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Abstract Introduction

a1-Antitrypsin (a, AT) is plasma glycoprotein that constitutes
the principle inhibitor of neutrophil elastase in tissue fluids. It
has been considered a prototype for liver-derived acute phase
proteins in that its concentration in plasma increases three- to
fourfold during the host response to inflammation/tissue in-
jury. However, recent studies have shown that a, AT is ex-
pressed in several types of extrahepatic cells, including mononu-
clear phagocytes and enterocytes, and that there are distinct
transcriptional units used in hepatocytes and at least one extra-
hepatic cell type, blood monocytes. In this study, we have used
a combination of ribonuclease protection assays, primer elonga-
tion analysis, and transcriptional run-on assays to further char-
acterize mechanisms of basal and modulated a, AT gene ex-
pression in hepatocytes, enterocytes, and macrophages. The
hepatoma cell line HepG2, intestinal epithelial cell line Caco2,
and primary cultures of human peripheral blood monocytes
were used as examples of the cell types. The results indicate
that there are three macrophage-specific transcriptional initia-
tion sites upstream from a single hepatocyte-specific transcrip-
tional initiation site. Macrophages use these sites during basal
and modulated expression. Hepatoma cells use the hepatocyte-
specific transcriptional initiation site during basal and modu-
lated expression but also switch on transcription from the up-
stream macrophage transcriptional initiation sites during modu-
lation by the acute phase mediator interleukin 6 (IL-6). Caco2
cells use the hepatocyte-specific transcriptional initiation site
during basal expression. There is a marked increase in the use
of this site and an increase in the rate of transcriptional elonga-
tion of a, AT mRNAduring differentiation of Caco2 cells from
crypt-type to villous-type enterocytes. Caco2 cells also switch
on transcription from the upstream macrophage transcriptional
initiation sites during modulation by IL-6. These results pro-
vide further evidence that there are differences in the mecha-
nisms of constitutive and regulated expression of the a, AT
gene in at least three different cell types, HepG2-derived hepa-
tocytes, Caco2-derived enterocytes and mononuclear phago-
cytes. (J. Clin. Invest. 1992. 89:1214-1222.) Key words: acute
phase proteins * hepatocytes - mononuclear phagocytes * enter-
ocytes
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a1 Antitrypsin (a1 AT)' is the archetype of a family of plasma
proteins that are called serpins because many of the members
are serine protease inhibitors. As shown by the consequences of
deficiencies in specific serpins, these proteins play important
roles in control of blood-borne limited proteolytic cascade sys-
tems (complement, coagulation, fibrinolysis), in control of
connective tissue turnover, in limiting tissue destruction and
initiating tissue repair at sites of injury/inflammation (re-
viewed in 1, 2). Many of the serpins are also called "acute phase
reactants" in that there are marked increases in their plasma
concentrations during the host response to inflammation (re-
viewed in 3).

For these reasons, there has been a great interest in under-
standing the mechanisms that determine the net concentra-
tions of serpins in tissues and body fluids. There is still rela-
tively little information about the clearance and catabolism of
serpins but more is known about biosynthesis both during ba-
sal and regulated states. For a1I AT, liver is the predominant site
of synthesis (4, 5). In this site, synthesis of a1 AT is modulated
by the acute phase mediator IL-6 (6-8). a1 AT is also synthe-
sized in mononuclear phagocytes (9, 10). In these cells its syn-
thesis is modulated by bacterial lipopolysaccharide (LPS) and
IL-6 (8, 1 1). In both hepatocytes and macrophages synthesis of
al AT is modulated by a1 AT-protease complexes as a part of a
feed-forward servomechanism (reviewed in 2). Studies in trans-
genic mice have suggested that a1 AT is also synthesized in
other extrahepatic cell types including renal tubular epithelial
cells, intestinal epithelial cells, nonparietal cells of the gastric
mucosa, and pancreatic islet cells among others (12-14). In
fact, we have shown that a1I AT is synthesized in a human
enterocyte-like cell line and that its expression in this cell line
increases markedly during differentiation from crypt-like to
villous-like enterocytes (15).

Several cis-acting elements and trans-acting factors that di-
rect the expression of the a, AT gene in hepatocytes have been
identified and characterized. Tissue-specific expression of a,
AT in human hepatoma HepG2 cells is directed by structural
elements within a 137-nucleotide region upstream of the hepa-
tocyte transcriptional initiation site within exon IC (16-19).
The cis-acting elements within this region bear homology with
elements upstream of other genes expressed in hepatocytes in-
cluding albumin, fibrinogen, and haptoglobin. There is a con-
sensus sequence for the nuclear transcription factor AP- 1 (20)

- 300 nucleotides upstream from the hepatocyte transcription
initiation site. There are also two sequences similar to the prox-
imal portion of the IL-6 response element (21) - 200 nucleo-
tides upstream from the hepatocyte transcription initiation
site. A sequence - 200 nucleotide sequences upstream from
the macrophage transcription initiation site (22) bears even

1. Abbreviations used in this paper: AT, antitrypsin

1214 WHafeez, G. Ciliberto, and D. H. Perlmutter

J. Clin. Invest.
©The American Society for Clinical Investigation, Inc.
0021-9738/92/04/1214/09 $2.00
Volume 89, April 1992, 1214-1222



greater homology with the IL-6 consensus sequence. There are
at least two distinct trans-acting factors involved in binding to
the upstream flanking regions and therein determining the
constitutive expression of the a, AT gene. One of these factors
LF-Bl (also called HNF-1, APF, HP1) is a 90-kD glycoprotein
that has structural similarities to Drosophila homeobox-encod-
ing genes and which binds to an element at residues -84 to -70
of the upstream flanking region of the a, AT gene (17). This
factor plays a major role in hepatocyte-specific transcription of
albumin, a-fetoprotein, fibrinogen, transthyretin, pyruvate ki-
nase and the pre-Sl gene of the hepatitis B virus. Transcription
of the liver-specific and IL-6-inducible, C-reactive, protein
gene is also regulated by HNF-1 (23). A second trans-acting
protein, LF-A 1, binds to an element at residues -125 to - 100
of the a, AT gene (19). A 68-kD nuclear protein termed HNF-
2, probably corresponding to LF-A 1, has recently been purified
(24). There is also evidence for several other nuclear proteins in
liver that bind to the upstream flanking region of the a, AT
gene but the functional significance of these other proteins has
not yet been extensively investigated.

There is relatively little information about cis-acting ele-
ments and trans-acting factors, which direct the expression of
the al AT gene in extrahepatocytic cell types. However there is
some evidence that different elements and nuclear proteins are
involved, especially since the initiation site for transcription of
the a, AT gene in mononuclear phagocytes is located - 2,000
nucleotides upstream from the hepatocyte transcriptional initi-
ation site (13, 22). In this study we have characterized in detail
the transcriptional initiation sites used for basal expression in
hepatocytes as well as in extrahepatic cell types, enterocytes,
and mononuclear phagocytes. In addition we characterized the
transcriptional initiation site used during modulated expres-
sion of the a, AT gene in each cell type: e.g., increased a, AT
gene expression in HepG2 cells mediated by IL-6; increased a,
AT gene expression in Caco2 cells during differentiation or
mediated by IL-6; increased aI ATgene expression in mononu-
clear phagocytes as mediated by LPS or IL-6.

Methods

Materials. Ribonuclease A was purchased from Sigma Chemical Co.
(St. Louis, MO), ribonuclease T I from Bethesda Research Laboratories
(Gaithersburg, MD), and DNAse I, and ribonuclease inhibitor were
purchased from Promega Biotec (Madison, WI). E.coli serotype
01 1 1 :B4 lipopolysaccharide preparations were purchased from Sigma
Chemical Co. Baculovirus-derived human IL-6 was kindly provided by
Dr. P. B. Sehgal, Rockefeller University, New York. [32P]dCTP was
purchased from Amersham Corp. (Arlington Heights, IL), [32P]CTP
and [32P]UTP were purchased from DuPont-New England Nuclear
(Boston MA), and [32P]ATP was purchased from ICN Radiochemicals
(Costa Mesa, CA). DNAprobes included a hepatocyte a, AT cDNA
probe (25) inserted into the pGEM4zplasmid (Promega Biotec), a mac-
rophage aI AT cDNAL17.3 (22), a 2.2 kb EcoRI-EcoRI a1 AT geno-
mic clone, pEE3, used to determine the sequence around the macro-
phage a1 AT cap site (22), an albumin cDNAclone (26) provided by
Dr. D. Kurnit, Harvard Medical School, Boston, MA, and a polyubi-
quitin cDNA clone (27) provided by Dr. M. Schlesinger, Washington
University School of Medicine, St. Louis, MO. Humanintestinal RNA
was provided by Dr. D. H. Alpers, and Dr. B. Wice, Washington Uni-
versity School of Medicine, St. Louis, MO.

Cell culture. Primary cultures of human peripheral blood mono-
cytes were established according to previously described methods ( 1).
Maintenance of HepG2 and Caco2 cells has also been previously de-
scribed (8, 15).

RNAblot analysis. Total cellular RNAwas isolated from cell lines
and surgical specimens by guanidine isothiocyanate extraction and eth-
anol precipitation (28). RNAwas then subjected to agarose-formalde-
hyde electrophoresis and transferred to nitrocellulose filters (29) for
hybridization with 32P-labeled DNAprobes.

Ribonuclease protection assays. Specific DNAprobes were sub-
cloned into the pGEM4zplasmid and a previously described protocol
used (30). After linearization 32P-labeled RNAprobes complementary
to sense strands were synthesized using linearized plasmid (5 tg), [32p]_
CTP (50 AQCi) and T7 or SP6 RNApolymerase. From this reaction
mixture, 1/1,000 of the final product was allowed to hybridize over-
night to 10Ig total cellular RNAin 50% formamide at 550C. RNAse
digestion was performed at room temperature with RNAseA and Tl
and the protected fragments separated on 6%polyacrylamide gels. The
size of each protected fragment was determined by its migration rela-
tive to a dideoxy sequencing reaction.

Primer extension analysis. Oligonucleotides were end-labeled with
[32P]ATP, allowed to hybridize overnight with 20 Mgtotal cellular RNA
and subjected to primer extension as previously described (31). The
exon IA oligo was complementary to the sequence of the DNAregion
around the macrophage specific a1 AT cap site (22) from base + 1 10 to
+ 140 (5-GGAGGTTGCCGCCCCTCCAACCTGGAATTC-3).The
exon IB oligo was complementary to the sequence of the macrophage
a1 AT cDNA (22) from base +230 to +260 (5'-ATTTACTGAGT-
CACCCCAAAATGCCTGATG-3).The exon IC oligo was comple-
mentary to the sequence of hepatocyte a, AT cDNA (25) from base
+28 to +58 (5'-AGGCAGCAGCACAGGCCTGCCAGCAGGAG-
GATG-3'). The length of each primer extension product was deter-
mined by its migration relative to a dideoxy sequencing reaction on 6%
polyacrylamide gels.

Isolation of nuclei and transcriptional elongation assays. Caco2
cells were scraped into phosphate-buffered saline with a rubber police-
manand then pelleted by centrifugation. Cells were homogenized in a
loosely fitting Dounce homogenizer in chilled 0.32 Msucrose, 3 mM
MgCI2, I mMHepes (pH 6.8) at a concentration of -1 g of cells/ml.
This homogenate was subjected to sucrose density gradient centrifuga-
tion as previously described (32). For transcriptional elongation assays,
the nuclei were thawed and resuspended in 200 Ml 18%glycerol, 10 mM
Tris (pH 7.6), 5 mMMgCl2, 1 mMMnC12, 0.1% beta-mercaptoeth-
anol, 0.4 mMATP, 0.4 mMCTP, 0.4 mMGTPand 1 mCi/ml [32p]_
UTP. After a 15 min incubation at 37°C, nuclei were digested with
RNAse-free DNAse I for 5 min at 37°C. Nuclear RNAwas then iso-
lated exactly as described above. Radiolabeled nuclear RNAwas hy-
bridized at 37°C for 72 h with DNAblots. DNAblots were prepared by
subjecting appropriately digested plasmid DNAconstructs to nonden-
aturing agarose gel electrophoresis. Gels were subjected to alkali dena-
turation and neutralization and then the DNAwas transferred to nitro-
cellulose filters. Filters were prehybridized at 37°C for 24 h. After hy-
bridization the filters were washed in 2x SSC/0.1% SDS at room
temperature for 10 min and then at 56°C for 10 min. Results were
quantified by densitometric scanning of autoradiograms on a laser den-
sitometer (2222 Ultrascan XL; LKB Instruments, Inc., Houston, TX).

Results

Different transcriptional initiation sites for a, AT mRNAin
HepG2 cells, Caco2 cells and mononuclear phagocytes. Total
cellular RNAwas isolated from control and LPS-activated
monocytes, undifferentiated and differentiated Caco2 cells,
control and IL-6-activated HepG2 cells and subjected to
RNAseprotection assays with three different DNAprobes (Fig.
1). Probe A is a 299-nucleotide SmaI-EcoRI fragment from
the genomic DNAclone pEE3 and spans the previously de-
scribed macrophage-specific transcriptional initiation site.
Probe B is a 192 nucleotide EcoRI-PstI fragment from cDNA
clone L17.3 and spans the 5'-terminus of exon TB. Probe C is a
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Map of DNA Probes for Ribonuclease Protection Assay Figure 1. Ribonuclease protection
assays to map transcriptional initia-
tion sites for a, AT gene expression

e1AT Gene 5-, 3' in different cell types. After 24 h in
culture peripheral blood monocytes

AT mRNA lA 1B IIcr II 111111vjv were incubated for 24 h in serum-
AB C free control medium or medium

supplemented with LPS (100 ng/ml)
and then total cellular RNAwas
isolated. HepG2 cells were incu-

299 bp 170 bp 158 bp
Sma I i-| Eco RI Eco RI |-| Pst I Bam HI o-i Bam HI bated for 24 h in serum-free control

Probe A Probe B Probe c medium or medium supplemented
with recombinant human IL-6 (100
ng/ml) and then total cellular RNA
was isolated. Caco2 cells were sub-

Probe A Probe B Probe C cultured into 30-mm tissue culture
wells bearing collagen-coated nitro-
cellulose filters (Costar Transwell,

probe - 170 bp-w Cambridge, MA). Total cellular
RNAwas isolated when the mono-

158 bp ~ w layers reached confluence (d 1) or
15 d after reaching confluence (d14 bp- W 15). In each case I0 g of total cel-

127 bp- * lular RNAwas used to hybridize to
the appropriate 32P-labelled anti-
sense cRNAprobe and ribonuclease

77 bp- * protection assays followed the pro-
tocol described in Methods. Probecog AdscgScl>g cogt ? r ( O t ? 'v A is a 299-base pair Smal-EcoRI

Q.
14 16QN% i $ fragment from a genomic clone

to Qo1Old c9c2O|1Ed r°t <2 RQ at ai pEE3 used to provide the sequence
ec)cQ°/ 6 CJ coo @ Deck @ of the DNAregion around the mac-

rophage-specific a, AT cap site (22).
It also has 39 bases of vector se-
quence. Probe B is a 170-base pair

EcoRI-PstI fragment from the 5'-terminus of macrophage cDNAclone L17.3 (22). It also has 24 bases of vector sequence. Probe C is a 158-base
pair BamHI-BamHI fragment derived from L17.3 and spanning the hepatocyte-specific aI AT cap site. It also has 60 bases of vector sequence.
A map of the probes is shown at the top and the relative electrophoretic migration of the probe, which was different for each of the three auto-
radiograms, is shown at the left margin. The size of each protected fragment, as determined by its migration relative to a sequencing ladder, is
indicated by arrows at the left margin of each panel. The autoradiogram with probe Cwas exposed to its gel for only 2 h as compared to 6 h for
those with probes A and B.

158-nucleotide BamHI-BamHI fragment from cDNA clone
L17.3 and spans the previously described hepatocyte-specific
transcriptional initiation site (22).

Probe A protects two fragments in monocytes and therefore
indicates that there are two transcriptional initiation sites with
exon IA. This confirms our previous results (22). There is a
modest increase in the levels of these fragments induced by
LPS. The same two fragments were also identified in control
and LPS-activated human bronchoalveolar macrophages (data
not shown). These fragments are specific as shown by their
absence in tRNA, undifferentiated (day 1) and differentiated
(day 15) Caco2 cells and control HepG2 cells. These two frag-
ments are present at low levels in HepG2 cells that have been
incubated with IL-6. This is more easily seen on longer autora-
diographic exposure of this gel as well as in gels from four other
experiments (data not shown).

Probe B also protects two fragments in monocytes. The
larger fragment is fully protected, and therefore represents the
two transcripts that have started upstream from exon IA. The
smaller fragment must therefore represent a unique transcrip-
tional initiation site for aI AT mRNAupstream from exon MB.
Based on these studies and primer extension analysis (see be-

low) we have mapped this initiation site to within several nu-
cleotides of position -1892 relative to the hepatocyte tran-
scriptional initiation site (according to the sequence of Long et
al. [33]). There is an increase in the level of each of these frag-
ments during modulation by LPS. These fragments are not
detected in undifferentiated or differentiated Caco2 cells and
are not detected in control HepG2 cells but are induced in
HepG2 cells treated with IL-6.

Probe C, which overlaps the so-called hepatocyte transcrip-
tion initiation site in exon IC, protects one fragment in mono-
cytes. This fragment is fully protected, and therefore, repre-
sents the transcripts which have started upstream in exons IA
and IB. There is an increase in the level of this fragment in-
duced by LPS. A smaller fragment is present in Caco2 cells and
HepG2 cells. This, therefore, represents use of the hepatocyte-
specific transcriptional initiation site within exon IC. There is a
marked increase in the level of this fragment during differentia-
tion of Caco2 cells. There is a lesser increase in the level of this
fragment in IL-6-treated HepG2 cells. These results indicate
that there are three macrophage-specific transcriptional initia-
tion sites and one hepatocyte-specific initiation site. There is an
increase in the use of the cell-specific transcriptional initiation
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sites for each cell type, monocytes and hepatocytes, during
modulated expression. There is also a switch to induce tran-
scription from the upstream macrophage-specific initiation
sites in HepG2cells activated by IL-6. Caco2 cells use the hepa-
tocyte transcriptional initiation site excusively for basal expres-
sion as well as during the marked increase in expression that
accompanies their differentiation.

Wenext examined the effect of a single mediator, IL-6, on
a I ATmRNAtranscriptional initiation sites in the three differ-
ent cell types (Fig. 2). For this analysis we used probes B and C
in ribonuclease protection assays. The results indicate that
probe B protects the same two fiagments in monocytes, HepG2
cells and differentiated Caco2 cells after modulation by IL-6.
Probe C protects one large fragment in monocytes and a
smaller fragment in HepG2 cells and differentiated Caco2 cells
after modulation by IL-6. These results indicate that mononu-
clear phagocytes use only the upstream transcriptional initia-
tion sites during basal expression or expression modulated by
LPS (Fig. 1) or IL-6 (Fig. 2). Hepatocytes and enterocytes use

Probe B Probe C

Probe -

0

9

o+o*ot// / 1&

0 %vvq
, le, JP

-oA 'A*

a o-(oL., O// / 4

Figure 2. Mapping of transcriptional initiation sites for a1 AT gene
expression in different cell types after IL-6 activation. After 24 h in
culture peripheral blood monocytes were incubated for 24 h in
serum-free control medium or medium supplemented with IL-6 (100
ng/ml). HepG2cells and Caco2 cells, the latter after 15 d of postcon-
fluence, were also incubated for 24 h in serum-free control medium
or medium supplemented with IL-6 (100 ng/ml). In each case total
cellular RNAwas then isolated and subjected to ribonuclease protec-
tion assay with probes B and Cexactly as described in the legend to
Fig. 1. tRNA was used as a negative control. The relative electropho-
retic migration of each probe is indicated at the left margins.

the downstream transcriptional initiation site during basal and
modulated expression but also switch on transcription at lower
levels from the upstream initiation sites during expression mod-
ulated by IL-6.

Our interpretation of these results was consistent with re-
sults of previous primer extension analysis (22) as well as addi-
tional primer extension studies performed here: two primer
extension products were detected in monocytes with the exon
IA oligo; three primer extension products were detected in
monocytes with the exon IB oligo; and one primer extension
product was detected in hepatocytes and enterocytes by the
exon IC oligo (data not shown). Our interpretation of these
results was also confirmed by results of RNAblot analysis (Fig.
3). Using probe A, which spans the macrophage-specific tran-
scriptional start sites within exon IA a single - 2.0 kb RNAis
detected in monocytes but not in Caco2 cells or HepG2 cells.
There is a modest increase in the level of this mRNAin mono-
cytes incubated with LPS and the magnitude of this increase is
similar to that detected by ribonuclease protection assay. Using
probe D, a macrophage cDNAprobe (22) which extends from
the 3' terminus of probe A into the 3' untranslated region of the
a, AT mRNA,a 1.6 kb mRNAis detected in Caco2 cells and
HepG2 cells. There is a modest increase in the level of this
mRNAin HepG2 cells incubated with IL-6. Two mRNAsthat
are larger in apparent molecular mass, 1.8 and 2.0 kb, are de-
tected in LPS-treated monocytes. Both of these mRNAsare
also seen in control monocytes with longer autoradiographic
exposure times (data not shown). Using probe E, a hepatocyte
cDNA probe (25), which extends from the hepatocyte tran-
scription initiation site to the 3'-terminus of the a, AT coding
sequence, the results are almost identical to those of probe D. A
1.6 kb mRNAis detected in Caco2 cells and HepG2 cells.
There is a marked increase in the level of this mRNAin Caco2
cells between days 1 and 15 in culture (data not shown, see
reference 15), and a modest increase in IL-6-treated HepG2
cells. Two mRNAsof 1.8 and 2.0 kb are detected in monocytes.
There is an increase in the level of these mRNAsin LPS-acti-
vated monocytes.

Taken together the results of ribonuclease protection as-
says, primer extension analysis and RNAblot analysis are sche-
matically summarized in Fig. 4. Start of transcription within
exon IC results in a 1.6 kb mRNA,called a, ATmRNA1. This
mRNAspecies is found in Caco2 cells and HepG2 cells during
basal and modulated expression but is not found in monocytes.
Start of transcription within exon IA results in two mRNA
species called a, AT mRNAs2 and 3. Based on ribonuclease
protection assays these two mRNAspecies differ by 40 bp at
the extreme 5' terminus although they are not resolved by RNA
blot analysis; i.e., there is one broad band with an apparent
molecular mass of 2.0 kb in Fig. 3. Finally, start of transcrip-
tion within exon IB results in a 1.8-kb a, AT mRNA4. a, AT
mRNAs2, 3, and 4 are found in monocytes and their levels
increase in LPS- and IL-6-activated monocytes. These three
mRNAspecies are also induced in HepG2 cells and differen-
tiated Caco2 cells by IL-6. The level of these three mRNA
species in IL-6-activated HepG2 cells and IL-6-activated
Caco2 cells just reaches the limits of sensitivity of ribonuclease
protection assays (Figs. 1 and 2) but does not reach the limits of
sensitivity of RNAblot analysis (Fig. 3).

The increase in a, ATgene expression during differentia-
tion of Caco2 cells involves a transcriptional mechanism and is
reflected by the tissue distribution of a, AT mRNA. In a pre-
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Map of DNA Probes for RNA Blot Analysis
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Figure 3. RNAblot analysis to determine the
relative electrophoretic migration of a, AT
mRNAin different cell types. Total cellular
RNAwas isolated exactly as described in the
legend for Fig. 1 and 15 ,gs was subjected to
RNAblot analysis as described in Methods.
The relative electrophoretic migration of ethid-
ium bromide-stained 18S ribosomal RNAis
indicated at the right margin and that of a, AT
mRNAspecies at the left margin. The relative
amounts of a1 ATmRNAin monocytes can-
not be compared to that of Caco2 cells or
HepG2 cells since longer autoradiographic ex-
posure was necessary for the blot with probe
A and for lanes 4 and 5 with probes Dand E.
A mapof the probes is shown at the top of the
figure.

vious study we have shown that there is an increase in steady
state levels of a1 AT mRNAin Caco2 cells during the time
interval from day 1 to day 16 after the cells have become con-
fluent, a time interval that is associated with differentiation
from crypt-like to villous-like enterocytes by both morphologi-
cal and biochemical criteria (15). Ribonuclease protection as-
says in the current study have confirmed these previous results
and have demonstrated that the hepatocyte-specific transcrip-
tional initiation site is used for basal expression as well as for
the marked increase in expression of the a1 AT gene during
differentiation of Caco2 cells (Fig. 1). In order to determine

whether this increase was caused by an increase in rate of tran-
scription and/or a decrease in rate of a1 AT mRNAturnover
we examined the rate of a1 AT mRNAtranscriptional elonga-
tion during differentiation of Caco2 cells (Fig. 5). Nuclei were
isolated on days 1 and 12, after the cells had reached con-
fluence and allowed to incorporate [32P]UTP. The resulting
radiolabeled nuclear RNAwas hybridized to an aI AT cDNA
probe as well as to several control cDNAprobes on DNAblots.
The results demonstrate hybridization to aI ATcDNAbut not
to negative control albumin cDNAand not to either plasmid
pGEM4zor pKT2 18. There is also a marked increase in spe-

Map of aAT mRNAs
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Tracrltlon Start Site

5'
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Transcription Start Site Start Site

I
II I 3'IV ~ 3'

Caco2 Caco2 Caco2 HepG2 HepG2 Mono Mono Mono
day 1 day 15 + IL-6 +IL-6 +LPS + IL-6

I'C I IV|lv | 1.6Kb + +4.4. +4.4. + ++ -

mRNA2 1 lA |lB j IICI
mRNA3 |IAI IB I IKCl

II IIII I IV 2.0 Kb +

+II IIII IV V |1.95Kb

+ 4. 4.4. 4.4.

+ + 4.4. +4.

mRNA4 | IB I I 'C I |IlIVI V 1 1.8 Kb
Figure 4. Schematic representation of a, AT mRNAs. See text for description.
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Figure 5. Transcriptional elongation assays to determine
the basis for increased a1 AT mRNAlevels during differ-
entiation of Caco2 cells. (a) Nuclei were isolated from
Caco2 cells on the day the cells reached confluence (day

Ubiquitin 1) and 12 d after reaching confluence (day 12). Tran-
scriptional run-on assays were carried out as described in
Methods. Radiolabeled nuclear RNAwas hybridized to
DNAblots as described in Methods. DNAblots were
prepared by subjecting PstI digests of a1 AT cDNA(4 Mg),
albumin cDNA (4 Mg) and polyubiquitin cDNA [4 tig
(data not shown)] to nondenaturing gel electrophoresis.
Ethiduim bromide staining of each gel, shown in the
outside panels, demonstrates - 3.2 kb plasmid and

- 1.4 kb insert for a, AT and - 4.0 kb plasmid and
- 1.2 kb insert for albumin. DNAfrom these gels was

denatured in 1 NNaOH, neutralized, transferred to ni-
trocellulose filters and the resulting filters used for hy-
bridization. (b) Results of densitometric scanning of au-
toradiograms from three separate blots for each probe.

.j l Results are reported as fold increase as compared to the
value for day 1, which was arbritarily designated 1.0 U.
Each result is reported in mean ± 1.0 SD. There was no

Day 1 Day 12 dectectable albumin signal in any of the blots.

cific a1 AT mRNAtranscriptional elongation by day 12 in
culture (Fig. 5 a). Results of three separate experiments indi-
cate that there is a 6.7-±1.3-fold increase in a1 AT mRNA
transcription and that the increase is specific, in that there is no

change in a control, ubiquitin mRNAtranscription (Fig. 5 b).
Thus the increase in a1 ATmRNAlevels during differentiation
of Caco2 cells is due, at least in large part, to an increase in a1

AT gene transcription.
Finally, we examined the possibility that this increase in ai

AT mRNAtranscription during differentiation of Caco2 cells
into villous-like enterocytes was reflected by the distribution of
a1 AT gene expression within human intestine. Total cellular
RNAfrom human jejunum and colon was subjected to ribonu-
clease protection assays (Fig. 6) with probe Cfrom Fig. 1. Probe
C protects a large fragment in monocytes. This fragment is
almost the same length as the probe and therefore represents
transcript, or transcripts, which have started upstream in exons
IA and IB (see also Figs. 1 and 2). Probe C protects a smaller
fragment, therefore representing use of the hepatocyte tran-
scriptional initiation site, in Caco2 cells and jejunum but does
not protect any fragment in the colon. These data provide addi-
tional evidence that there is transcription of the a1 AT gene in
the intestinal epithelium, that the same promoter is used for
transcription of the a1 AT gene in human adult jejunal epithe-
lium as is used in a human intestinal epithelial cell line, and
that the tissue distribution of a1 AT transcripts corresponds to
an increase in the rate of a1 AT mRNAtranscriptional elonga-

tion during differentiation from crypt-like to villous-like enter-
ocytes.

Discussion

These data provide further evidence for differences in the mech-
anisms responsible for basal expression of the a1 AT gene in
different cell types and show that there are also differences in
the mechanisms responsible for upregulation of a1 AT gene
expression in these cells. Blood monocytes and tissue macro-

phages use three unique upstream transcriptional initiation
sites for basal expression of this gene. These same cell type-spe-
cific transcriptional initiation sites are used for increased ex-

pression of the a1 AT gene during activation by LPS or IL-6.
Hepatoma-derived hepatocytes use one downstream transcrip-
tional initiation site for basal expression and for the upregu-
lated expression of a1 AT mediated by IL-6. However, under
the influence of IL-6, hepatocytes also initiate a1 AT mRNA
transcripts from the upstream macrophage-specific initiation
sites. Results of this study also provide further evidence that
Caco2-derived enterocytes express the a1 AT gene and initiate
a1 AT mRNAtranscripts from the downstream hepatocyte-
specific initiation site.

Several previous studies have shown that alternative up-
stream promoters were used for a1 AT transcription in macro-

phages (13, 22). Perlino et al. also noted two short upstream
open reading frames with initiation and termination codons
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* " Figure 6. Ribonuclease
protection assays to de-
termine the distribution
of a, AT mRNAtran-
scripts in human intes-
tine. Total cellular RNA
(10 Mgs) from LPS-acti-
vated monocytes, Caco2
cells after 15 d in cul-
ture, human jejunum,
human colon and tRNA
was subjected to ribo-
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that are presumably included in macrophage a1 AT transcripts.
Several eukaryotic genes have short sequences with open-read-
ing frames, but only a few have multiple short upstream open-
reading frames. In two cases, the yeast GCN4gene (34) and a
cytomegalovirus ,3 gene (35), such sequences have been shown
to govern translation. GCN4encodes a nuclear transcription
factor necessary for the expression of amino acid biosynthetic
enzymes in response to amino acid starvation. Removal of the
initiation codons of four short open-reading frames upstream
from the GCN4gene by deletions or point mutations leads to
constitutive derepression of GCN4by allowing translation (34,
36). It is now thought that these structures can repress GCN4
expression under nonstarvation conditions by acting as initia-
tion sites during ribosomal scanning, allowing for only ineffi-
cient reinitiation at the downstream internal initiation codon.
During amino acid starvation, two transacting nuclear pro-
teins, GCD1 and GCN2, interfere with the interaction of the
ribosomes and the upstream initiation sites, allowing for more
efficient initiation at the "true" internal initiation codon. Our
current studies were, in part, stimulated by the analogy be-
tween GCN4and a, AT with respect to these upstream struc-
tures but also by the fact that the increase in a1I AT gene expres-
sion in macrophages mediated by the prototype macrophage
inflammatory activator LPS involves a marked increase in the
efficiency of translation of a, AT mRNA(37): LPS mediates a
marked increase in synthesis of a1 AT (5- to 10-fold) in blood
monocytes and bronchoalveolar macrophages but much less
impressive increase in steady state levels of a, AT mRNA(1.5-
to 2.5-fold); moreover, there is a 4- to 5-fold increase in cell-free
synthesis of al AT directed by RNAfrom LPS-activated mono-
cytes as compared to that from control monocytes. With the
regulation of GCN4during amino acid starvation in mind, we
therefore predicted that the translational effect of LPS would
be associated with an increase in a, AT mRNAtranscripts

initiated at the downstream hepatocyte-specific initiation site.
A direct examination of this prediction in the current study
shows that there is absolutely no initiation at the hepatocyte al
AT promoter in LPS-activated monocytes. There are several
possible alternative explanations for the translational effect of
LPS on a, ATgene expression. For example, it is possible that a
"slowing" of ribosomal scanning in some cases, as might occur
during initiation and termination at upstream codons, has an
enhancing effect on recognition of the downstream initiation
codon and thereby facilitates translation (38, 39). Specific
RNA-protein interactions and changes in RNAfolding are al-
ternative possible explanations for the translational effect of
LPS on a I AT gene expression. In fact, formation of stem loop
structures in the upstream flanking region is now thought to be
an important prerequisite for translational regulation of the
transferrin receptor gene in response to iron (40, 41) and that of
the ornithine decarboxylase gene in response to hormones (42).
Wehave subjected the macrophage a, AT mRNAsto analysis
by a computer program for folding of RNAmolecules (43).
This analysis shows that the macrophage al AT mRNAsform
very stable secondary structures with at least four stem-loop
configurations but does not provide an obvious explanation for
the translational effect of LPS on macrophage a, AT gene ex-
pression.

In this study we also mapped the transcriptional initiation
sites for basal and modulated expression of the a, AT gene in
human hepatoma cells. Wewere particularly interested in the
effect of IL-6 which is known to mediate an - 2.5-to 3.5-fold
increase in a, ATmRNAlevels and in synthesis of a, AT (6, 8).
In this case there was a modest increase in the levels of a, AT
mRNAtranscripts initiated at the cell type-specific initiation
site but also an induction of transcripts that originated at the
upstream initiation sites. It is unlikely that these longer tran-
scripts decrease the overall translation of a, AT mRNAin he-
patocytes because they represent a relatively minor fraction of
the net a1 AT transcripts in the cell and because results of
previous experiments have suggested that the increase in a1 AT
mRNAlevels, detected as the 1.6 kb mRNAspecies on RNA
blot analysis, roughly corresponds in magnitude to the increase
in synthesis of a, AT mediated by IL-6 (8). It has recently
become recognized that the effect of IL-6 on the other acute
phase genes in HepG2 cells is dependent on the binding of a
transcription factor, IL-6DBP, also called H-APF-2 and NF-
IL-6, to a consensus sequence AGTGANGNAA(21, 23, 44,
45). There is no perfect match in the upstream untranslated
region of the a1 AT gene for this consensus sequence but sev-
eral similar sequences AGTGGAAat nucleotides -195 to
-189 and AGTGAGat nucleotides -169 to -164 from the
hepatocyte a1 AT cap site (according to the sequence of Long et
al. [33]) may account for the relatively modest increase in tran-
scription initiated at the hepatocyte promoter in response to
IL-6. Another sequence AGAGCTGAAAat nucleotides -178
to -169 from the macrophage a1 AT cap site (22) may account
for induction of transcripts at the upstream macrophage-speci-
fic initiation sites in response to IL-6.

Because our previous data had indicated that IL-6 has the
same effect on synthesis of al AT in mononuclear phagocytes
as in HepG2 cells (8), it was also of great interest to us that
ribonuclease protection assays demonstrated use of the same
macrophage-specific transcriptional initiation sites in IL-6-ac-
tivated monocytes as in LPS-activated and control monocytes.
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These data suggest that there is greater restriction on promoter
usage in mononuclear phagocytes than in hepatocytes al-
though it is still possible that other, as yet unstudied, mediators
can induce transcription from the downstream hepatocyte pro-
moter in mononuclear phagocytes.

Results of the current experiments also extend our previous
observations about expression of the a, ATgene in enterocytes.
In a human intestinal epithelial cell line, Caco2, the hepatocyte
a1 AT promoter is used for basal expression. There is a marked
increase in a, AT mRNAlevels and a corresponding increase
in synthesis and secretion of a, AT during differentiation of
this cell line into a villous-like enterocyte (15). This increase is,
at least in large part, explained by an increase in the rate of
transcription and resulting transcripts originate exclusively
from the hepatocyte promoter. The distribution of these a, AT
transcripts in human jejunum but not in human colon may
reflect the effect on this gene of differentiation towards the
villous cell lineage as contrasted to the crypt cell lineage. This
differentiation-dependent increase in Caco2 cell a, AT gene
expression could also represent a recapitulation of late fetal
development as has been suggested for the expression of a-feto-
protein in this cell line (46). Finally expression of a1I AT in
differentiated Caco2 cells may be further modulated by soluble
mediators such as IL-6. In this case there is an increase in tran-
scription from the downstream hepatocyte promoter but IL-6-
activated Caco2 cells also induce transcripts originating from
the upstream initiation sites in a manner similar to that of
IL-6-activated HepG2 cells.
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