance readings. Data shown are representative of three experiments.

Serum Selenium Levels in a,-Antitrypsin-deficient Patients—
Patients were genotyped for the AAT gene. Serum selenium
levels were measured in 12 Z homozygous and 12 M homozy-
gous age- and sex-matched individuals. The levels of selenium
in the ZZ patients were all in the lower normal range (Fig. 4).
Although no significant difference was evident between the ZZ
and MM individuals, mean serum selenium levels were lower
than the optimal range for serum glutathione peroxidase activ-
ity (70-90 ug/liter) in 75% of the ZZ patients.

Glutathione Peroxidase Activity and SEPSI Expression in
Selenium-supplemented Cells—SEPS1 and GPx are selenopro-
teins. Selenocysteine is an essential component of selenopro-
teins and is often present in the active sites of these proteins.
We investigated if supplementation with selenium would
enhance the activity of SEPS1, using GPx activity as a surro-
gate marker of SEPS1 activity. HepG2 cells were grown in
150 um seleno-bpr-methionine-supplemented medium or
routine serum-containing medium. Growth in selenium led

JUNE 19, 2009+VOLUME 284+NUMBER 25

SEPS1 Modifies ER Stress Induced by ZAAT

A *0.0168 *0.002

-y
1

C3-SEPST
Il +SEPST

#0.013

N W A
A1 1

#<0.0001

-
L

Relative grp78 promoter activity

B
ATF6

—_—

50 kDa

2000

1500

1000

Densitometry units

FIGURE 2. SEPS1 inhibits ZAAT-|nduced activation of UPR. A, triplicate
samples of HepG2 cells (3 X 10°) were cotransfected with an empty vector
(pCMV) or pSEPSI; pZAAT; an inducible grp78 promoter-linked (firefly) lucifer-
ase reporter plasmid; and pRLSV40. Cells were treated with tunicamycin (Tm;
10 wg/ml) or DMSO for 16 h. Lysates were prepared, and luciferase production
from both plasmids was quantified by luminometry using specific substrates.
Relative grp78 promoter activity is shown (¥, versus CMV; #, versus minus
SEPST1). B, HepG2 cells (3 X 10°) were transfected with pCMV or pZAAT,
treated with tunicamycin (Tm; 10 wg/ml) or DMSO. Western immunoblotting
for ATF6 was carried out on cell lysates, and densitometry of the resulting blot
is also shown. Lane 1, empty vector (CMV); lane 2, pZAAT; lane 3, CMV +
tunicamycin; lane 4, pZAAT + pSEPS1; lane 5, CMV + tunicamycin + pSEPS1.
Data shown are representative of three experiments.

to a decrease in overall cell number; however, once corrected
for cell number, GPx activity in cell lysates was higher in cells
grown in the presence of selenium (Fig. 54). This showed an
enhanced selenoprotein activity in these cells.

We next assessed the status of SEPS1 mRNA and protein
expression in selenium-deficient and a variety of selenium-suf-
ficient conditions. Fig. 5B shows that compared with cells
grown in the absence of selenium, incorporation of 40 nm or 150
uM selenium into the culture medium led to a small decrease in
SEPS1 mRNA expression. Interestingly, SEPS1 protein expres-
sion was actually enhanced in cells grown in 40 nM or 150 um
selenium compared with selenium-starved cells (Fig. 5C).

15-Deoxy-A">"*-prostaglandin ], Activity in Selenium-sup-
plemented Cells—Selenium supplementation can have an anti-
inflammatory effect through enhancing the activity of SEPS1
but also through its effect on 15d-PG]J, formation, an endoge-
nous inhibitor of IKKf activity. HepG2 cells were grown in the
presence or absence of 150 uMm seleno-pL-methionine. Lysed
cells were analyzed for 15d-PG]J, concentration (Fig. 6). There
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FIGURE 3.SEPS1 reverses the effect of ZAAT and IL-18 on NF«B activation
in HepG2 cells. A, triplicate samples of HepG2 cells (3 X 10°) were co-trans-
fected with an empty vector (pCMV) or pZAAT, pSEPS1 (as indicated), an
inducible NFkB (firefly) luciferase reporter plasmid, and pRLSV40. B, following
overnight incubation, cells were treated with IL-1 (10 ng, 24 h). Lysates were
prepared using reporter lysis buffer (Promega). Luciferase production from
both plasmids was quantified by luminometry using specific substrates. Rel-
ative NF«B luciferase activity is shown (¥, versus CMV; #, versus minus SEPS1).
Data shown are representative of three experiments.
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FIGURE 4. Serum selenium levels in ZZ and MM AAT individuals. Individu-
als were screened to determine their AAT phenotype. Serum selenium levels
(ng/liter) were measured in 12 ZZ and 12 MM individuals. The normal sele-
nium range (shaded area) and optimal levels for serum glutathione peroxi-
dase activity (dashed lines) are shown.

was increased 15d-PGJ, concentrations in the selenium-sup-
plemented cells.

Effect of Selenium Supplementation on grp78 Promoter Activ-
ity and NFkB Activity—The effect of supplementation with 150
uM seleno-pL-methionine on the UPR component of ER stress
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FIGURE 5. Glutathione peroxidase activity and SEPS1 expression in con-
trol and selenium supplemented cells. HepG2 cells were grown in com-
plete medium containing 0 nm, 40 nm, or 150 um seleno-bL-methionine, as
indicated, for 72 h. A, a glutathione peroxidase cellular activity assay kit
(Sigma) was used to measure total GPx activity. The result shown is represent-
ative of three repeated experiments. B, RNA was isolated and used in quanti-
tative reverse transcription-PCRs to detect SEPST and glyceraldehyde-3-
phosphate dehydrogenase expression. Relative SEPS1 expression is shown.
C, protein extracts were prepared, and samples (10 ug) were immunoblotted
for SEPS1 or stained with Ponceau S for total protein loading.
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FIGURE 7. Selenium enhances the effect of endogenous and overex-
pressed SEPS1 on grp78 promoter activity and NF«B activity. A, triplicate
samples of HepG2 cells (3 X 10°) were transfected with an empty vector
(pCMV or pZAAT) and co-transfected with an inducible grp78 promoter-
linked (firefly) luciferase reporter plasmid and pRLSV40 and grown in the
absence or presence (+Se) of 150 um seleno-bL-methionine for 16 h and then
left untreated or stimulated with tunicamycin (Tm; 10 ug/ml, 24 h) or DMSO
(A) orIL-1B (10 ng/ml, 24 h) (B). Lysates were prepared, and luciferase produc-
tion from both plasmids was quantified by luminometry. Relative grp78 pro-
moter (#, versus tunicamycin; *, versus ZAAT) and NFkB activity (#, versus IL-1;
#, versus ZAAT) are shown.

was examined by measuring grp78 promoter activity in HepG2
cells transfected with pCMV, pSEPS1, pZAAT, or pSEPS1 +
PZAAT. Fig. 7A shows that selenium enhances the effect of
both endogenous and overexpressed SEPS1 on grp78 promoter
activity.

The effect on the EOR response was assessed by measuring
NFEkB activity in the presence of selenium supplementation
(Fig. 7B). Selenium was also shown to enhance the effect of the
endogenous and overexpressed SEPS1 on the activity of NF«B.

DISCUSSION

In this work, we have demonstrated a role for SEPS1 in mod-
ifying ER stress responses induced by ZAAT. ZAAT deficiency
is a genetic disorder, the phenotype of which has varying
degrees of severity and is likely to be affected by a number of
modifying factors. Liver disease in this condition occurs in
~10% of patients and results from the accumulation of poly-
mers of the abnormal protein in the ER. This is exemplified by
the fact that in the absence of the abnormal protein, as is the
case in the null variant, liver disease does not occur (6). The in
vitro model of the disease we have used is HepG2 cells trans-
fected with a ZAAT transgene. HepG2 is a commonly used cell
line in SEPS1 studies (2, 13). We validated our model prior to
experiments by demonstrating the expression of SEPS1 and
ZAAT in transfected cells.

The ER has a key role in protein folding and handling of
misfolded proteins. Specific signaling pathways (14) and effec-
tor mechanisms have evolved to deal with the temporal and
developmental variation in the ER load. The upstream signal
that activates these pathways is referred to as ER stress and is
defined functionally as an imbalance between the load of pro-
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teins facing the ER and the organelle’s ability to process that
load. The cellular response to ER stress has four main func-
tional components: EOR, UPR (15), a decrease in protein syn-
thesis, and programmed cell death (16). Here we investigated
the effect of SEPS1 on different elements of the ER stress
response.

GRP78/BiP is a major UPR-up-regulated target protein. This
immunoglobulin heavy chain-binding protein/glucose-regu-
lated protein has a molecular mass of 78 kDa and is one of the
most highly expressed ER-resident chaperones. GRP78 is
involved in many cellular processes, including translocating
newly synthesized proteins, maintaining them in a state com-
petent for subsequent folding and oligomerization, and regulat-
ing calcium homeostasis (17, 18). In addition to its chaperoning
function, GRP78 is a key regulator of ER stress transducers.
GRP78 binds and inhibits PERK, IRE1, and ATF6 activation in
nonstressed cells (19). It senses the presence of misfolded pro-
teins in the ER, dissociates from PERK, IRE1, and ATF6 and
associates with the accumulating misfolded protein in the ER
lumen. This titrating event leads to activation of UPR signaling.
We demonstrate an increase in grp78 promoter activity in the
setting of ER stress in the ZAAT-transfected cells. When SEPS1
is overexpressed, the effect of ZAAT is reduced, and the
increase in grp78 promoter activity is decreased to a level seen
in the control setting.

SEPSI is a selenoprotein. Selenoproteins are a group of pro-
teins that contain the rare amino acid selenocysteine (Sec). Sec
is coded for by the dual function stop codon UGA when it is
accompanied by the evolutionarily conserved cis- and trans-
acting elements and protein factors dedicated to decoding of
UGA as Sec (20). There are only 25 known selenoproteins in the
human proteome (21). Selenium is an essential trace mineral of
fundamental importance to human health and is known for its
antioxidant activity and its chemopreventive, anti-inflamma-
tory, and antiviral properties (22). Much of its beneficial influ-
ence on human health is attributed to its presence within the
selenoproteins, but other pathways are also possible.

SEPS1 was initially cloned from diabetic rats, since it was
observed that its expression was decreased in fasting diabetic
animals. The protein was characterized under the name Tanis;
however, the penultimate Sec residue was misinterpreted as a
stop codon (23). The interaction of SEPS1 with serum amyloid
(SAA), an acute phase protein, suggested a link between type 2
diabetes, inflammation, and cardiovascular disease. SEPS1 was
later shown to be induced in response to ER stress (13). Of the
25 mammalian selenoproteins described, selenoproteins I, K,
and S and the thioredoxin reductases 1, 2, and 3 share a penul-
timate rather then internal Sec residue (24). A hierarchy of sele-
nium regulation exists whereby the position of Sec is thought to
play a major role in susceptibility of selenoprotein mRNAs to
nonsense-mediated decay. Although expression of GPx1 and
thioredoxin reductases, for example, are known to be decreased
by selenium deficiency, we and others found that SEPS1 dis-
plays only low susceptibility to regulation by selenium status
(25). In contrast to the effect seen on SEPS1 mRNA, SEPS1
protein expression was enhanced by a growth in the presence of
selenium. This is not surprising, given that Sec is cotranslation-
ally incorporated into nascent polypeptides. Thus, in the pres-
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ence of selenium, there are two levels of regulation: a small
decrease in SEPS1 mRNA expression but a larger increase in
Sec incorporation into SEPS1 protein.

We show in this paper, by demonstrating the effect on ATF6
and the grp78 promoter, that overexpression of SEPS1 inhibits
UPR events triggered by ZAAT overexpression. The ER is an
essential intracellular organelle for the synthesis and matura-
tion of cell surface and secretory proteins and maintenance of
calcium homeostasis. In hepatocytes in particular, it is
extremely active, with an estimated synthesis of 13 million
secretory proteins/min (26). Disruption of these physiological
functions leads to accumulation of unfolded proteins and can
induce UPR (4, 27). ATF6 is a type II transmembrane protein of
the ER, which migrates to the Golgi compartment, where it is
cleaved by site-1 protease and site-2 protease. The cleaved cyto-
solic N-terminal fragment of ATF6 migrates to the nucleus and
acts as an active transcription factor, together with ATF4 and
spliced XBP1, to increase the expression of the genes encoding
proteins that function to augment the ER protein folding capac-
ity. These gene targets include those encoding ER chaperones,
such as BiP/GRP78 itself. ZAAT polymerizes and is retained in
the ER (28). Here we link this event to ATF6 activation and
show that that SEPS1 can reverse the effect.

ER stress also induces EOR (16), which leads to activation of
the transcription factor NF«B (29). NF«B is normally found in
an inactive cytoplasmic complex with IkB. Upon stimulation of
cells with a number of agents, NF«kB activity is induced. This
involves phosphorylation and degradation of IkB and translo-
cation of NFkB to the nucleus, where it activates transcription
of proinflammatory target genes. In this study, we found that
accumulation of ZAAT in the ER provided an NFkB-activating
stimulus, which was decreased by the presence of increasing
SEPS1. NFkB, although a regulator of proinflammatory gene
expression, is also known to be cytoprotective. It remains to be
determined if preventing excessive activation of NFkB repre-
sents a therapeutic benefit, since it would be important to avoid
its complete suppression.

The anti-inflammatory effects of selenium are also mediated
via an increased production of 15d-PGJ, as an adaptive
response to protect cells against oxidative stress-induced
proinflammatory gene expression (30). The IKK complex is a
key kinase in the NF«B cascade. IKK has the dominant role in
signal-induced phosphorylation and degradation of the inhibi-
tory and cytoplasmic retention protein of the NF«B complex,
IkBa. IKKf is also subject to control by cyclopentone prostag-
landins, such as PGA1 and 15d-PG]J,. It has been shown that
selenium supplementation of macrophages leads to an increase
in 15d-PG]J, via arachidonic acid oxidation by COX1. It has also
been shown that some anti-inflammatory effects of 15d-PGJ,
were mediated by PPAR<y-dependent mechanisms. We
explored this mechanism of action of selenium by performing
15d-P@J, assays to demonstrate an increased concentration in
cells supplemented with selenium.

In the experiments investigating grp78 promoter and NF«B
activity in HepG2 cells, in the presence of selenium supplemen-
tation, we showed an additive effect to the inhibition when
SEPS1 was overexpressed and selenium was supplemented. We
had shown that SEPS1 exerted a direct effect, but the effect of
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selenium could potentially be through the effect on the seleno-
protein, SEPS1, or via 15d-PG]J,. This in vitro work raises the
potential of selenium supplementation as a therapeutic option
in preventing liver disease in patients affected with Z variant
AAT.

Interestingly, the SEPSI gene is located on chromosome
15q26.3, a region associated with the conformational diseases
diabetes and Alzheimer disease. SEPSI is also a strong func-
tional and positional candidate gene for various inflammation-
related disorders, and genetic correlation studies have shown
that the proinflammatory cytokines IL-1f3, tumor necrosis fac-
tor e, and IL-6 may be affected by a gene that jointly influences
their expression (31). Curran ez al. (31) identified a key single
nucleotide polymorphism in the promoter region of SEPS1 at
position —105 that showed significant correlation to IL-183,
tumor necrosis factor «, and IL-6 plasma levels and demon-
strated overwhelming support for a role of the SEPS1
—105G—A single nucleotide polymorphism as a functional
variant for these proinflammatory biomarkers. This may be
important in AAT deficiency, given that an aberrant inflamma-
tory response is a probable factor determining the severity and
outcome of disease. The SEPS1 promoter is GC-rich and con-
tains one conserved and one potential ER stress response ele-
ment II (ERSE), a consensus-binding site for transcription fac-
tors regulating ER stress responses. ERSEs are involved in the
stress inducibility of ER proteins that assist protein folding in
the ER and promote cell survival under stress conditions. The
SEPSI —105G— A single nucleotide polymorphism is located
in the putative ERSEIL. The A allele confers lower promoter
activity than the G allele in response to stimulation with tuni-
camycin. Furthermore, the A allele is associated with higher
cytokine levels. Thus, the phenotypes associated with the
SEPS1 —105A allele are decreased SEPS1 expression and ERAD
function and increased cytokine production.

Many countries in Europe and other parts of the world still
have a dietary selenium intake below what is recommended by
health regulatory bodies (32, 33). In the United States, where
dietary intakes are higher than in many other countries, the
current recommendation is 55 ug/day. This level is based on
optimizing plasma glutathione peroxidase enzyme activity.
Recommendations for intake are higher in European popula-
tions, where selenium intake is considerably lower. Suboptimal
selenium status may increase susceptibility to various chronic
disorders and is likely to lead to suboptimal functioning of the
beneficial properties of SEPS1, which we have demonstrated. In
our work, we measured serum selenium levels in ZZ patients
and compared these with MM phenotypes. There was no dif-
ference between the two groups; however, we did find that the
serum levels of selenium were in the lower range of normal and
were not at the level likely to lead to optimal functioning of
selenoproteins. Nonetheless, the sample size tested was very
small, and any conclusions should be tested in an independ-
ent study with a larger sample size. Considerable variation in
serum selenium levels is expected based on geographic location,
and specific locations associated with low selenium may be impor-
tant for individuals with AAT deficiency living there.

In view of these results, we believe that selenium supple-
mentation has potential to be investigated as a therapeutic
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option for the liver disease associated with AAT deficiency.
Taken together, these data point to the important role of
selenium in the diet as an essential factor required to
enhance the function of selenoproteins. Optimizing SEPS1
activity, particularly in cases where the —105A allele is pres-
ent, could be of tremendous therapeutic benefit to an indi-
vidual coping with intracellular accumulation of misfolded
proteins, such as ZAAT.

In summary, we found that SEPS1 down-regulated a number
of markers of the response to ER stress induced by ZAAT. We
demonstrated that supplementation with selenium enhances
the effect of this selenoprotein. We also showed effects of the
anti-inflammatory selenium through the 15-deoxy-A'>'*-
prostaglandin J, pathway. We demonstrated the selenium level
to be in the low normal range for our population and below the
optimal level for function of the antioxidant effect of selenopro-
teins. The potential therapies for conformational diseases, such
as ZAAT deficiency, includes therapies directed at preventing
polymerization of the aberrant protein, chemical chaperones,
and anti-inflammatories. We have demonstrated how selenium
can address two of these pathways. This is an essential trace
element that is frequently low in adult populations and can be
easily supplemented.
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