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Abstract

Patients with hereditary angioneurotic edema (HANE) have
serum levels of functionally active inhibitor of the first compo-
nent of complement (C1 INH) between 5 and 30% of normal,
instead of the 50% expected from the single normal allele. In-
creases in rates of catabolism have been documented in patients
with HANE and certainly account for some of decrease in C1
INH level. A possible role for a decrease in synthesis of C1
INH in producing serum levels of C1 INH below the expected
50% of normal has not been well studied. We studied the synthe-
sis of C1 INH in skin fibroblast lines, which produce easily
detectable amounts of C1 INH. In type Il HANE cells, C1 INH
synthesis was 19.6+4.0% (mean+SD) of normal, much less
than the 50% predicted. In type II HANE cells, the total
amount of C1 INH synthesis (functional and dysfunctional)
was 98.9+17% of normal; the functional protein comprised 43%
of the total. Thus, type I HANE cells synthesized functional
C1 INH at a much greater rate than for the type I cells. In both
type I and II HANE cells, amounts of steady-state C1 INH
mRNA levels paralleled rates of C1 INH synthesis, indicating
that control of C1 INH synthesis occurred at pretranslational
levels. Both type I and type II fibroblasts synthesized normal
amounts of C1r and C1s. These data suggest that the lower than

expected amounts of functionally active C1 INH in type I

HANE may be due, in part, to a decrease in rate of synthesis of
the protein, and that the expressions of the normal C1 INH
allele in HANE is influenced by the type of abnormal allele
present. (J. Clin. Invest. 1991.87:1614-1620.) Key words: syn-
thesis of C1 inhibitor « hereditary angioneurotic edema

Introduction

Hereditary angioneurotic edema (HANE)! is an autosomal
dominant disorder due to a deficiency of the inhibitor of the
first component of complement (C1 INH). Patients with
HANE have serum levels of functionally active C1 INH be-
tween 5 and 30% of normal, instead of the 50% expected from
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the single normal allele. Lachmann and Rosen suggested that
the reduction below the expected serum level is due to catabolic
behavior of C1 INH, in which a level of 50% of normal cannot
be maintained due to consumption of C1 INH during its reac-
tion with proteinases (1). Analysis of the metabolism of C1
INH in HANE patients was consistent with this hypothesis,
with an elevation of the fractional catabolic rate from 0.025
of the plasma pool/h in normals to 0.035 in patients with
HANE (2).

A possible role for a decrease in synthesis of C1 INH in
producing serum levels of the protein below the expected 50%
of normal has not been well studied. The most definitive infor-
mation on the involvement of the rate of synthesis would come
from study of hepatocytes, which are probably the major
source of the plasma protein. However, these cells are unavail-
able for study because of both ethical and technical consider-
ations. As an alternative to the study of C1 INH in hepatocytes,
some investigators have used peripheral blood monocytes,
which also produce C1 INH. Cicardi et al. studied monocytes
from three type I HANE patients and documented synthesis
rates by metabolic labeling of the cells with [**S]methionine (3).
The intracellular C1 INH levels were 43, 53, and 35% of nor-
mal controls (3). Lappin et al. studied monocytes from eight
patients and documented production of C1 INH by measure-
ment of the protein in a 7-d supernatant with an ELISA (4).
Cells from seven of the patients produced C1 INH with a mean
value ~ 40% of the amount produced in normal cells. Cells
from one patient produced no C1 INH, unless stimulated with
gamma-IFN. Unfortunately, studies of synthesis of C1 INH in
monocytes from HANE patients cannot provide an exact com-
parison between amounts of the protein synthesized in HANE
and control cells because the rate of synthesis of C1 INH in
monocytes is low, even in normal cells. Another approach to
the study of the rate of synthesis of C1 INH in HANE patients
is to infer rates of synthesis of C1 INH in studies of turnover of
radiolabeled C1 INH. Two patients, both with type I HANE,
have been studied using this approach. Synthesis rates were
calculated to be 32 and 28% of normal (2).

Because of the implications for study of the molecular
mechanisms of HANE, defining possible alterations in the
functioning of the single normal C1 INH gene in HANE is
essential. Since both methods used previously to define rates of
synthesis of C1 INH in HANE have had distinct disadvantages,
we have used fibroblast cell lines derived from patients with
HANE. The use of fibroblasts has the advantage that the
amount of C1 INH synthesized in fibroblasts is 50-100 times
greater per cell than in monocytes (5, 6), and that fibroblasts
are replicating cells, with multiple experiments possible from a
single skin biopsy from a patient. In addition, synthesis of C1
INH in fibroblasts appears to be regulated in a similar manner
to synthesis in other primary human cell cultures, in that syn-
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thesis of the protein is increased primarily by IFN-y in the
three types of primary human cells studied in culture, mono-
cytes (7), endothelial cells (8), and fibroblasts (6). Cells were
studied from patients with type I HANE, who have low Cl
INH function and protein present in serum, and type II
HANE, who have normal or elevated levels of the protein, but
low C1 INH function (9-12). The type II kindred chosen for
study have a dysfunctional C1 INH that can be distinguished
from the normal protein in SDS-PAGE (11-13), so that rates of
synthesis and secretion of both the normal and dysfunctional
proteins could be measured.

Methods

Cells. Normal human adult skin fibroblast lines were obtained from
Human Genetic Mutant Cells, National Institute of General Medical
Sciences, Camden, NJ, from Department of Dermatology, Washing-
ton University School of Medicine, St. Louis, MO, or were propagated
in our laboratory by standard techniques. Fibroblast lines were also
been started from skin biopsies obtained from type I and type Il HANE
patients. The four type I HANE patients (three females and one male
from four different kindred) had well defined disease with family his-
tory of angioedema and amounts of serum C1 INH protein well below
the normal range. The type Il HANE patients (one individual from the
Ta kindred and two individuals of We kindred, designated Wel and
We2) have already been described (9, 11-13) (all these subjects were
males). The Ta and We kindreds were chosen for study because the
dysfunctional C1 INH of these patients could be distinguished from
normal in SDS-PAGE analysis. Cells from passages 4-8 were used in
experiments.

Reagents. DMEM, low endotoxin, fetal bovine serum (FBS) (endo-
toxin < 0.01 ng/ml), and DMEM without methionine were purchased
from Gibco Laboratories, Grand Island, NY, and penicillin-strepto-
mycin solution and L-glutamine from Flow Laboratories, Inc.,
McLean, VA. BSA, fraction V (low endotoxin), was purchased from
Sigma Chemical Co., St. Louis, MO. L-[**S]methionine (sp act ~ 1,000
Ci/mmol) was purchased from ICN Biochemicals Inc., Irvine, CA, and
En*Hance from New England Nuclear, Boston, MA. Goat antibodies
to human C1 INH and to Clr were purchased from Atlantic Antibod-
ies, Scarborough, ME, and to human Cls from Cytotech, San Diego,
CA. Formalin-fixed Staphylococcus aureus (Immunoprecipitin) was
purchased from Bethesda Research Laboratories Life Technologies,
Inc., Gaithersburg, MD. PMSF was purchased from Sigma Chemical
Co. and leupeptin from Calbiochem-Behring Corp., La Jolla, CA. IFN-
v was the generous gift of Dr. Peter F. Sorter, Hoffman-La Roche Inc.,
Nutley, NJ. Purified activated Cls was obtained from Dr. David Bing,
Center for Blood Research, Boston, MA; the material contained a sin-
gle protein with two chains under reducing conditions, C1sA (~ 58
kD) and C1sB (~ 28 kD). Horseradish peroxidase (type VIA), sodium
borohydride, and sodium m-periodate were purchased from Sigma for
peroxidase conjugation.

Cell cultures, biosynthetic labeling, and immunoprecipitation. Hu-
man fibroblasts were grown to confluency in multiwell tissue culture
plates in medium containing 10% FBS and then washed to remove
serum and spent medium. The cells were either labeled biosynthetically
immediately after removal of the FBS or after being stimulated over-
night with IFN-v (1,000 U/ml) in DMEM containing 0.1% BSA. Bio-
synthetic labeling was performed by incubating the cells in methionine-
free DMEM containing 250 xCi/ml [**S]methionine (14, 15) for pe-
riods ranging from 60 min to 4 h. The 60-min pulse period was used to
quantitate synthesis rates since there was no, or only minimal, secre-
tion of newly synthesized proteins during this period. The number of
cells adherent at confluency did not vary with the type of cells and was
not affected by treatment with IFN-y. The number of cells in each
16-mm well was 9.78 X 104+0.38 (mean+SD). At the end of the pulse

period, cells were rinsed and either lysed by freeze thawing as
previously described (14), or in pulse-chase experiments, medium con-
taining ~ 1,000-fold excess of cold methionine (DMEM containing
10% FBS) was added, and the cells were incubated for varying time
periods (chase periods). Cell lysates and extracellular media were pre-
pared for immunoprecipitation by adding PMSF and leupeptin as en-
zyme inhibitors and detergent (SDS, DOC, Triton-X 100), preab-
sorbed, and then immunoprecipitated with monospecific antibodies
using formalin-fixed S. qureus (14). Inmunoprecipitates were sub-
jected to SDS-PAGE under reducing conditions, and the gels were
fixed, impregnated with En®Hance, dried, and exposed at —70°C to
Kodak XAR-5 film. Total protein synthesis was estimated by incorpo-
ration of [**S]methionine into TCA-insoluble protein (14). Incorpora-
tion of [**S)methionine into individually immunoprecipitated proteins
was determined by subtracting the appropriate background from the
counts in the portion of the gel slices containing the protein after diges-
tion with 15% hydrogen peroxide for 16 h at 65°C and addition of
Bio-Safe II (Research Products International Corp., Mount Prospect,
IL) (16). Background counts were obtained in another portion of the
appropriate lane of the gel not containing protein.

Calculation of the amount of protein synthesized. The cells kept in
DMEM plus 10% FBS until reaching confluency were pulse labeled for
60 min. Cell lysates were immunoprecipitated sequentially for C1
INH, Clr, and Cls. The total [**S]methionine incorporation into TCA-
insoluble proteins varied up to twofold not only among different cell
lines, but also from experiment to experiment for a single cell line.
Possible reasons for this variability included the specific activity of the
[**SImethionine used and differences in the time the cells were con-
fluent before being studied (cells confluent for longer periods of time
seemed to have lower total protein synthesis). Because of this variabil-
ity, the amounts of specific proteins were corrected for the total incorpo-
ration into TCA-insoluble proteins in the same experiment. Based on
this calculation, C1 INH/total synthesized proteins (mean+SD) in one
particular experiment with six replicates for each cell type were
1.09+0.11 X 107, 0.22+0.04 X 107, and 1.32+0.33 X 10™* for nor-
mal, type I, and type II, respectively.

Densitometric scanning of autoradiograms. The autoradiograms
were scanned using a laser densitometer (Ultroscan XL; LKB Instru-
ments, Inc., Gaithersburg, MD). The front lines of the gels were ad-
justed to be completely horizontal. The densitometer was programmed
to scan each line of the gel between the same distances from the front
line, allowing placement of all the densitograms from the same autora-
diogram on the same graph.

Determination of secreted C1 INH by ELISA. After reaching con-
fluency, the cells were washed and spent media were replaced by fresh
DMEM containing 10% FBS. 24-h supernatants were collected and the
secreted C1 INH was detected by sandwich enzyme-linked immunoas-
say (17) using peroxidase-conjugated polyclonal anti-human C1 INH
antibody.

Binding of C1 INH to activated Cls. Extracellular media obtained
after 4 h of pulse with [**S]methionine were collected without added
enzyme inhibitors at 4°C, spun at 0°C for 20 min to remove cellular
debris, and stored at —70°C until used. Aliquots of these media were
incubated for | h at 37°C with medium alone (control) or with differ-
ent concentrations of activated Cls. After the incubation period, a
mixture of the enzyme inhibitors and detergents (14) was added to
prepare samples for immunoprecipitation. The samples were immuno-
precipitated for C1 INH.

RNA extraction and Northern blot analysis. Total cellular RNA was
extracted from fibroblast monolayers of different types of cells by lysis
with guanidinium thiocyanate and isolated by cesium chloride density
gradient ultracentrifugation, as described previously (18). Recovery of
RNA, which was similar for the different cell lines, was not affected by
the IFN-vy treatment. 10 ug total cellular RNA was subjected to North-
ern blot analysis using a double-stranded cDNA probe for human C1
inhibitor radiolabeled with 32P by nick translation. The probe was
1.227 kb, corresponding to nucleotides from 554 to 1780 (19).
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Results

Rate of synthesis of C1 INH in types I and II HANE fibroblasts.
Radiolabeled, newly synthesized intracellular C1 INH proteins
were detected in normal and types I and II HANE fibroblast
cell lines (Fig. 1). Under reducing conditions, the apparent M,
of the intracellular C1 INH in normal and type I HANE cells
was 78 kD. The type II HANE cells also contained the 78-kD
C1 INH, but had an additional 86-kD form (Fig. 1 shows the
results with the Ta cell line). The 78 and 86-kD proteins were
also present in the cells from the We kindred (data not shown),
although previous data suggest that the mutation in the Ta and
We kindreds is different (9, 11, 13).

To determine the rates of synthesis of C1 INH, Clr, and
Cls in different cell types, cell lysates after 1-h pulse periods
were immunoprecipitated sequentially for the three proteins.
The amounts of newly synthesized C1 INH, as well as C1r and
Cls, are shown in Figure 2 and Table I. The numbers corre-
spond to three to five experiments with each patient’s cell line
and three to six experiments with each of six different control
cell lines. For the normal cell lines, C1 INH/total synthesized
proteins ranged from 0.40 to 2.00 X 107, with the mean+SD
equal to 0.91+0.39 X 10~*. For type I HANE, mean rates of
synthesis of C1 INH in the four lines were 14+8%, 22+7%,
24+4%, and 23+8% of the normal mean rate.

In type Il HANE, mean rates of synthesis for the combina-
tion of the 78 and 86-kD forms of C1 INH were 107+41%,
118+28%, and 79+33% of the normal mean rate, for the Ta,
Wel, and We2 lines, respectively. Relative amounts of the
functional (78 kD) and dysfunctional (86 kD) forms of C1 INH
synthesized were estimated by soft laser densitometry of autora-
diographs of C1 INH precipitated from intracellular lysates
after 1-h pulse periods (such as the one shown in Fig. 3, intra-
cellular lane /). The functional band comprised 37+2% for Ta,
44+1% for Wel, and 46+3 for We2, of the total amounts of C1
INH synthesized by the cells. When these percentages were
compared to the total amounts of C1 INH synthesized relative
to normal, the amounts of functional protein synthesized by
the three type II cell lines were 40, 52, and 36% of that synthe-
sized in the normal lines (mean = 43%). Thus, the functional
C1 INH synthesized in type II cells (43% of normal) was much
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Figure 2. Quantitation of C1 INH, Clr, and Cls proteins. In the three
panels on the left, synthesis of C1 INH, Clr, and Cls proteins was
quantitated by measurement of [**S]methionine incorporated into the
proteins in a 1-h pulse period. The radiochemically labeled proteins
synthesized by the fibroblasts were sequentially immunoprecipitated,
as described in Methods. After autoradiography, the bands corre-
sponding to the specific proteins were cut from the gel, digested, and
counted. The ordinate represents specific protein counts minus ap-
propriate background counts divided by the total TCA insoluble [**S}-
methionine-labeled protein in the same experiment.

In the panel on the right, C1 INH in supernatants of cells cultured
for 24 h with fresh DMEM plus 10% FBS was detected by ELISA,
as described in Methods.

higher than in type I cells (20% of normal), suggesting that the
expression of the normal allele is influenced by the type of
mutant allele present.

Synthesis of Clr and Cls was comparable in normal and
types I and II cells (Fig. 2). Both Clr and Cls were present only

Table I. C1 INH, Clr, and Cls Produced by Normal and Types I
and II HANE Fibroblast Cell Lines

Specific protein/
Synthesized proteins total protein P value
Mean (+SD) x 10* '
Normal 0.91 (0.39) —
Cl1 INH Type I 0.18 (0.07) P <0.001
Type Il 0.90 (0.38) NS
Normal 0.73 (0.43) —
Clr Type 1 0.87 (0.69) NS
Type I 1.13 (0.56) P=0.04
Normal 1.49 (0.96) —
Cls Type I 1.36 (0.85) NS
Type II 1.58 (0.93) NS
ng Cl INH/ml medium
Secreted protein Mean (+SD)
Normal 29.3(9.9) —
C1 INH Type 1 6.9 (4.5) P <0.001
Type I 29.2 (13.9) NS

Statistical analyses of the results shown in Fig. 2. The amounts of the
protein in the type I and II HANE fibroblasts were compared to
normal using two-tailed Student’s ¢ test.
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Figure 3. Secretion of C1 INH: pulse-chase experiments. Normal,
type I, and type Il HANE fibroblasts were pulse labeled for 1 h and
then the labeled proteins were chased with DMEM plus 10% FBS. At
different time points, cells and media were harvested and C1 INH
was immunoprecipitated from intracellular lysates (/eff) and extracel-
lular media (right). The time points were as follows: 1-0 h; 2-1.5 h;
3-3 h; 4-5 h; and 6-20 h after the pulse. The intensities of the bands
in the three types of cells are almost the same due to different expo-
sure periods of the autoradiographs. The molecular mass markers in
kilodaltons are shown on the right side of each panel.

in their zymogen forms, i.e., only single bands were present
even when the autoradiograms were overexposed (data not
shown). Incubation of the medium up to 24 h did not result in
appearance of activated forms of Clr or Cls, or the formation
of a complex between C1 INH and Cls (data not shown).

Rate of secretion of C1 INH from type I and I HANE fibro-
blasts. In the extracellular media from the normal cells, the
major form of C1 INH was present at ~ 102 kD, correspond-
ing to the protein present in normal serum (Fig. 3, lane 6 of the
extracellular samples). For type I cells, the major extracellular
form was also 102 kD, whereas for type II cells the extracellular
form was more diffuse than for normal or type I cells (Fig. 3).
C1 INH secreted from the Ta cells had broader molecular
mass, up to ~ 110 kD, consistent with the characteristics of the
protein purified from serum. The difference in the extracellular
C1 INH was more apparent for Ta than for We (data not
shown).

In the extracellular media of the type I and type II cells there
was an additional band at 94 kD in almost every experiment
(e.g., Fig. 6, lanes I for type I and type II). This band was also
present with normal cells in some experiments, although it was
always much less prominent than with the HANE cells (e.g.,
Fig. 6, lane I for normal).

The rate of secretion of C1 INH from the different types of
cells was determined by quantitation of the amounts of C1
INH protein at the various times in the pulse-chase experi-

ments, such as the one shown in Fig. 3. For the type I cells, the
secretion of C1 INH paralleled exactly the secretion from the
normal cells (Fig. 4). The accumulation of the secreted C1 INH
in the supernatants during 24 h of culture is shown in Fig. 2
(right) and Table 1. C1 INH secreted by type I cells in a 24-h
period was 23% of normal, similar to the amount detected in-
tracellularly.

For the type II cells, the accumulation of C1 INH in the
supernatants was 100% of normal, similar to the amount de-
tected intracellularly. The pattern of secretion of C1 INH did
show a subtle difference from that of normal and type I cells, in
that the 86-kD form was secreted more slowly than the 78-kD
form. This difference was apparent in the pattern of secretion
from the Ta type II cells shown in Fig. 3, where the 86-kD form
persists in the type II cells through 5 h and the 78-kD form is
almost completely secreted by 3 h (the same pattern was appar-
ent for the We lines; these data are not shown). The differential
rates of secretion of the 78 and 86-kD forms of the protein were
also apparent in the densitometric scanning of the autoradio-
grams of the pulse-chase experiment using the Ta fibroblast
line, where the abnormal protein could be most clearly distin-
guished from the normal (Fig. 5). The band present in these
type II cells after 1.5 h had a peak similar in mass to the band in
the normal (the asymmetry of the band at this time indicated
that some of the higher mass protein had also been secreted).
With increasing time of chase, the peak shifted toward a higher
molecular mass.

Binding of C1 INH to activated Cls. To determine whether
C1 INH synthesized by the type I and II HANE fibroblasts was
functionally active, supernatants of different, radiochemically
labeled fibroblast cultures were incubated with purified acti-
vated Cls and immunoprecipitated for C1 INH. As the
amount of activated Cls added to the supernatants increased,
the 102-kD form of C1 INH decreased and a band appeared at
125 kD, representing the complex between C1 INH and Cls

120
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Figure 4. Rates of secretion of C1 INH. Four separate pulse-chase
experiments for each type of cell were analyzed. Amounts of protein
present in the intracellular lysate after 1-h pulse and in the extracel-
lular media at each time of chase were quantitated, as described in
the legend for Fig. 2. The ordinate represents the amount of extracel-
lular C1 INH divided by the amount in the cell lysate after the 1-h
pulse. For the type II cells, the data represent the combination of the
normal and dysfunctional forms of the protein.
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Figure 5. Densitograms of the secreted C1 INH in normal and type II
HANE fibroblasts. The bands of extracellular C1 INH on the autora-
diograms obtained at various times of the chase (Fig. 3) were scanned
by LKB Ultroscan XL laser densitometer. The molecular mass in-
creases from left to right. (- +) 1.5 h; (- - =) 3 h; (---) S h;and
(—) 20 h for normal and type Il HANE. The vertical line connects
the peak densities of the extracellular protein at the three times of the
chase for the normal and at the earliest time in the chase for the type
II cells. The curves for the type II cells at 3, 5, and 20 h are shifted to
the right.

under reducing conditions (Fig. 6). The same complex was pres-
ent in activated Cls-reacted supernatants of cells for normal
and for both types of HANE (Fig. 6). Both the decrease in the
102-kD form and the increase in the 125-kD complex paral-
leled the increase in added Cls; the maximal changes occurred
at 1.4 ug/ml added Cls. The amounts of the 94-kD form of C1
INH (present in all three types of cells in this experiment) de-
creased when highest concentration of activated Cls was
added. The fate of the 94-kD C1 INH was not identified on the
SDS-PAGE analysis, as neither lower molecular mass forms
(not shown) nor an increase in the amount of 125-kD complex
was apparent.

Normal Typel Typell
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Figure 6. Binding of C1 INH secreted from normal and types I and II
HANE fibroblasts to activated Cls. Supernatants after 4 h of pulse
were collected, as described in Methods. Three different concentra-
tions of activated Cls were added to the aliquots of supernatants of
different cell types and incubated for 1 h at 37°C. The samples then
were immunoprecipitated for C1 INH. The concentrations of Cls
used were O ug/ml (lanes I); 0.14 ug/ml (lanes 2); 1.4 ug/ml (lanes 3);
and 14.0 pug/ml (lanes 4). Molecular mass markers are shown on the
left.

Densitometric scanning of the autoradiograms was per-
formed to investigate the relative functional activities of the
two forms of C1 INH secreted by the Ta type II HANE cells
(Fig. 7). The symmetrical band of type II C1 INH (102-110
kD) (Fig. 7, peak 2) became asymmetrical after the reaction
with activated Cls, showing much more nonreacting protein in
the higher molecular mass portion of the band. In type I and
normal cells, the positions of the peaks remained the same
before and after addition of activated Cls, indicating that the
C1 INH band contained only one form of protein.

Analysis of C1 INH mRNA levels in HANE fibroblasts.
Two separate analyses were performed. In the first, levels of
mRNA were compared in the normal and type I and Il HANE
cells to determine if differences in the baseline rates of synthesis
demonstrated in Figs. 1 and 2 were controlled at a pretransla-
tional level. In the second, effects of gamma-IFN on levels of
mRNA in the three cell types were assessed to determine if the
C1 INH genes in HANE were regulated in the same manner as
in normal.

For the first analysis, levels of mRNA in control (unstimu-
lated) cells for normal and types I and Il HANE were compared
by densitometric scanning of RNA blots, similar to the one
shown in Fig. 8. When compared with levels in a normal line,
levels of C1 INH mRNA for type I lines were 27.4+6.1% of
normal (mean+SD, n = 5). For type II lines, levels were
122+33% of normal (n = 4). For both the type I and type II
lines, these results were parallel to the results for the levels of
protein synthesis in these cells, indicating that the decrease in
synthesis of C1 INH in type I HANE was regulated at a pre-
translational level.

To study the regulation of C1 INH synthesis in HANE cells
by IFN-v, the normal and types I and II HANE cells were

Normal

Typel

Figure 7. Densitograms of the Cls binding assay for normal and types
I and I HANE fibroblasts. The autoradiograms of lanes for control
and optimal concentration of Cls (1.4 ug/ml) from Fig. 6 were
scanned by laser densitometer. The molecular mass increases from
left to right: peak I = 94 kD; peak 2 = 102 kD; and peak 3 = 125
kD the complex between C1 INH and Cls under reducing conditions.
(- - -) Control (lanes I from Fig. 6), and (——) 1.4 ug/ml Cls added
(lanes 3 from Fig. 6).
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Figure 8. RNA blot analysis of C1 INH mRNA in normal and types I
and I HANE fibroblasts. Confluent cells were cultured in medium
alone or in medium containing gamma-IFN, 1,000 U/ml, for 24 h,
and total RNA was prepared. 10 ug of each sample was applied into
the agarose gel under denaturing conditions and transferred to nitro-
cellulose. Ethidium bromide shadowing indicated that equal amounts
of total RNA had been loaded into each lane.

incubated with IFN-vy (1,000 U/ml) for 24 h before synthesis of
C1 INH was assessed as described in Methods and in the legend
for Fig. 2. IFN-y increased C1 INH synthesis by 8.0-, 9.3-, and
8.4-fold in normal, type I, and type II cells, respectively. For the
type II cells, both the 78 and 86-kD forms of the protein were
increased equally (data not shown). In parallel RNA blot analy-
ses (Fig. 8), the increased levels of C1 INH mRNA induced by
IFN-v paralleled the increases in protein synthesis, suggesting
that the effect of IFN-y on C1 INH expression in all three types
of cells occurred at a pretranslational level.

Discussion

In this report we have used skin fibroblasts to study rates of
synthesis of C1 INH in patients with both types I and Il HANE.
We provide definitive evidence that synthesis of C1 INH in
type I HANE is much lower than the 50% expected from the
single normal allele present in this autosomal dominant dis-
order. The decrease in synthesis of C1 INH in the type I cells
appears to be regulated at a pretranslational level. In type II
HANE, synthesis of the combination of functional and dys-
functional forms of C1 INH was ~ 100% of normal, with the
functional protein comprising 43% of the total. Thus, the func-
tional protein was synthesized at a much higher rate in the type
II cells than in the type I cells. The comparison of levels of
synthesis in the type I and type II cells suggests that expression
of the normal allele is influenced by the type of mutant allele
present. The reason that the single C1 INH allele in type I
HANE does not function as well as in normal or type Il HANE
cells is not understood. Fibroblasts provide an excellent model
for the study of the role of the mutant alleles in the expression
of the disease phenotype in both type I and type II HANE.
Further work will have to be done to determine if the regula-
tion of synthesis in these cells parallels exactly the regulation in
hepatocytes, where the majority of the protein is synthesized in
vivo.

Regulation of synthesis of C1 INH in fibroblasts appears to
be different than regulation in monocytes. This difference is
most apparent in the constitutive rate of synthesis, with fibro-
blasts synthesizing 50-100 times more C1 INH per cell than
monocytes. Results of studies of C1 INH synthesis in mono-
cytes from patients with type I HANE were also different than

in fibroblasts, in that rates of synthesis of C1 INH in the type I
patients averaged 40% of normal, well above the 20% observed
in our studies with fibroblasts. In addition, amounts of C1 INH
recovered outside monocytes has been reported to be much
lower than the amount synthesized (Cicardi et al. [3] found 24,
18, and 14% of normal amounts in the supernatant of three
HANE monocytes cultures compared with 43, 53, and 35%
synthesized and present intracellularly in the same cultures). It
is possible that these differences in the results with the two cell
types represents tissue-specific regulation of C1 INH synthesis.
However, these differences may also be due to the low rates of
C1 INH synthesized in monocytes, which would make compar-
isons between rates of synthesis and secretion in type | HANE
and normal inaccurate. For example, Lappin et al. had to cul-
ture the monocytes for 7 d to obtain amounts of C1 INH that
could be measured by ELISA (4). Adequate amounts of Cl
INH were produced by the fibroblasts in less than 24 h. While
less likely, it is also possible that the difference in results reflects
a heterogeneity in the type I patients, with some patients hav-
ing the expected 50% of synthesis and others having much
lower rates. Synthesis and secretion of C1 INH in type II
HANE has not been studied previously.

The C1 INH synthesized in both type I and type Il HANE
fibroblasts was completely secreted and the amounts of extra-
cellular protein paralleled exactly the rates of synthesis. The
dysfunctional protein in the type II cells was secreted with only
minor delays, unlike the dysfunctional protein in al-antitryp-
sin deficiency, another model of genetic disease involving a
serum protease inhibitor (20). The cultures of the HANE cells
contained the 94-kD C1 INH form found in serum of patients
with HANE (21). In addition, the normal, but not the dysfunc-
tional, C1 INH protein could bind to activated Cls.

IFN-v increased C1 INH synthesis in normal and in types I
and II HANE cells at a pretranslational level, similar to results
in other primary human cell types that have been studied (6-8).
The increases in rates of synthesis induced by IFN-y were simi-
lar for the dysfunctional and functional C1 INHs in type II
HANE cells. Thus, the interferon response sequences of the C1
INH genes are intact in both types of HANE.

HANE is a polymorphic disease. Differences occur between
serum levels of C1 INH in types I and Il HANE. In most type I
patients there is no restriction fragment length polymorphism,
but deletions in either exon 4 or exon 7 have been identified in
some type I kindreds (3, 22, 23). In type Il HANE, mutations
occur mostly in the P1 reactive center at amino acid 444 (24),
but may also occur at 251 (Ta kindred) (13). Our studies indi-
cate that differences are also present for the rate of synthesis of
the normal protein, with a rate of ~ 20% of normal in type I
compared with almost 50% in type II. The basis of the decrease
in rate of synthesis in type I cells is not known, but may repre-
sent an interaction between the normal and abnormal C1 INH
alleles in type I HANE.
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