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Abstract

Individuals who are homozygous for the protease inhibitor
phenotype Z (PiZ) genetic variant of a1-antitrypsin (a,-AT)
have reduced plasma concentrations of al-AT, and are suscep-
tible to premature development of pulmonary emphysema. A
subset of this population develops chronic liver disease. The
reduction in plasma concentrations of a,-AT results from a
selective defect in secretion as the abnormal PiZ a,-AT protein
accumulates within the cell. It has recently been shown in
several experimental systems that the heat shock/stress re-
sponse, a response characterized by the synthesis ofa family of
highly evolutionarily conserved proteins during thermal or
chemical stress, may also be activated by the presence of ab-
normal proteins within the cell. Therefore, we predicted that
the heat shock/stress response would be induced in the ab-
sence of thermal or chemical stress in a1-AT-synthesizing cells
of PiZZ individuals. In the following study, however, we show
that net synthesis of proteins in the heat shock/stress gene
family (SP90, SP70, ubiquitin) is increased only in a subset of
the population, PiZZ individuals with liver disease. It is not
significantly increased in PiZZ individuals with emphysema or
in those without apparent tissue injury. Net synthesis of stress
proteins is not increased in individuals with another variant of
the a,-AT gene (PiS a,-AT) and is not increased in individuals
with severe liver disease but a normal a,-AT haplotype (PiM
a,-AT). These results demonstrate that the synthesis of stress
proteins is increased in a subset of individuals with homozy-
gous PiZZ al-AT deficiency, those also having liver disease.

Introduction

Homozygous PiZZ a,-antitrypsin (a,-AT)' deficiency is a
common genetic disorder resulting in low plasma concentra-
tions of functionally active a,-AT (reviewed in references 1
and 2). This deficiency affects approximately 1 in 1,600 live
births (3, 4) and is associated with premature development of
pulmonary emphysema, chronic liver disease, and hepatocel-
lular carcinoma (5, 6). a,-AT deficiency is also the most com-

Address reprint requests to Dr. Perlmutter, Department of Pediatrics,
Washington University School of Medicine, 600 South Euclid Avenue,
Box 8116, St. Louis, MO 63110.

Receivedfor publication 16 May 1989 and in revisedform 3 July
1989.

1. Abbreviations used in this paper: aI-AT, aI-antitrypsin; ER, endo-
plasmic reticulum; Pi, protease inhibitor.

mon metabolic disease for which individuals currently un-
dergo orthotopic liver transplantation (7).

The association of this deficiency with liver disease has
been difficult to explain. It has been even more difficult to
explain the fact that only 12-15% ofthe PiZZ a1-AT-deficient
population develop significant liver injury (6). According to
one theory, accumulation of a,-AT in endoplasmic reticulum
of liver cells is directly related to liver injury (2). Evidence
supporting the "accumulation theory" of liver injury includes
the absence of histologic changes in liver in rare protease in-
hibitor (Pi) null variants, allelic variants in which a,-AT is not
synthesized. Moreover, liver disease has developed in several
litters of transgenic mice carrying the mutant allele of the
human a I-AT gene (8, 9).

The pathophysiology oflung disease is thought to involve a
decrease in plasma concentrations of the major anti-elastase,
a,-AT, which permits elastolytic attack on the lung (reviewed
in reference 10). Environmental factors, such as cigarette
smoking which may oxidatively inactivate a,-AT, may also
contribute to the development of emphysema. Nevertheless,
there is still variability in the incidence and severity of destruc-
tive lung disease even when environmental factors are taken
into consideration.

The molecular/cellular pathogenesis of homozygous PiZZ
a,-AT deficiency has been studied extensively. It is now
known that there is a selective defect in secretion of a,-AT in
human blood monocytes from PiZZ individuals (1 1, 12), in
Xenopus oocytes injected with RNA from liver of PiZZ indi-
viduals (1 1, 13, 14), and in cell lines transfected with the mu-
tant PiZ allele (15-17). In these circumstances the abnormal
protein accumulates within the cell. Electron microscopic
analyses (18) of liver from these individuals suggest that the
abnormal protein accumulates within the endoplasmic reticu-
lum (ER). These studies, therefore, suggest that the defect in
PiZZ cells affects transport of newly synthesized a,-AT from
the ER to the Golgi complex. Several recent studies using
site-directed mutagenesis (15-17, 19) have shown that the
substitution of lysine for glutamate at residue 342 in the a,-AT
coding sequence of the PiZ allele (20-24) is enough to cause a
selective defect in secretion. These studies have also shown
that the disruption of a salt bridge between glu342 and lys290, as
predicted from x-ray crystallographic determinations (25),
could not entirely account for the defect in secretion. Thus, it
has been suggested that the PiZ substitution results in an ab-
normality in folding, or tertiary structure, of the newly synthe-
sized a,-AT protein, or a change in specific protein-protein
interactions involved in transport or retention within the se-
cretory pathway.

The stress response, which is characterized by a marked
increase in production of a family of highly evolutionarily
conserved and closely related proteins during thermal or
chemical stress, may also be activated by the presence of ab-
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normally folded proteins within the cell (26-28). With the
same considerations in mind, we examined the possibility that
the stress proteins are induced under resting conditions in cells
of PiZZ individuals inside which the abnormal a,-AT mole-
cule accumulates. Since we have previously shown that a,-AT
accumulates within monocytes from PiZZ individuals as well
as within Xenopus oocytes injected with PiZZ liver RNA (1 1),
the present study was conducted with human blood mono-
cytes and human liver RNA. Studies of monocytes also al-
lowed us to examine the relationship between synthesis of
stress proteins and aI-AT deficiency in each of its clinical phe-
notypes (lung disease, liver disease, no apparent disease).

Methods

Patients. Peripheral blood monocytes were isolated from 24 normal
PiMM donors, 7 PiZZ individuals with liver disease, 6 PiZZ individ-
uals with emphysema, 5 PiZZ individuals without evidence of liver or
lung involvement, 5 PiMM individuals with severe liver disease, and 2
normal healthy individuals with the PiSS a,-AT phenotype. Ages
ranged from 3 yr and 7 mo to 52 yr. There were no significant age-re-
lated differences in synthesis of stress proteins in the normal control
subjects. For each experiment, monocytes from an experimental sub-
ject (PiZZ individual, PiSS individual, or PiMM individual with severe
liver disease) were studied simultaneously with monocytes from a con-
current normal healthy PiMM control. Normal subjects had normal
serum levels of al-AT and phenotype PiMM determined by isoelectric
focusing. Diagnosis of PiZZ aI-AT deficiency was established by deter-
mination of serum levels by rocket immunoelectrophoresis, Pi pheno-
type by isoelectric focusing, and family studies. The diagnoses of em-
physema and liver disease were established by clinical signs and symp-
toms, serum transaminases, liver function studies, pulmonary
function studies, and liver biopsy in clinically indicated circumstances.
The five individuals with homozygous PiZZ al-AT deficiency without
clinical or biochemical evidence of liver or lung disease included the
following: a 14-yr-old boy and a 5-yr-old boy each of whom had ele-
vated serum bilirubin only in the first year of life; two siblings of PiZZ
individuals who had liver disease; and a 38-yr-old sibling of two PiZZ
individuals both of whom had emphysema.
RNA was isolated from the native livers of six PiZZ, five PiMZ,

and seven PiMM who underwent orthotopic liver transplantation. The
PiMZ or PiMM individuals with liver disease had diagnoses of idio-
pathic postnecrotic cirrhosis or chronic active hepatitis with cirrhosis
on the basis of clinical and histological criteria.

Materials. DME and DME lacking methionine were purchased
from Gibco Laboratories, Grand Island, NY. HBSS and Medium 199
(M 199) were purchased from Microbiological Associates, Walkersville,
MD. Fetal calf serum, L-glutamine, and penicillin-streptomycin were
from Flow Laboratories, Inc., McLean, VA. [35S]Methionine were
purchased from ICN Radiochemicals, Costa Mesa, CA; [32P]deoxycy-
tidine triphosphate (specific radioactivity - 3,000 Ci/mmol) was ob-
tained from New England Nuclear, Boston, MA; and ['4C]methylated
protein standards were from Amersham Corp., Arlington Heights, IL.
Other reagents included IgG-Sorb from Enzyme Center, Cambridge,
MA and guanidine isothiocyanate from Fluka AG, Buchs, Switzer-
land. Rabbit anti-human aI-AT was from Dako Corp., Santa Barbara,
CA, and goat anti-human factor B was purchased from Atlantic Anti-
bodies, Scarborough, ME. Antibodies to SP90, SP70, and unconju-
gated ubiquitin have been previously described (29, 30). Endotoxin
(LPS) preparations extracted from Escherichia coli serotype 01 1 1 .B4
by Westphal phenolic extraction were purchased from Sigma Chemi-
cal Co., St. Louis, MO. E. coli 01 13 endotoxin (LPS) from Associates
of Cape Cod, Inc., Woods Hole, MA, was also used.

Cell culture. Confluent monolayers of human peripheral blood
monocytes were established by adherence of dextran-purified leuko-
cytes on charged tissue culture plates and dishes (Primaria, Becton-

Dickinson Labware, Lincoln Park, NJ) by a previously described pro-
tocol (31). In some experiments, monolayers of monocytes were
"stressed" by incubation at 420C for 2 h. This condition was shown to
cause marked increases in synthesis ofSP70 and SP90 and increases in
steady-state levels of polyubiquitin mRNA in normal PiMM mono-
cytes. Incubation of normal monocytes at 420C for longer time inter-
vals did not result in further increases in polyubiquitin mRNA levels
(data not shown).

Metabolic labeling. Confluent monolayers were rinsed and incu-
bated for 30 min at 370C in the presence of methionine-free medium
containing [35S]methionine, 500 MACi/ml. Radiolabeled proteins were
detected in the cell lysate alone. Since this method does not account for
amino acid pool size or the small amount of catabolism that might
occur within 30 min, we refer to the results as net synthesis throughout
the paper. Methods for solubilization of cells and clarification of cell
lysates after labeling have been described (32). Total protein synthesis
was estimated by TCA precipitation of aliquots of cell lysates and
culture fluid (33).

Immunoprecipitation and analytical gel electrophoresis. Aliquots
of cell lysates were incubated overnight at 40C in 1% Triton X-100/
1.0% SDS/0.5% deoxycholic acid, with excess antibody. Immune
complexes were precipitated with excess formalin-fixed staphylococci-
bearing protein A, washed, released by boiling in sample buffer, and
applied to 9.0% SDS-PAGE under reducing conditions (34). '4C-meth-
ylated molecular size markers (200,000, 95,000, 68,000, 46,000,
30,000, and 17,000 mol wt) were incubated on all gels. After electro-
phoresis, gels were stained in Coomassie brilliant blue, destained, im-
pregnated with 2,5-diphenyloxazole (EN3HANCE, New England Nu-
clear), and dried for fluorography on XAR x-ray film (Eastman Kodak
Co., Rochester, NY). Laser densitometer 2222 ultrascan XL from
LKB Instruments, Inc., Houston, TX, was used for scanning of fluo-
rograms.

Detection ofRNA by RNA blot analysis. Total cellular RNA was
isolated from adherent monolayers ofmonocytes or liver by guanidine
isothiocyanate extraction and ethanol precipitation (35). RNA was
subjected to agarose-formaldehyde gel electrophoresis and transferred
to nitrocellulose filters (36). Filters were then hybridized with 32P-la-
beled cDNA specific for human a,-AT (31), ubiquitin (37), or SP90
(kindly provided by N. Rebbe, St. Louis, MO).

Results
Net synthesis ofstress proteins is increased in monocytesfrom
PiZZ individuals with liver disease. Separate monolayers of
peripheral blood monocytes from a healthy PiMM donor and
a PiZZ individual with liver disease were incubated for 30 min
at 370C with [35S]methionine (Fig. 1). Cell lysates were sub-
jected to immunoprecipitation with polyclonal antibodies to
SP90, SP70 (29), unconjugated ubiquitin (36), and comple-
ment protein factor B. The antibodies to SP90 and SP70 recog-
nize the corresponding stress proteins and their cognates (in-
cluding glucose-regulated proteins) (29). Synthesis ofSP90 and
SP70 is easily demonstrated in the PiZZ monocytes but not
detected in the PiMM monocytes under control culture con-
ditions (Control in Fig. 1, a and b). These differences are not
due to inability to detect the stress proteins in the PiMM
monocytes since radiolabeled SP70 and SP90 are detected in
PiMM monocytes incubated at 42°C (stress) for 2 h before
labeling (Fig. 1, a and b). In some PiZZ monocytes, antibody
to SP70 immunoprecipitates a radiolabeled polypeptide of
- 50 kD in apparent size (Fig. 1 b), whereas in others it im-
munoprecipitates a radiolabeled polypeptide of - 70 kD (data
not shown). Polypeptides apparently smaller than 70 kD have
been immunoprecipitated with antibody to SP70 in other
mammalian cell culture systems (38), and are thought to be
degradation products. In the circumstances reported here, it is
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Thus, there is a marked increase in net synthesis of stress

S P 70 proteins in PiZZ monocytes demonstrated by immunoprecip-
itation of radiolabeled cell lysates. The magnitude of this in-

ZZr- MM n Mr crease is > 15-fold on average (see Fig. 2) but not great enough
0)
925 to be detected by subjecting the total radiolabeled cell protein

directly to gel electrophoresis followed by fluorography (data
-68 not shown).

The marked difference in net synthesis of SP90 and SP70
in PiZZ as compared with PiMM monocytes is not due to
differences in the amount of radiolabeled proteins subjected to

-46 analysis since there is an equivalent amount of newly synthe-
co sized factor B in control PiZZ monocytes, and control and

Otcok 'J -. stressed PiMM monocytes (Fig. 1 c). Furthermore, factor B
expression is inducible in these cells as shown by an increase in
its synthesis mediated by LPS (Fig. 1 c [39]).

We next examined the net synthesis of another stress pro-
tein, ubiquitin, in the same cells (Fig. 1 d). Net synthesis of
ubiquitin is easily demonstrated in control PiZZ monocytes

Ubiqultin but not detected in this experiment in control, stress-induced,
ZZ MM Mr or LPS-induced PiMM monocytes. It is barely detectable only

(x IO-3) in stress-induced PiMM monocytes in other experiments (see
-30 Fig. 3 below).

Net synthesis of SP90 was examined in monocytes from
-21.5 PiZZ individuals with liver disease, PiZZ individuals with em-

physema, several asymptomatic PiZZ individuals, PiMM indi-
-12.5 viduals with severe liver disease, or asymptomatic PiSS indi-

viduals (Fig. 2). For each of these individuals net synthesis of
-6.5 SP90 is compared with net synthesis of SP90 in monocytes

from a concurrent normal PiMM individual after stress and is
- s.7 expressed as fold increase over this control. There is a marked

increase in net synthesis of SP90 in monocytes of PiZZ indi-
qq^8,.reZ All viduals with liver disease. The mean increase in this group is

greater than 15-fold that detected in cells from normal individ-
$ uals. The individual with the lowest relative increase is 2.6-fold

higher than her control. Relative levels of SP90 synthesis did
not correlate with the severity of liver disease or any other

1 ubiquitin in human clinical characteristics. There is a smaller increase in SP90 in
tes from a PiZZ individual cells from individuals with emphysema. The mean value in the
W donor (as indicated at emphysema group is greatly affected by results from one indi-
24 h in serum-free medium vidual in whom we have subsequently discovered biochemical
panel). Separate mono- evidence for liver injury (denoted by A in Fig. 2). Net synthesis

idual were incubated for of SP90 in asymptomatic PiZZ individuals is even lower than
oxin 100 n&'ml (indicated in PiZZ individuals with emphysema. There is no increase in
other moznolayers from the the net synthesis ofSP90 in five PiMM individuals with severe
h of the incubation pe-
+ LPS at the bottom of liver disease or in two individuals homozygous for the PiS
n labeled with [35SF a,-AT allele. PiS a,-AT is an allelic variant which is not asso-
ubjected to immunopreci- ciated with disease and not associated with intracellular aI-AT
re SDS-PAGE/fluorogra- accumulation (2). A single nucleotide substitution in the PiS
t the right margin. In a allele may result in a decrease in a,-AT mRNA or protein
to x-ray film for 1 d to stability but only 40-50% reduction in plasma concentrations
12 d to show the lanes of a1-AT.
)urified unconjugated ubi- We also examined net synthesis of SP90 in lymphocytes,
AGE) was identical to the cells which do not synthesize a,-AT (40). In contrast to the
not shown). marked differences observed in monocytes, there is no differ-

ence in SP90 synthesis in lymphocytes from PiZZ individuals
eptide represents a,-AT with liver disease as compared to lymphocytes from normal
ensive investigation will PiMM individuals (data not shown). This result suggests that
s possibility. Endotoxin the increase in net synthesis of SP90 in PiZZ individuals is
-AT in PiMM and PiZZ confined to cells which synthesize a,-AT.
ellular accumulation of Effect ofstress andLPS on net synthesis ofstress proteins in
not affect the net synthe- normal and deficient monocytes. In order to understand fur-
ytes (Fig. 1, a and b). ther the stress response in a,-AT deficiency we studied the
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Figure 2. Net synthesis of SP90 in monocytes from PiZZ, PiMM,
and PiSS individuals with different clinical manifestations. Mono-
cytes were incubated under control conditions or exposed to 420C
for 2 h (as described in legend to Fig. 1) and then labeled with [355]-
methionine for 30 min. Cell lysates were subjected to immunoprecipi-
tation with antibody to SP90, followed by SDS/PAGE/fluorography.
Synthesis of SP90 was then determined by densitometric scanning of
fluorograms using an LKB laser densitometer 2222 Ultrascan XL. In
each case net synthesis of SP90 after stress (heat shock) was com-
pared with net synthesis of SP90 in monocytes from a concurrent
normal PiMM donor also subjected to stress (heat shock). Results are
expressed along the vertical axis as fold increase over control (control
represents concurrent PiMM donor for each patient included). In
each case there was equivalent net synthesis of a constitutive protein,
factor B. It was possible to make this quantitative comparison of net
SP90 synthesis in monocytes from different types of patients under
stress (heat shock) conditions because, in the assay system used for
these experiments, synthesis of SP90 is undetectable in normal
PiMM monocytes in the absence of stress (see Fig. 1). Heat shock
was chosen because it induces the most abundant and well-character-
ized effect on stress proteins. Individuals with liver disease are de-
noted by open symbols.

effect of stress and/or LPS on net synthesis of SP90 and ubi-
quitin in monocytes (Fig. 3). Separate monolayers of mono-
cytes from PiMM and PiZZ individuals were incubated in
serum-free control medium (Cont) or medium supplemented
with LPS (LPS). In each case the monolayers were incubated
for an additional 2 h at 370C or 420C (Stress). Cells were then
labeled with [35S]methionine and newly synthesized SP90 and
ubiquitin demonstrated by immunoprecipitation, SDS-
PAGE, and fluorography. Radiolabeled bands corresponding
to each protein were excised from the gel, solubilized, and
subjected to scintillation counting. In PiMM monocytes,
stress, but not LPS, induces net synthesis of SP90. Net synthe-
sis of unconjugated ubiquitin is barely detectable in PiMM
monocytes only after stress. In monocytes from a PiZZ indi-
vidual with liver disease, net synthesis ofSP90 and ubiquitin is
already elevated in the control condition. It is further increased
by LPS, but not by stress. As mentioned above, LPS is known
to increase synthesis of a,-AT in PiMM and PiZZ monocytes
but only increases intracellular accumulation of a,-AT in
PiZZ monocytes (31). This result suggests that stress protein
synthesis is related to accumulation of the abnormal protein.
In monocytes from PiZZ individuals with emphysema alone
or without apparent tissue injury, net synthesis of SP90 is.
inducible with stress but not with LPS (data not shown). That
is, net synthesis of heat shock proteins in these latter individ-
uals is more like that of normal PiMM individuals. In the
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Figure 3. The effect of stress and endotoxin (LPS) on net synthesis of
SP90 and ubiquitin in monocytes from PiMM and PiZZ individuals.
After 24 h in culture, monocytes from a normal PiMM individual
and a PiZZ individual with liver disease were incubated for 24 h in
serum-free medium (indicated as Cont at the bottom of each panel),
or medium supplemented with LPS, 100 ng/ml (indicated LPS at the
bottom of each panel). Separate monolayers from each donor were
incubated for the last 2 h of the incubation period at 420C (indicated
as Stress or LPS + Stress at the bottom of each panel). These were
entirely different experiments and different donors from those shown
in Fig. 1. Net synthesis of SP90 and ubiquitin was determined by la-
beling with [35S]methionine, immunoprecipitation, and SDS-PAGE
fluorography. Radiolabeled polypeptides corresponding to each pro-
tein were excised from the gels, solubilized overnight in 15% hydro-
gen peroxide at 50'C and subjected to direct scintillation counting.
This experiment is representative of three experiments with separate
donors.

single PiZZ individual with emphysema, biochemical evi-
dence of liver disease and high levels of SP90 synthesis (Fig. 2,
A), induction of SP90 is similar to that of PiZZ individuals
with liver disease alone (data not shown).

LPS and stress appear to have counterregulatory effects on
net synthesis of ubiquitin in monocytes from PiZZ individuals
with liver disease. Similar counterregulatory effects have been
observed for different types of stress in other mammalian cell
culture systems (41) but the mechanisms are still not under-
stood.

Steady-state levels ofubiquitin mRNA are increased in liver
ofPiZZ individuals. An increase in expression of the genes
encoding stress proteins is also evident in liver ofPiZZ individ-
uals as shown by steady-state levels of ubiquitin mRNA in
native livers ofthree PiZZ, two PiMZ, and two PiMM individ-
uals who underwent liver transplantation (Fig. 4, upperpanel).
All seven individuals had severe liver disease. The PiMZ and
PiMM individuals carried diagnoses of idiopathic postnecrotic
cirrhosis or chronic active hepatitis with cirrhosis. Levels of
ubiquitin mRNA are higher in all three PiZZ livers. There are
no significant differences in the level of a,-AT mRNA in these
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Figure 4. Steady-state levels of ubiquitin mRNA in livers from PiZZ,
PiMZ, and PiMM individuals. Total cellular RNA was subjected to
RNA blot analysis with 32P-labeled polyubiquitin cDNA and aI-AT
cDNA. Filters were then washed extensively and exposed to x-ray
film for autoradiography. Similar amounts of ethidium bromide-
stained 28S and 18S RNA were visualized in each lane. DNA size
markers are indicated at the right margin.

livers (lowerpanel). In order to determine the statistical signifi-
cance of this difference a number of additional patients were

studied. Steady-state levels of ubiquitin mRNA were deter-
mined in a total of six PiZZ, five PiMZ, and seven PiMM
individuals with severe liver disease. The results ofdensitomet-
ric scanning ofRNA blots is shown in Fig. 5. Ubiquitin RNA
levels are approximately threefold higher (P < 0.005) in liver of
PiZZ than that in PiMZ and in PiMM individuals. These blots
were also subjected to hybridization with a human SP90
cDNA probe. Steady-state levels of SP90 mRNA were also
significantly increased in liver of PiZZ individuals (data not
shown). These data, therefore, suggest that al-AT deficiency is
associated with an increase in expression of stress proteins
above and beyond that which might occur nonspecifically
during liver injury.
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Figure 5. Relative levels of ubiquitin mRNA in livers from PiZZ,
PiMZ, and PiMM individuals. Total cellular RNA from a total of six
PiZZ, five PiMZ, and seven PiMM individuals (including those in
Fig. 3) was subjected to a single RNA blot analysis with 32P-labeled
polyubiquitin cDNA probe. The intensity of the 2.4-kb ubiquitin
mRNA was determined by densitometric scanning of the autoradio-
gram and is expressed as relative densitometric units. Each hatched
bar represents a mean and each bracket represents I SD. Values for
PiZZ individuals were compared separately to those for PiMZ and
PiMM individuals by Student's t test. In each case the difference is
statistically significant (P < 0.005).

Discussion

These results indicate that the physiologic stress response is
induced in the absence of thermal or chemical stress in
a,-AT-synthesizing cells of PiZZ individuals with liver dis-
ease. In normal cells the stress response is only induced by
experimentally induced thermal or chemical signals. The "un-
induced" stress response is specific for PiZZ individuals with
liver disease: it is not found in asymptomatic PiZZ individuals
or individuals with the PiS a,-AT allele. The uninduced stress
response cannot be attributed to a nonspecific effect of tissue
injury or inflammation: net synthesis of stress proteins is not
increased in PiMM individuals with severe liver disease.

Several lines of evidence suggest that the stress response is
related to the intracellular accumulation of the mutant a,-AT
protein: there is a reduction in plasma concentrations ofal-AT
in individuals homozygous for the PiZ and PiS allele but in-
tracellular accumulation ofthe abnormal gene product is only
observed with the PiZ allele; the increase in net synthesis of
stress proteins is confined to al-AT-synthesizing cells ofPiZZ
individuals with liver disease and is exaggerated by regulatory
factors that cause greater intracellular accumulation of a,-AT
in cells of PiZZ individuals (e.g. LPS [31]). Nevertheless, fur-
ther studies are necessary to establish a causal relationship.

In this study we have only examined PiZZ individuals with
obvious liver disease. Therefore, it is not possible to draw any
conclusions about the occasional PiZZ individual with inap-
parent liver injury, i.e., the PiZZ individual found to have
cirrhosis or hepatoma in the absence ofclinical or biochemical
abnormalities (6). There are several possible explanations for
induction of stress genes to affect deficient individuals with
liver disease but not deficient individuals with lung disease or
asymptomatic deficient individuals. Deficient individuals with
liver disease may have a second, unlinked genetic trait that
determines a slower rate of removal, or degradation, of accu-
mulated a,-AT than PiZZ individuals who develop emphy-
sema or PiZZ individuals who do not develop tissue injury.
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Alternatively this trait may be associated with an intrinsic dif-
ference in the function and/or activation of the stress protein
system. Such a trait would only be manifest in the PiZZ indi-
vidual, an individual in whose cells an abnormal protein con-
tinuously accumulates. It is also possible that cells which syn-
thesize a,-AT in these individuals are exposed to higher, or
more sustained, concentrations of factors which enhance the
expression ofaI-AT and, therein, accentuate the accumulation
of abnormal a,-AT molecules within the cell.

Three types of experiments have indicated that the stress
response is induced by the presence of abnormally folded pro-
teins within the cell. There is a marked increase of stress pro-
teins within cells which accumulate abnormal proteins during
incubation with amino acid analogues (26). Expression of
stress protein SP70 is induced in frog oocytes by microinjec-
tion of protein which has been denatured before injection, but
not by the same protein introduced in native form (27). A
recent study by Kozutsumi et al. (28) showed that mutant
forms of influenza virus hemagglutinin, whose transport from
the endoplasmic reticulum was blocked, induced the expres-
sion of several members of the stress protein family. There is
also a growing body of evidence that one function of stress
proteins is the biochemical monitoring of proper protein fold-
ing within the cell. For instance, several recent studies have
suggested that SP70 is responsible for the unfolding ofproteins
during translocation across microsomal (42) and mitochon-
drial membranes (43). One SP70-like protein, the immuno-
globulin heavy chain binding protein (BiP), is now known to
reside in the ER (44). In this compartment the protein tran-
siently binds abnormal or incorrectly assembled proteins until
they have achieved a mature folded state (reviewed in refer-
ence 45). Another stress protein, ubiquitin, is conjugated to
proteins destined for degradation within the cell (reviewed in
references 41 and 46). Thus, the function of stress proteins
may be especially relevant to genetic defects in which abnor-
mally folded proteins accumulate within the cell.

In experimental systems induction ofthe stress response by
abnormally folded proteins is thought to be mediated by a
complex of the abnormally folded protein and a stress protein
within a specific intracellular compartment (28). In the case of
al-AT deficiency, then, one might envisage a genetically de-
termined abnormality in folding which exposes a relatively
hydrophobic epitope on al-AT after the nascent protein is
translocated into the lumen of the endoplasmic reticulum and
results in its binding by a stress-related protein residing in that
compartment. This type of interaction would explain our pre-
vious observation that increases in synthesis of al-AT result in
greater intracellular accumulation of the mutant al-AT pro-
tein in cells of PiZZ individuals (31, 47).

One alternative explanation for induction of stress proteins
in al-AT deficiency must be considered. The substitution of
lysine for glutamate at residue 342 in the PiZ al-AT allele
could lead to an abnormality in folding of the nascent protein
that not only affects transport within the ER but also reduces
the efficiency of translocation into the lumen of ER. Abnor-
mally folded a I-AT might then also accumulate in the cytosol
and induce stress proteins such as SP70, SP90, and ubiquitin.
However, this explanation is less likely since previous studies
have indicated that the efficiency of translocation into micro-
somal membranes in vitro is similar for PiM and PiZ al-AT
(14, 48).

Two other issues raised by these data will require further

study. First, since antibodies to SP70 and SP90 used in these
experiments recognize a number of highly homologous pro-
teins within the SP70 and SP90 family, it will be necessary to
determine the specific protein(s) induced and the specific pro-
tein(s) which bind(s) mutant a,-AT. Secondly, if antibodies to
SP70 and SP90 are actually recognizing a cognate which re-
sides within the endoplasmic reticulum of PiZZ cells, then it
will be necessary to determine why ubiquitin, thought to be
localized to the cytosolic compartment, is also induced.

Taken together, these data demonstrate a specific associa-
tion between liver disease in homozygous PiZZ a,-AT defi-
ciency and the stress response. The data do not address the
mechanism for defective secretion of aI-AT in the PiZ genetic
variant or the mechanism for liver injury in this variant, but do
raise several possibilities for further investigation of both
mechanisms.
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