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ABSTRACT Liver injury in PiZZ a1-antitrypsin (a,-AT)
deficiency probably results from toxic effects of the abnormal
al-AT molecule accumulating within the ER of liver cells.
However, only 12-15% of individuals with this same genotype
develops liver disease. Therefore, we predicted that other
genetic traits that determine the net intracellular accumulation
of the mutant a,-AT molecule would also determine suscepti-
bility to liver disease. To address this prediction, we transduced
skin fibroblasts from PIZZ individuals with liver disease or
without liver disease with amphotropic recombinant retroviral
particles designed for constitutive expression of the mutant
al-AT Z gene. Human skin fibroblasts do not express the
endogenous a,-AT gene but presumably express other genes
involved in postsynthetic processing of secretory proteins. The
results show that expression of human a,-AT gene was con-
ferred on each fibroblast cell line. Compared to the same cell
line transduced with the wild-type a,-AT M gene, there was
selective intracellular accumulation of the mutant a,-AT Z
protein in each case. However, there was a marked delay in
degradation of the mutant al-AT Z protein after it accumu-
lated in the fibroblasts from ZZ individuals with liver disease
("susceptible hosts") as compared to those without liver dis-
ease ("protected hosts"). Appropriate disease controls showed
that the lag in degradation in susceptible hosts is specific for the
combination of PiZZ phenotype and liver disease. Biochemical
characteristics of al-AT Z degradation in the protected hosts
were found to be similar to those of a common ER degradation
pathway previously described in model experimental cell sys-
tems for T-cell receptor a subunits and asialoglycoprotein
receptor subunits, therefore, raising the possibility that the lag
in degradation in the susceptible host is a defect in this common
ER degradation pathway. Thus, these data provide evidence
that other genetic traits that affect the fate of the abnormal
al-AT Z molecule, at least in part, determine susceptibility to
liver disease. These data also validate a system for elucidating
the biochemical/genetic characteristics of these traits and for
examining the relevance to human disease of pathways for
protein degradation in the ER.

Homozygous PiZZ ai-antitrypsin (a,-AT) deficiency, which
affects 1 in 1600 live births (1), results in low plasma con-
centrations of functionally active a,-AT, 10-15% of normal.
It is the most common genetic cause of liver disease in
children and is also associated with chronic adult-onset liver
disease, hepatocellular carcinoma, and premature develop-
ment of pulmonary emphysema (2, 3).

In this deficiency, a single nucleotide substitution results in
a Glu-342 -- Lys substitution in the a1-AT coding sequence
(2, 3). There is a selective defect in secretion of the mutant

protein such that it accumulates in the endoplasmic reticulum
(ER) (4). Site-directed mutagenesis studies have shown that
this single amino acid substitution is sufficient to produce the
cellular defect (5, 6). Several recent studies have suggested
that a1-AT Z is unstable and polymerizes in the ER by a
proposed "loop-sheet" insertion mechanism (7). Once trans-
located into the lumen of the ER, the mutant a1-AT protein
is unable to traverse the remainder of the secretory pathway
presumably because it is abnormally folded.
The pathophysiology ofemphysema involves a decrease in

plasma concentration of the major antielastase, a,-AT, per-
mitting elastolytic attack on the lung (1). It has been more
difficult to conceptualize the pathophysiology of liver injury
in this deficiency. Most of the evidence now favors the
concept that accumulation of a,-AT in the ER of liver cells
is directly related to liver injury (3). Experiments in trans-
genic mice carrying the mutant Z allele of the human a,-AT
gene (8, 9) have provided direct experimental support for this
"accumulation theory." These mice have periodic acid/
Schiff-positive diastase-resistant intrahepatocytic globules
and develop neonatal hepatitis. Because there are normal
levels of a1-AT and presumably other antielastases in these
animals, as directed by the endogenous murine genes, liver
injury cannot be attributed to diminished serum or tissue
levels of a1-AT.

It has been even more difficult to explain the fact that only
12-15% of the PiZa1-AT Z-deficient population develops
significant liver injury (10). The development of liver injury
in a subgroup of the deficient population cannot be explained
by the a1-AT genotype and, therefore, must depend on other
genetic traits and/or environmental factors. In the current
report, we examined the hypothesis that other genetic traits
and/or environmental factors predispose to liver injury by
exaggerating the intracellular accumulation of the mutant
al-AT Z protein or exaggerating the cellular pathophysiolog-
ical consequences of mutant al-AT accumulation. This hy-
pothesis was suggested by previous studies showing in-
creased synthesis ofheat shock/stress proteins in monocytes
from the subgroup of PiZZ individuals with liver disease (11)
and implying that there was greater intracellular accumula-
tion of a,-AT Z, or the response to intracellular accumulation
of a1-AT Z, in this subgroup. The hypothesis was examined
by transducing skin fibroblasts from PiZZ individuals with
liver disease and from PiZZ individuals without liver disease
with amphotrophic retroviral particles designed to express
the mutant a,-AT Z gene under the direction of a constitutive
viral promoter.

EXPERIMENTAL PROCEDURES
Materials. Polyclonal anti-human GRP78/BiP was pur-

chased from Affinity BioReagents (Seattle). Monoclonal an-

Abbreviations: al-AT, al-antitrypsin; ER, endoplasmic reticulum;
endo H, endoglycosidase H; TPCK, L-1-tosylamido-2-phenylethyl
chloromethyl ketone.
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tibody to human calnexin (AF8) was provided by M. Brenner
(12) and polyclonal rabbit anti-dog p88 peptide antiserum was
provided by D. Williams (13). We also generated our own
polyclonal rabbit anti-human calnexin IgG (DP23) by cou-
pling synthetic peptide AEEDEILNRSPRNRKPRRE, based
on the C-terminal sequence of human calnexin, to keyhole
limpet hemocyanin and administering the resulting conjugate
to rabbits.

Site-Directed Mutagenesis and Plasmid Constructs. A full-
length wild-type al-AT cDNA was subjected to oligonucle-
otide-directed in vitro mutagenesis (14) to introduce a single
A -+ G nucleotide substitution in codon 342. A clone with the
designated mutation was completely sequenced to show that
there were no other mutations in the entire cDNA clone. The
mutant clone and the original wild-type clone were ligated
downstream of the Rous sarcoma virus long terminal repeat
in a pUC8 vector pMON1375B. A DNA fragment containing
the Rous sarcoma virus long terminal repeat and the a,-AT
coding sequence in the proper orientation were then ligated
into plasmid N2 (kindly provided by E. Gilboa, Columbia
University, New York). Packaging cell lines Psi2 (15) and
PA317 (16) were used for production of amphotropic recom-
binant retroviral particles.
Human Skin Fibroblast Cell Lines. Punch skin biopsies

were explanted to allow for proliferation of skin fibroblasts.
Before they were in the second or third passage, each of 14
fibroblast cell lines was transduced with amphotropic recom-
binant retroviral particles as described (16). The studies were
approved by the Washington University School of Medicine
Human Studies Committee.

Biosynthetic Labeling, Immunoprecipitation, and SDS/
PAGE. Methods for biosynthetic labeling with [35S]methio-
nine, immunoprecipitation, SDSIPAGE/fluorography, and
laser densitometry have been described (11). Sequential
immunoprecipitation was done by the protocol of Ou et al.
(17). Methods for labeling with [32P]orthophosphate have also
been described (18).

Immunohistochemical Analysis. For immunofluorescence,
cells were grown to =50% confluence on glass slides, fixed
in 4% (wt/vol) paraformaldehyde
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FIG. 2. Immunofluorescent staining of al-AT and BiP in BWZ,
BWM, and CJZ cells. The cells were stained for a,-AT or BiP and
then with fluorescein isothiocyanate-conjugated anti-immunoglobu-
fin.

were resistant to endo H. BWZ cells were also subjected to
indirect immunofluorescence (Fig. 2). Antibody to al-AT
stained the cytoplasm in a reticular pattern especially prom-
inent in the perinuclear region. This staining colocalized to
that of a known ER protein, BiP. There was negligible
staining of BWM cells probably because these cells do not
accumulate al-AT. The pattern of staining in CJZ cells was
similar to that of BWZ cells. CJ is a PiZZ individual without
liver disease and CJZ cells are relatively efficient in degra-
dation of mutant a,-AT Z (see below). Double-label immu-
nohistochemistry also showed that staining of a,-AT colo-
calized to that of BiP in BWZ cells (data not shown). Thus,
the results of endo H and immunofluorescence studies indi-
cate that the 55-kDa a,-AT that accumulates inBWZ cells has
immature glycosylation and is localized to the ER, as in
al-AT-deficient liver.

Intracellular Degradation of a,-AT Z in Fibroblasts from
Hosts with Different Liver Disease Phenotypes. With the above
data to establish the validity ofthe system, we could examine
whether the fate of a,-AT Z was different in cells from
susceptible hosts compared to cells from protected hosts. In
Fig. 3a, we examined the kinetics of disappearance of al-AT
Z in BWZ compared to CJZ and TKZ fibroblasts. BW is the
same PiZZ individual with liver disease studied above, CJ is
a PiZZ individual without liver disease, and TK is a PiMM
individual with severe liver disease of unknown etiology. In
BWZ, 52- and 55-kDa polypeptides were synthesized. The
55-kDa polypeptide accumulated and was only slowly de-
graded over 4 h ofthe chase period. The same 52- and 55-kDa
polypeptides were synthesized in CJZ and TKZ fibroblasts
and the 55-kDa polypeptide accumulated but, in contrast to
BWZ, it abruptly began to disappear between 2 and 3 h and
was almost completely degraded by 4 h. There was no
difference among these three cell lines in the small amount or
kinetics of appearance of a,-AT in the extracellular medium.
There was no difference in the secretion of specific endog-
enous proteins, a2-macroglobulin, and complement factor B
(data not shown).
Data from BWZ, CJZ, and TKZ cells and a number of

additional controls are shown in Fig. 3b. In each of these
other control cell lines, there was selective intracellular
accumulation of al-AT (data not shown). Results show that
there is abrupt disappearance of al-AT-specific radioactivity
after 1 h in fibroblasts from three individuals and after 2 h in
fibroblasts from three other individuals to <10% initial ra-
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FIG. 3. (a) Kinetics ofdisappearance of a1-AT in BWZ, CJZ, and
TKZ cells. The cells were subjected to pulse-chase radiolabeling
with a pulse of 2 h and chase as indicated. The relative migration of
52- and 55-kDa polypeptides is indicated at the left. (b) Kinetics of
disappearance of a,-AT Z in fibroblasts from eight individuals.
Fibroblasts from two PiZZ individuals with liver disease (solid circles
and open diamonds), two PiZZ individuals without liver disease
(solid squares and open squares), one PiZZ individual with emphy-
sema but no liver disease (solid diamonds), two PiMM individuals
with idiopathic liver disease (solid triangles and open triangles), and
one PiMM individual without liver disease (open circles) were
transduced with N2 a1-AT Z. Each of the transduced cell lines was
subjected to pulse-chase radiolabeling. Fluorograms with approxi-
mately equivalent amounts of radiolabeled al-AT at time 0 of the
chase period were subjected to densitometric scanning. For each cell
line, at least one experiment that met the above criteria is shown. For
three of the cell lines, three experiments are shown as mean ± SD.

dioactivity by 4 h of the chase period. In contrast, there was
a much lesser degree of disappearance of a,-AT in two PiZZ
individuals with severe liver disease. More than 57% of initial
radioactivity was still present by 4 h of the chase period. This
decrease in degradation of al-AT Z has been seen in fibro-
blasts from one other PiZZ individual with liver disease (data
not shown). These results indicate that there is a decrease in
degradation of the abnormal a,-AT Z molecule that accumu-
lated in cells from susceptible hosts compared to those from
protected hosts.

Degradation of a,-AT Z in CJZ Cells Is Inhibited by Cyclo-
heximide and L-l-Tosylamido-2-phenylethyl Chloroinethyl Ke-
tone (TPCK). Previous studies have indicated that degradation
in the ER is inhibited by cycloheximide (22-24) and by the
protease inhibitorTPCK (25). Thus, we examined the effect of
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cycloheximide on degradation of a,-AT Z in fibroblasts from
BW (susceptible) and from CJ (protected) (Fig. 4a). In BWZ
cells not exposed to cycloheximide, there was very little decay
over 240 min for the 55-kDa a,-AT polypeptide. In CJZ cells,
the 55-kDa a,-AT polypeptide began to disappear within
90-150 min and was almost completely degraded by 180 min
of the chase period. In the presence of cycloheximide, the
55-kDa al-AT polypeptide remained largely undergraded over
the entire chase period for both BWZ and CJZ cells. Densit-
ometric scanning of gels from three experiments showed that
at 240 min of the chase period only 7.8% of the initial
radioactivity was present in the untreated CJZ cells as com-
pared to 48.7% in CJZ cells incubated with cycloheximide.
We also examined the effect of TPCK on degradation of

a1-AT Z in fibroblasts from CJ (Fig. 4b), a protected host
already described above, and in fibroblasts from JOM (Fig.
4c), another protected host. CJZ and JOMZ cells were
subjected to pulse-chase experiments in which the chase was
completed in the absence or presence of TPCK (80 uM).
TPCK mediated a decrease in the kinetics of disappearance
of the 52- and 55-kDa a,-AT polypeptides in both cell lines.
The results of these experiments suggest that mutant al-AT
Z is degraded in the ER by a mechanism sensitive to
inhibitors of protein synthesis and to synthetic protease
inhibitors.

Interaction of al-AT Z and the ER Calcium-Binding Protein
p88/IP9O/Calnexin. Next, we examined the possibility that
mutant a,-AT Z interacts with p88/IP90/calnexin. Calnexin
is an =88-kDa calcium-binding ER-membrane phosphopro-
tein that has been shown to interact with retained incom-
pletely assembled T-cell receptor subunits, membrane im-
munoglobulin chains, and major histocompatibility complex
class II heavy chain subunits in the ER (12, 13, 26). In fact,
Ou et al. (17) have recently shown that the 52-kDa precursor
of wild-type al-AT in HepG2 cells coprecipitates with cal-
nexin and Le et al. (27) have shown that mutant a1-AT Hong
Kong coprecipitates with calnexin. To examine this possi-
bility, we first used CJZ cells that had been pulse-labeled with
[32P]orthophosphate because calnexin is known to be a
phosphoprotein. Labeled CJZ cells were lysed under nonde-
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FIG. 4. (a) Effect of cycloheximide on degradation of a1-AT Z in
BWZ and CJZ cells. Cells were subjected a 120-miin pulse and a chase
period in the absence or presence ofcycloheximide (0.1 mg/ml). Cell
lysates were subjected to immunoprecipitation. The relative migra-
tion of 52- and 55-kDa a1-AT is indicated at the left. (b and c) Effect
of TPCK on degradation of a1-AT Z in CJZ cells (b) and JOMZ cells
(c). Cells were subjected to pulse-chase radiolabeling in the absence
or presence ofTPCK (80 MM). Molecular markers (in kDa) are to the
right.

naturing conditions, to optimize coprecipitation, and the
resulting cell lysate was subjected to immunoprecipitation in
the absence of SDS (Fig. 5a). A single =88-kDa phospho-
protein was detected by three antibodies to calnexin (lanes
1-3). Moreover, the same polypeptide was detected by
anti-al-AT (lane 4). Because a,-AT is not phosphorylated,
these data provide strong evidence for interaction between
mutant al-AT Z and calnexin.
Next, we examined the possibility that newly synthesized

calnexin interacts with newly synthesized a1-AT Z (Fig. 5b).
Because the turnover ofcalnexin is slow, BWZ and CJZ cells
were pulse-labeled with [35S]methionine for 12 h. Labeled
cells were lysed under mildly denaturing conditions to opti-
mize coprecipitation without compromising specificity. With
antibody to calnexin (lanes 1 and 2), =88-, =55-, and 52-kDa
polypeptides were detected in BWZ and CJZ cells but the
-55- and 52-kDa polypeptides were significantly more abun-
dant in CJZ cells. The relative electrophoretic mobility of the
=88-kDa polypeptide was identical to that of the phospho-
protein detected in Fig. Sa and the mobility of the =55- and
52-kDa polypeptides was identical to that of a,-AT in BWZ
and CJZ cells in lanes 3 and 4. With antibody to a,-AT (lanes
3 and 4), =52- and -55-kDa polypeptides were the predom-
inant polypeptides. There was also an --88-kDa polypeptide
but it was more abundant in CJZ than in BWZ cells. These
data further substantiated that the a,-AT Z polypeptide
coprecipitates with calnexin and suggested that coprecipita-
tion is greater in CJZ than in BWZ cells. To definitively
examine this latter difference, we subjected radiolabeled CJZ
and BWZ cell lysates to sequential immunoprecipitation with
antibody to calnexin and then antibody to ai-AT (Fig. Sc).
Here, the relative electrophoretic mobility under denaturing
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FIG. 5. (a) Coimmunoprecipitation of an -88-kDa phosphopro-
tein in CJZ cells. CJZ cells were labeled for 3 h with [32P]orthophos-
phate and then lysed under nondenaturing conditions. Equivalent
amounts of cell lysate were immunoprecipitated in the absence of
SDS with anti-human calnexin monoclonal antibody AF8 (lane 1),
polyclonal anti-dog calnexin peptide antibody (lane 2), anti-calnexin
antibody DP23 (lane 3), and a 4-fold higher amount of 32P-labeled cell
lysate immunoprecipitated with anti-al-AT IgG (lane 4). (b) Coim-
munoprecipitation ofnewly synthesized calnexin and a1-AT Z in CJZ
and BWZ cells. CJZ and BWZ cells were labeled for 12 h with
[35S]methionine and then lysed in PBS/0.5% Triton X-100/2 mM
phenylmethylsulfonyl fluoride/leupeptin (5 pg/ml)/aprotinin (5 pg/
ml). Equivalent amounts of the resulting lysates were subjected to
immunoprecipitation with anti-calnexin antibody DP23 (lanes 1 and
2) or anti-al-AT IgG (lanes 3 and 4). (c) Sequential immunoprecip-
itation of calnexin and a,-AT from CJZ and BWZ cells. Lanes: 1, 3,
5, 7, and 9, CJZ; 2, 4, 6, 8, and 10, BWZ; 1 and 2, calnexin in
denaturing condition; 3 and 4, a1-AT in denaturing condition; 5 and
6, calnexin in nondenaturing condition; 7 and 8, sequential calnexin
and then a1-AT in nondenaturing condition; 9 and 10, a1-AT in
nondenaturing condition. Molecular mass markers (in kDa) are
indicated at the right. The relative migration ofthe -88-kDa calnexin
polypeptide and the -52- and -55-kDa a1-AT polypeptides is shown
by the arrowheads at the left.
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conditions of immunoprecipitated calnexin and a1-AT from
each cell line is shown (lanes 1-4). Immunoprecipitation of
calnexin (lanes 5 and 6) under nondenaturing conditions was
associated with multiple bands including ones comigrating
with the ==88-kDa calnexin polypeptide and =52- and =55-
kDa a1-AT polypeptides. Sequential immunoprecipitation
with calnexin and then al-AT showed that the 55-kDa al-AT
polypeptide was coprecipitated in both CJZ and BWZ but to
a much greater extent in CJZ (lanes 7 and 8). Longer
fluorographic exposure showed that the 52-kDa a1-AT poly-
peptide was also coprecipitated (data not shown). Coprecip-
itation demonstrated by this sequential immunoprecipitation
protocol was shown to be specific in that the mature glyco-
sylated form of complement factor B was not detected in CJZ
cells by sequential immunoprecipitation with antibody to
calnexin and then antibody to factor B.

DISCUSSION
The results of this study show that there is a selective lag in
degradation of the mutant al-AT Z in cells from PiZZ indi-
viduals with liver disease. Appropriate controls indicate that
this lag in degradation cannot be attributed to a nonspecific
effect of liver disease or emphysema. The presence of this lag
in degradation in cells from three unrelated PiZZ individuals
with liver disease indicates that it is not a peculiarity ofa single
patient. However, these data do not preclude the possibility
that some PiZZ individuals with liver disease will not have a
lag in degradation of the mutant a,-AT Z protein. Such
individuals may be predisposed to liver disease by virtue of
other coexisting conditions such as biliary obstruction, expo-
sure to hepatotoxic drugs, infections, or environmental factors
that affect sustained increases in synthesis of the mutant
al-AT Z protein. Conversely, we would predict that there
would be a lag in degradation of the mutant a1-AT Z protein
in cells from some normal healthy PiMM individuals. Such a
trait would never become clinically manifest in the absence of
a burden of abnormally folded secretory proteins within the
ER. The inheritance of a trait that is associated with a lag in
degradation of the mutant a,-AT Z protein by some PiMZ
heterozygous individuals may explain the small increase in
risk of liver disease among this population.

In the current report, we also show that calnexin interacts
with the 55-kDa mutant a,-AT Z protein that accumulates in
the ER. Most interesting to us is evidence that more mutant
a1-AT Z protein coprecipitated with calnexin in the protected
than in the susceptible host. If interaction with calnexin is
necessary for initiation of ER degradation of the mutant
a,-AT Z protein or is required for directing the a1-AT
molecule into the ER degradative pathway, then our data
would suggest the possibility that there is a structural or
functional abnormality in calnexin in susceptible hosts. This
putative structural-functional abnormality in calnexin is
probably relatively minor because there did not appear to be
any difference in coprecipitation of other polypeptides by
calnexin (Fig. 5c). It is also possible, however, that the failure
of mutant a1-AT protein to interact with calnexin in BWZ
cells is a secondary effect.

Several previous studies have shown that there are similar
characteristics for degradation ofunassembled or abnormally
folded proteins in ER of model transfected cell systems
(22-25, 28). Several observations about CJZ cells suggest that
the same pathway is responsible for intracellular degradation
of a,-AT Z in human fibroblasts: there is an initial lag period
(Fig. 4b); degradation is localized to the ER (Figs. ld and 2);
degradation is slowed by cycloheximide and by TPCK (Fig.
4). A recent study indicates that there are two pathways for

degradation of the asialoglycoprotein receptor H2 subunit
including a major pathway inhibited by cycloheximide and
TPCK and a minor pathway in which there is an endoprote-

olytic cleavage in thejuxtamembrane region (29). Because we
could not detect a specific proteolytic fragment of al-AT Z in
our system, we predict that its degradation involves the major
pathway for ER degradation. This would mean that the BWZ
cell line is defective in this major ER degradative pathway
and, moreover, that PiZZ individuals with liver disease carry
a genetic trait that delays intracellular degradation ofa cohort
of abnormally folded or unassembled polypeptides. Expres-
sion of polypeptides that are unable to assemble, such as the
asialoglycoprotein receptor H2 subunit or the T-cell receptor
a subunit, in CJ and BW cells, should provide a direct test of
this hypothesis.
The current study substantiates the notion that other traits

of the host can determine the outcome ofa single gene defect,
the specific target organ injured, and perhaps, the severity of
the target organ injury. Moreover, it provides evidence for a
specific mechanism that could serve as the basis for identifi-
cation ofthe susceptible subpopulation and for pharmacologic
intervention designed for the susceptible subpopulation.
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