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Interleukin (IL)-6 is a multifunctional cytokine showing a wide
variety of biologic functions on various tissues. Extracellular
IL-6 signals through heterohexameric complex formation with
IL-6 receptor-a (IL-6Ra) and IL-6 receptor-p (IL-6RpB). In anal-
ogy to cytokines IL-2 and IL-4, we investigated the expression
of IL-6 splice variants in lung tissue and cultivated fibroblasts.
In human lung specimens, four different IL-6 transcripts were
characterized as follows: native IL-6; IL-6 missing either exon 2
(IL-6A2), exon 4 (IL-6A4), or missing both; and exons 2 and 4
(IL-6A2,4). Only native IL-6 and IL-6A4 encoded for proteins of
~ 26 and 17 kD, respectively. Although the overall structure
and most functional sites of the IL-6A4 protein were predicted
to be maintained, IL-6A4 was found to lack two amino acids
necessary for IL-6/IL-6 homodimerization as well as two of the
six amino acids required for interaction with IL-6R. Receptor
mobility shift assays confirmed that the new isoform formed a
stable complex with IL-6Ra; however, no interaction with IL-
6RpB was observed. Thus, IL-6A4 is likely to compete with na-
tive IL-6 for IL-6Ra binding but fails to transmit IL-6RB-medi-
ated signaling.

Interleukin (IL)-6 is a multifunctional cytokine which reg-
ulates multiple cellular activities. IL-6 was reported to pro-
mote or restrain cell growth, or cell differentiation, in a
cell type-specific manner (1). In particular, extracellular
IL-6 has been implicated in the differentiation of B-cells, T
cells, macrophages, and neuronal cells. Its role in growth
promotion has been shown in various B-cells (2) and he-
matopoietic stem cells (3). Intracellular IL-6, on the other
hand, appears to control proliferation in ectodermal cells
such as keratinocytes (4) and melanoma cells (5, 6), as well
as in mesenchymal cells including primary human lung fi-
broblasts (7), vascular smooth muscle cells, and mesangial
cells (8). Importantly, IL-6 production seems to correlate
with tumor progression in human cancer, such as pleural
mesothelioma, glioblastoma, and ovarian and prostate car-
cinoma (9-12). This wide spectrum of activities can par-
tially be explained by at least two different IL-6-inducible
signaling pathways, one acting extracellularly, through the
IL-6 receptor complex, and the other located intracellu-
larly via a yet undefined pathway.

The diversity of extracellular IL-6 signaling reflects sev-
eral possible combinations between IL-6 and its receptors,
IL-6Ra, and/or competition of other receptors with its signal
transducer, IL-6RB. IL-6Ra exists in a membrane bound and
a soluble form, generated either by shedding or alternative
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splicing (13-15). Both isoforms of the IL-6 Ra are capable of
binding to the signal transducer IL-6R(. Consequently, the
soluble IL-6Ra is able to transduce the signal to cells de-
void of membrane-bound IL-6Ra, but expressing IL-6Rf3
(16). IL-6Rp also serves as a transducing element for other
cytokines (e.g., oncostatin M) and cytokine receptors (e.g.,
leukemia-inducible factor receptor, ciliary neurotrophic
factor receptor) (17, 18).

Expression of IL-6 is regulated by nuclear factors, which
modulate gene expression as activators, such as nuclear factor
(NF)-IL-6 and NF-«B, or inhibitors, e.g., glucocorticoid re-
ceptor, and by members of the suppressor of cytokine-signal-
ing family, such as SOCS-1 and SOCS-3 (19). Control of
cell type—specific action of intra- and extracellular IL-6,
however, can only partially be explained by differences in on/
off gene expression. Other mechanisms like mRNA and pro-
tein maturation may thus be implicated in regulating an IL-
6-specific response, as has been suggested by studies on the
regulation of IL-2 and IL-4 (20-23). Both genes produce al-
ternatively spliced transcripts encoding for proteins with
antagonist (IL-4) or competitive antagonist (IL-2) properties.

To further elucidate the regulatory mechanisms of IL-6
in mesenchymal cells, we investigated the occurrence and
expression of /L-6 transcripts in human lung tissue. Here,
we report three new /L-6 mRNA isoforms, one of which
yields a 17-kD protein. This new isoform binds to IL-6R«
but lacks several binding sites required for IL-6/IL-6Ra
complex formation with IL-6Rp.

Material and Methods
Cell Culture

As described by Roth and coworkers, primary human lung fibro-
blast cells were established from sterile lung specimens, obtained
from patients undergoing lobectomy or pneumonectomy for periph-
eral lung cancer as described previously (24). Fibroblasts were culti-
vated in RPMI 1640 medium supplemented with L-Glutamine (8
mM; Gibco BRL, Basel, Switzerland), 5% fetal calf serum (Fakola,
Basel, Switzerland), and 20 mM HEPES (Fakola). /L-6 mRNA
analysis was performed in subconfluent cell cultures (80%). All pri-
mary cultures of fibroblasts were used between passages 2 and 6.
Primary human fibroblasts were transiently transfected with the
IL-6-pd2EGFP construct and cultivated in the fibroblast medium
described above. Human hepatoma HUH?7 cells were stably trans-
fected and cultivated in MEM-EARLE medium supplemented with
2.2 gfliter NaHCO;, 0.518 g/liter N-acetyl-L-alanyl-L-glutamine,
G418 Sulfate 500 wg/ml (Calbiochem, Lucerne, Switzerland), peni-
cillin/streptomycin 100 U/100 pg/ml (Seromed, Basel, Switzerland).

mRNA Isolation and RT-PCR

IL-6 mRNA isoforms were isolated from cell cultures or healthy
human lung tissue. Using a Polytron PT 1200 C/T (Kinematica
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AG, Littau, Switzerland), 1 mg of tissue was homogenized in
buffer RLT (Qiagen AG, Basel, Switzerland) and mRNA was ex-
tracted using the RNeasy kit according to the manufacturer’s in-
structions (Qiagen). First-strand cDNA synthesis was performed
from 600 ng total RNA in a total volume of 20 wl using Super-
script II following the standard protocol provided by the manu-
facturer (Gibco BRL, Basel, Switzerland). RT-PCR conditions in-
volved an initial denaturation step at 94°C for 3 min, followed by
40 cycles with denaturation at 94°C for 15 s, annealing at 58°C for
20 s, and extension at 72°C for 60 s, followed by a final extension
step at 72°C for 5 min. Ten microliters of each PCR reaction mix-
ture were size-fractionated by electrophoresis on 2.0% agarose
gels (NuSieve GTG; FMC BioProducts, Rockland, ME) in TBE-
buffer (1 X TBE = 89 mM Tris base, 8 mM boric acid, 2 mM
EDTA), and visualized by ethidium bromide staining under UV light.

Two different primer sets were used: One encompassing the
complete IL-6 coding sequence (IL-6 full 5': GCT CTA TCT
CCC CTC CAG GAG and IL-6 full 3': ACC AGA AGA AGG
AAT GCC CAT) and a second, starting 8 nt upstream of exon 1
(IL-6 ctrl 5': GCC CAG CTA TGA ACT CCT TCT C) and
omitting the last 65 nt of exon 5 (IL-6 ctrl 3": GAG TTG TCA
TGT CCT GCA GCC).

IL-6 mRNAs Sequence Analysis

Each specific RT-PCR product band was isolated from agarose
gel with a sharp scalpel. DNA was extracted from the band using
a QIAEX II Agarose extraction kit (Qiagen) according to the
QIAEX II agarose gel extraction protocol . DNA was eluted by
20 pl of 10 mM Tris-Cl, pH 8.5, and 0.5 wl was directly used for
reamplification. Reamplification comprised 25 cycles with dena-
turation at 94°C for 15 s, annealing at 58°C for 20 s, and extension
at 72°C for 60 s, followed by a final extension step at 72°C for 5
min. Direct cDNA sequencing of all /L-6 isoforms was per-
formed using a Thermo Sequenase cycle sequencing kit (Amer-
sham Pharmacia, Diibendorf, Switzerland). The primers were end-
labeled with an infrared dye, IRD-800, and used directly in the
cycle sequencing reaction. Cycle sequencing parameters were 95°
for 30 s, 55° for 30 s, 72° for 1 min, 25 times. Due to the short cod-
ing sequence of exon 1 (19 bp), both strands were sequenced to
determine the proper 5’ sequence for each isoform. Subsequently,
the products were loaded on a 6% denaturing polyacrylamide gel
and analyzed on a fluorescence-based automated DNA sequencer
according to the manufacturer’s instructions (LI-COR, Lincoln, NE).

In Vitro Transcription/Translation of IL-6 cDNA
Splice Variants

Four-microliter aliquots of each /L-6 isoform served as template in
an in vitro transcription and translation reaction applying the TNT
T7 coupled reticulocyte lysate system according to the manufac-
turer’s instructions (Catalys/Promega, Wallisellen, Switzerland).
Briefly, 2 pl of PCR product was added to 3 pl of PTT-Mix (256 pl
of PTT-Mix contained the Promega product at following propor-
tion: TNT RRL 200 pl, RNasin 8 ul, TNT reaction buffer 16 pl,
methionine-free amino acid mixture 8 pl, and TNT polymerase 8
wl). The products of the different /L-6 splice variants were labeled
by adding 0.5 pl of S methionine (1 mCi/ml) (Amersham Phar-
macia) to each reaction. The in vitro translation was performed for
1 h at 30°C. Products were size-fractionated on a 12% SDS poly-
acrylamide gel for 35 mA/gel for 110 min, which subsequently was
fixed (10% glacial acetic acid, 30% methanol) for 1 h, dried for 45
min at 80°C, and exposed to Biomax film (Kodak, Rochester, NY).

Immunoprecipitation and Western Blot Analysis
of IL-6 Isoforms

For in vitro analysis, human lung fibroblasts were grown to 60%
confluence and incubated for 16 h in methionine-free RPMI 1640

(Seromed) in the presence of 100 mCi/ml of *3S methionine (ac-
tivity > 1,000 Ci/mmol; Amersham Pharmacia Biotech). Cell su-
pernatant was used for detection of secreted IL-6 isoforms. Ad-
herent cells were washed twice with phosphate-buffered saline
before they were lysed in 100 pl of lysate buffer (50 mM Tris.Cl
[pH 8], 150 mM NacCl, 0.02% Na-azide, 100 pg/ml PMSF, 1 pg/ml
aprotinin, 1% Triton X-100). Ten microliters of cell lysate or 100 .l
of cell supernatant were immunoprecipitated in 10 times the vol-
ume of NET-buffer (50 mM Tris [pH 7.5], 1 mM EDTA [pH 8],
150 mM NaCl, 0.02% Na-azide, 0.1% NP-40 and 0.25 gelatine,
0.1 mM PMSF), and the protease inhibitor cocktail Complete
(Roche Diagnostic, Basel, Switzerland).

Probes were immunoprecipitated with goat anti-human IL-6
antibody (R&D, Oxon, UK), and immune complexes were recovered
with protein G-Sepharose beads (Calbiochem) for 2 h at 4°C.
Equal amounts of immunoprecipitated proteins were separated
on SDS-PAGE gels and electroblotted to Immobilon membranes
(Millipore). The ability of anti-human antibody to recognize both
isoforms was verified using recombinant in vitro translated IL-6.

In a first step the membranes were exposed to a PhosphorIm-
ager cassette and ¥S-labeled proteins were visualized using a
computer-assisted analyzing program (ImageQuant; Molecular
Dynamics, Sunnyvale, CA). In a second step, the membranes
were used for Western blot analysis using a polyclonal anti-hu-
man IL-6 antibody (final dilution 1:2,000; R&D) or mouse anti-
human IL-6 antibody (1:1,000; R&D) for 2 h at room tempera-
ture. After three washes, membranes were exposed for 1 h (room
temperature) to a secondary rabbit anti-goat horseradish peroxi-
dase—conjugated antibody (1:10,000), and protein bands were vi-
sualized using the ECL system (Amersham Pharmacia).

For in vivo analysis of IL-6 protein isoforms, 5 g of freshly re-
sected lung tissue were lysed in denaturating SDS lysis buffer
(0.5% wt/vol SDS; 0.05 M Tris-Cl, pH 8; 1 mM DTT; and the pro-
tease inhibitor cocktail Complete [Roche]). The samples were
sonicated (1 min) and centrifuged (13,000 X g, 10 min, 4°C) and
supernatants were size-fractionated in a SDS gradient (4-15%)
acrylamide gel. Western blot analyses were performed as de-
scribed above.

Expression of IL-6-EGFP fusion protein. IL-6 isoforms were
amplified using primers containing Apal restriction site. Ampli-
cons and pGEMT Easy vector (Promega) were digested with Apal
enzyme (Roche Diagnostics) for 1 h at 37°C. Ligation of 10 ng
pGEMT Easy vector was performed in a total volume of 20 .l us-
ing three different amounts of IL-6 isoform amplicon: 1.67, 5, and
16.7 ng (T4 DNA ligase; Promega). Five microliters of the liga-
tion mix were used for the transformation of the JM109 cell line
(Promega), according to manufacturer’s instructions. Colonies of
transfected bacteria were verified by sequence analysis (Microsynth,
Balgach, Germany). Plasmid DNA was isolated from colonies
containing IL-6A4 fragment. IL-6 isoform-pd2EGFP constructs
were made using the following procedure: DNA of IL-6A4-pGEMT
Easy and pd2EGFP (Clontech, Basel, Switzerland) were digested
using Apal restriction enzyme and DNA fragments were separated
by agarose gel electrophoresis and extracted from the gel using a
NucleoSpin Extract kit (Macherey-Nagel, Oesingen, Switzer-
land). Ligation into the pd2EGFP vector was performed in a total
volume of 20 wl using 50 ng of IL-6A4-Apal and 10 ng of
pd2EGFP-Apal fragments (T4 DNA ligase; Promega). Forty mi-
croliters of JM109 competent cells were transfected with 5 wL of
ligation mix and plated in LB agar plates.

Transfection of Primary Lung Fibroblasts and the Human
HUH7 Cell Line

Cells were cultured to 80% confluence into six-well plates (Fal-
con, Basel, Switzerland) and transfected using Effectene kit (Qiagen)
according to the instruction of manufacturer. Briefly, 1.6 pl of
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Enhancer was added to 0.2 pg of the vector, adjusted to 60 pl,
and incubated at room temperature for 5 min. Two microliters of
Effectene transfection reagent was added to the DNA-Enhancer
mixture, mixed by pipetting up and down, and incubated at room
temperature for 15 min. Cells were washed once with phosphate-
buffered saline and plated in 1.6 ml of MEM-EARLE. A quan-
tity of 350 pl of culture medium was added to the vial containing
the transfection complex, mixed, then added to each well of the
six-well plate. IL-6-EGFP fusion protein expression in primary
human lung fibroblasts was analyzed by confocal microscopy 48 h
after the transfection. In experiments using HUH?7 cells, after 18
h of cell culture, medium was replaced by MEM-EARLE me-
dium containing 800 pg/ml of G418 Sulfate. After 9 d of cell cul-
ture under antibiotic resistance conditions, stably transfected HUH7
cells were detected as growing colonies. Single colonies were se-
lected and transferred into a single well of a six-well plate. Ex-
pression of EGFP-ILA4 fusion protein was detected by confocal
microscopy (Zeiss, Jena, Germany) using LSM510 software.

Structural Comparison and Prediction

The three-dimensional structure of IL-6A4 was reconstructed in
comparison to the NMR structure of the full-length IL-6 (25).
Structures were aligned by performing a direct alignment of the
AA sequences of IL-6 and IL-6A4 (Macaw 2.05), after which
SwissPDB Viewer 3.51 (GlaxoSmithKline R&D, Geneva, Swit-
zerland, www.expasy.ch) was used to edit three-dimensional struc-
ture information. Structure of full-length IL-6 was achieved from
the Bookhaven Protein databank as PDB format (2IL6, an NMR
structure of full-length IL-6). Because this file contains 32 slightly
different structures of IL-6, we further used the original structure
in that file. Protein sequence of the short IL-6 isoform resulted
from the translation proposed according to the sequenced
mRNA of /L-6A4. This revealed an identical AA sequence of
both IL-6 isoforms except that IL-6A4 lacks AAs encoded by
exon 4. Therefore, we decided to predict the structure of the new
IL-6A4 according to the 2IL6 (PDB entry code)-NMR structure.
At first, all exon 4-encoded AAs E82 to K130 of the 21L6 PDB
file were deleted. This resulted in a three-dimensional structure
with the AA sequence of the IL-6A4, which consists of two un-
connected AA chains, the first from L.20 to E81 and the second
from A131 to M185; the gap between the carboxy terminus at
E81 and the amino terminus at A131 was measured to be 10.9 A.
Before aligning the backbone in that region, we slightly rotated
the backbone bounds between L131 and P138 until the distance
between the carboxy terminus of the first and the amino terminus
of the second strand was less than 1.5 A. To correct binding an-
gles and atom distances we used the energy minimization tool (20
steps, steepest descent 3 times) for the AAs between F79 to P140.

Receptor Mobility Shift

In vitro translated 1L-6A4 protein was incubated for 20 min at
room temperature in the presence or absence of IL-6Ra and/or
IL-6RB. Complex formation between IL-6A4 and IL-6 receptors

A HbWN=

1 2 3

was analyzed by electrophoresis on a 4-20% gradient gel (elec-
trode buffer; 25 mM Tris-Base, 192 mM Glycine pH 8.8, nonde-
naturating sample buffer; 0.0625 M Tris-Cl, pH 6.8, 10% glycerol,
and 0.01% bromophenol blue) and the proteins were blotted (40
mA/gel, 90 min, in a buffer containing 25 mM Tris/200 mM Gly-
cin pH 8.2 and 10% methanol) on an PVDF membrane (Milli-
pore, Bedford, MA). 33S-methionine-labeled IL-6A4 was directly
visualized on the PhosphorImager system (Molecular Dynamics).
IL-6Ra was detected using a polyclonal anti-IL-6Ra antibody
(R&D Systems) and visualized by chemiluminescence through
addition of a rabbit anti-goat IgG horseradish peroxidase—cou-
pled antibody using the ECL kit (Pierce, Rockford, IL).

Results
Detection of Different IL-6 Isoforms in Human Lung Tissue

The presence of IL-6 mRNA in lung tissue and primary
human lung fibroblasts was investigated by RT-PCR. In
addition to full-length /L-6 mRNA, we could distinguish
four additional PCR bands (Figure 1A). The coamplifica-
tion was verified using a second set of IL-6 primers. The
band pattern obtained was identical for both amplifica-
tions when taking into account a length difference of 133
nt depending on the primer set used. The intensity of the
various PCR bands differed considerably, with band 1 be-
ing the most intense, band 4 being of intermediate inten-
sity, and bands 2, 3, and 5 of low intensity. Following ex-
traction and reamplification of the respective PCR products,
all but band 2 were reproduced (Figure 1B). Reamplifica-
tion of band 2 resulted in a PCR product migrating at the
same height as band 4. The specific size of the different
PCR products strongly suggested the existence of alterna-
tively spliced variants of /L-6 mRNA.

Analysis of the Different IL-6 Isoforms

To determine their origin, the four reamplified cDNA
products were analyzed by direct sequencing. As deduced
from the respective fragment sizes, we found that each
cDNA product represented an alternatively spliced iso-
form of IL-6 (Figure 2): band 1 corresponding to full-
length IL-6 (715 bp); band 3 (568 bp) to /L-6 missing exon
2 (IL-6A2); band 4 (523 bp) to IL-6 missing exon 4 (IL-
6A4); and band 5 (376 bp) representing /L-6 lacking exons
2 and 4 (IL-6A2,4).

In the case of the IL-6A2 and IL-6A2,4 isoforms, exon 2
is missing and exon 1 directly joins exon 3 at bp 19 and
211. This splicing of exon 2 results in the disruption of the
reading frame. Thus, premature stop codons were gener-
ated yielding a truncated IL-6 peptide of eight amino acids

—800
—700
—600

=500
—400

Figure 1. RT-PCR amplification pattern of total
RNA extracted from human lung tissue. (A) IL-6—
specific primers were used for coamplification of
five cDNA products. The PCR-products from IL-6
mRNAs are numbered from 1 to 5. Products corre-
sponding to bands 1 to 4 were isolated and ream-
plified (B), and cDNA fragments were visualized
by ethidium bromide staining under UV light.

4 MW(bp)
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Figure 2. Sequence analysis of products ob-
tained from IL-6-specific RT-PCR. The chro-
matograms in the upper part illustrate the
splicing of exon 2 and exon 4. The first stop
codon generated by splicing of exon 2 is rep-

GG G resented by a yellow box. Splice variants keep-

ing the reading frame are displayed in gray,
whereas those losing it are colored in pink.
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PCR products described in Figure 1 were
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IL-6A2,4
c (376 bp)
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further characterized by sequence analysis
as follows: (A) full-length IL-6; (B) IL-6
missing exon 2 (IL-6A2); (C) IL-6A2,4; and
(D) to IL-6A4.
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(523 bp)

(Figure 2, yellow box). On the contrary, splicing of exon 4
did not alter the reading frame. /L-6A4 may, therefore, en-
code for an alternative isoform of the IL-6 protein.

In Vitro Translation of Alternatively Spliced IL-6 Isoforms

The ability of /L-6 mRNA isoforms to generate a protein
was tested using an in vitro translation assay. Translation
of IL-6 PCR products (containing all /L-6 ¢cDNA iso-
forms) yielded two proteins of ~ 17 and 26 kD, corre-
sponding to a novel IL-6 splice variant and the native IL-6
protein, respectively (Figure 3A). As predicted by se-
quence analysis, no translation products could be detected
when IL-6A2 or IL-6A2,4 were used as template. Con-

versely, purified /L-6A4 was translated into a 17-kD pro-
tein. To select an anti-IL-6 antibody which is capable of
recognizing both IL-6 isoforms we first exposed the mem-
brane with the 3S-labeled immunoprecipitates to a Phos-
phorImager analyzer and than used the same membrane
for immunostaining with anti-IL-6 antibodies (Figure 3B).

Expression of IL-6 Isoforms

To prove the natural occurrence of the postulated two IL-6
isoforms, which had been obtained by in vitro translation,
we performed immunoprecipitation using an anti—IL-6 an-
tibody with either cell culture medium or cell lysate. As
depicted in Figure 4A.1 (*S), immunoprecipitation of cell

A [

All IL-6 isoforms [Il__2

IL-6A4 ] |

eazll 3 || 4 |

‘ *—IL-BAZ,4|1|| | . .|

<— |IL-6 full

<+ IL-6A4

B In vitro translated

IL-6 isoforms
S ECL
A4 full A4 full
-
o

= = 4 |L-6full

|}

< IL-6A4

Figure 3. In vitro translation assays of IL-6 splice variants. (A) In vitro translation products were analyzed on a 12% denaturing poly-
acrylamide gel. IL-6 PCR products containing all IL-6 amplicons were translated into 26- and 17-kD proteins. In vitro translation of pu-
rified IL-6A4 results in the expression of a single 17-kD band corresponding to the expected size of the splice variant of IL-6. In contrast,
no products could be detected following translation of IL-6A2 and IL-6A2 4. (B) Identification of an anti-IL-6 antibody recognizing both
IL-6 protein isoforms. The panel indicated with “35S “ shows the in vitro translated IL-6 isoforms (full-length and IL-6A4). The panel in-
dicated with “ECL” depicts the Western blot analysis using the same membrane shown in panel “35S,” using an anti-IL-6 antibody that
was capable of detecting the two isoforms of IL-6 (full-length and IL-6A4; R&D Systems, Cat. # AF-206-NA, Lot CN027041).
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culture medium and cells grown in the presence of S me-
thionine revealed two protein bands corresponding to the
molecular size of full-length IL-6 and IL-6A4, respectively
(Figure 4A.1, 3S). To confirm the identity of these IL-6
bands the membranes containing the ¥S-labeled proteins
were used for subsequent Western blotting (Figure 4.2,
ECL). Unfortunately, the band of the smaller IL-6A4 iso-
form was running close to the unspecific band originating
from the light IgG chain of the monoclonal anti-IL-6 anti-
body used for immunoprecipitation.

Using a freshly resected lung tissue sample for Western
blotting, we could show that both the full-length and IL-
6A4 are expressed in the healthy lung; however, the ratio
of IL-6 isoforms varied in the different tissue samples (Fig-
ure 4 A.3). When samples were preincubated for 1 h in the
presence of neutralizing anti-IL-6 antibody, the band for full-
length and IL-6A4 proteins disappeared, thus demonstrat-
ing the specificity of Western blot bands. (Figure 4 A.3).

In addition, we verified the expression of IL-6 isoforms
in transiently transfected primary human lung fibroblasts
and stably transfected HUH7 cells. Expression of the fusion
protein IL-6A4-EGFP was detected by green fluorescence
analysis (Figure 4B). IL-6A4 expression was found to be ex-
clusively cytoplasmic. In contrast, the fluorescence in cells
stably transfected with pd2EGFP alone or pd2EGFP-IL-6
was found to be both cytoplasmic and nuclear. This pat-

P2 +P

Figure 4. Expression of IL-6 isoforms. (A) Analysis of the IL-6 iso-
form protein expression in human lung fibroblast and lung tissue.
Identification of the two IL-6 proteins resulting from alternative
splicing in cell culture medium (Sup) and in cell lysates (Lys) of hu-
man lung fibroblasts. The panel lindicated with “35S,” shows the
PhosphorImager analysis of immunoprecipitated IL-6 isoforms (full-
length and IL-6A4) in fibroblast cell cultures. The second panel indi-
cated with “ECL” depicts the Western blot analysis using the same
membrane shown in panel “35S.” “Ctrl” indicates the analysis of im-
munoprecipitates performed in the absence of the first anti-IL-6 anti-
body. The third panel demonstrates the presence of both IL-6 iso-
forms (protein) in the human lung. P1 and P2 represent two tissue
samples obtained from different explanted lungs. +IP indicates that
probe P2 was pretreated with an anti—IL-6 antibody and followed by
immunoprecipitation before Western blotting. (B) Expression of
IL-6-EGFP fusion protein in primary lung cells and in the HUH7
cell line. As positive control of the transfection, human lung fibro-
blasts were transiently transfected with the pd2EGFP vector (7). Ex-
pression of the IL-6-EGFP protein is depicted in 2. 3 and 4 depict the
expression of IL-6A4 in transiently transfected lung fibroblasts and
HUHY cell line, respectively. Left panels correspond to a light mi-
croscopy analysis, right panels to a fluorescence analysis of these
transfected cells. Red arrows indicate nuclei of the cells.

tern of expression of the IL-6 isoforms was found to be
identical in lung fibroblasts and HUH?7 cells in spite of the
difference in the type of transfection.

To explore the structural properties of IL-6A4, we com-
pared its secondary structure to that of native IL-6 and
performed a three-dimensional structure analysis of IL.-6A4.

Structural Comparisons of Native IL-6 and IL-6A4 Protein

The crystal structure of full-length IL-6 protein was shown
by Xu and coworkers (25) and Somers and colleagues (26).
The nucleotide sequence of exon 4 encodes for a-helices B
and C corresponding to the amino acids (A As) comprised
between E81 and A131 (Figure 5). These helices are situ-
ated between two long loops joining a-helices A/A’ to B
and C to D/D’, respectively. Interestingly, the N-terminal
and C-terminal AAs of exon 4 are located in the same re-
gion in the native protein (Figure 5).

Based on an IL-6 crystal structure (PDB entry code:
2IL6), we constructed the putative structure of IL-6A4, omit-
ting the AAs encoded by exon 4 using the computer pro-
gram SwissPDB Viewer (Figure 5). The distance between
ES81 and A131 being 10.9 A and the structural mobility of the
long loops suggest that the spatial configuration of IL-6A4
closely resembles the one of full-length IL-6. Thus, it can be
assumed that the general structural properties of IL-6 are
maintained in IL-6A4.



Bihl, Heinimann, Riidiger, ef al.: A New IL-6 Isoform Interacting with IL-6 Receptor 53

Native IL-6

Consequently, a-helices A and D are joined directly in
IL-6A4 and the protein structure of both IL-6 isoforms is
likely to exhibit the same spatial configuration. Thus, we
investigated IL-6A4 for the presence or absence of AAs
known to be important in IL-6 signaling (26). As depicted
in Figure 6, E106 and R113 involved in IL-6/IL-6 interac-
tion, as well as S118/V121 required for IL-6/IL-6Rp inter-
action (27), are lost. On the contrary, the four AAs F74,
Q175, R179, and R182, responsible for IL-6/IL-6Ra inter-
action, are preserved. Therefore, IL-6A4 may be able to
recognize and bind to IL-6Ra, but may be incapable of
transducing a cellular signal via the IL-6 receptor complex.

Binding of the IL-6A4 Protein to IL-6R«

The role of IL-6A4 protein as a ligand to the endogenous
IL-6 receptor was tested by a receptor mobility shift assay.
IL-6A4 and full-length IL-6 protein were incubated with

Figure 5. Computed three-dimensional structure
of IL-6A4 compared with native IL-6. The two

A amino acids, E81 (green arm) and A131 (gray

arm), in native IL-6 are joined in IL-6A4, leading
to the formation of a single long loop (red arm).

IL-6Ra and/or IL-6R, respectively, and loaded on a non-
denaturating PAGE. The complexes were detected by im-
munoblotting against IL-6Ra (Figure 7). Figure 6A depicts
the migration of various combinations of both recombi-
nant IL-6 receptors and recombinant full-length IL-6. Full-
length IL-6 strikingly modified the migration of IL-6Rq,
especially when both IL-6 receptors were present (Figure
7A, lanes 3 and 4). Figure 7B analyzed the binding capac-
ity of IL-6A4 to IL-6Ra. IL-6A4 in vitro translated proteins
were incubated with recombinant IL-6 receptors. Similar
to full-length IL-6, addition of IL-6A4 resulted in a mobil-
ity shift of IL-6Ra. In contrast to IL-6/IL-6Ra complex,
addition of IL-6Rp did not significantly affect the migra-
tion pattern of the IL-6A4/IL-6Ra complex (Figure 7B,
lane 8). No differences in migration of IL-6Ra were de-
tected in the presence of IL-6RB (Figure 7B, lane 11). The
unspecific signals in lanes 6 to 9 (Figure 7B) were due to

Figure 6. Description of amino acids reported to
be important for IL-6 receptor complex formation
in native IL-6 and compared with IL-6A4. The four
amino acid residues (F75, Q176, R180, and R183)
involved in the binding of IL-6 to IL-6Ra are de-
picted in blue. Amino acid residues (Y32, G36, S119,
V122, T158, and D161) responsible for interaction
with IL-6Rp are colored in light and dark yellow,
respectively. Black residues (E107 and R114) me-
diate IL-6/IL-6 interaction. Two (S119, V122) of
the four amino acids in light yellow and both of the
black residues are missing in IL-6A4.
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antibody crossreactivity with reticulocyte lysate proteins
used in the in vitro translation assay as verified by Pon-
ceau’s staining (data not shown).

Discussion

In the present study we report three new /L-6 splice vari-
ants, IL-6A2, IL-6A2,4, and IL-6A4, isolated from human
lung tissue. In vitro translation of IL-6A2 and IL-6A2,4
yielded no detectable protein due to a shift in the reading
frame leading to premature stop codons. IL-6A4 was trans-
lated in vitro into a 17-kD protein, which was subsequently
shown to bind to IL-6Ra. The natural occurrence of IL-
6A4 was established in fibroblast cultures by immunopre-
cipitation and its expression and cellular localization as a
fluorescent fusion protein was established. Structural com-
parisons with native IL-6 suggest that the global structure
of IL-6 is maintained in IL-6A4, but that AAs crucial for
the formation of a functional IL-6/IL-6R complex are
missing. Thus, IL-6A4 may have a regulatory influence on
IL-6 signaling.

Analyzing IL-6 mRNAs, we detected in vivo as well as
in vitro the four different mRNA isoforms resulting from
alternative splicing. We were able to detect the IL-6A4
protein in cultures of human lung fibroblasts as well as in
freshly isolated human lung tissue. The relative low ex-
pression of the IL-6A4 isoform corresponded with a low
mRNA expression seen in RT-PCR. However, cloning of
IL-6A4 sequence into the pd2EGFP vector further demon-
strated its translation in living cells and strongly suggests
IL-6A4 protein to be cytoplasmic. Future experiments
have to clarify whether the ratio of normal IL-6 to IL-6A4
can be modified by different growth factors or by the stage
of cell differentiation.

In earlier studies we characterized the role of IL-6 in
the control of cell proliferation of primary human mesen-
chymal cells or lung tumor cell lines (28). In addition, we
provided evidence for its role in hypoxia and enhanced cell
proliferation in human lung cells (29). IL-6 exerts different
biologic functions, regulating proliferation of mesenchy-
mal cells via an intracellular pathway, and modulating the
immune response when secreted. We investigated whether
the different functions of IL-6 might be linked to alterna-
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Figure 7. Binding of IL-6 (A) and IL-6A4 (B) to IL-6 re-
ceptors. All receptor mobility shift experiments were
evaluated by electrophoresis under nondenaturing condi-
tions and detected using an IL-6Ra antibody. (A) Migra-
tion patterns of recombinant IL-6R« in combination with
IL-6RB is represented in lane 1. A receptor mobility shift
of IL-6Ra by addition of full-length IL-6 is seen in /ane 4.
A supershift was observed after addition of IL-6Rp to
IL-6/IL-6Ra (lane 3). (B) Migration patterns of recombi-
nant IL-6Ra alone or in combination with IL-6R is rep-
resented in lanes 10 and 11, respectively. Incubation of
IL-6A4 (A4) with IL-6Ra alone or in the presence of IL-
6Rp is depicted in lanes 7 and 8, respectively. No specific
+ band could be detected in lanes 6 and 9.

1"

tively spliced isoforms. Based on the structural homology
of the four a-helices A/B and C/D, which run parallel to
one another and are connected by long overhand loops,
we assumed a similar regulatory mechanism for the three
interleukins IL-2, IL-4, and IL-6 (7, 8, 30). A specific regu-
latory mechanism regulating the action of IL-2 and IL-4
has recently been described. Both genes produce alterna-
tively spliced transcripts encoding for proteins having an-
tagonistic properties to IL-4 (22, 31) or acting as competi-
tive antagonists in the case of IL-2 (21, 32). It has recently
been shown that the expression of an alternatively spliced
isoform of IL-4 (IL-4A2), dramatically decreased in pa-
tients with asthma, indicating the important role of splice
variants in biologic systems (33). Therefore, we analyzed
the role of IL-6A4 protein as a possible ligand to IL-6Ra.
The AA sequences of IL-6A4 and native IL-6 are iden-
tical with the exception of the 49 AAs encoded by exon 4
missing in IL-6A4. Although helices B and C are absent,
the secondary structure (a-helix) is likely to be kept in IL-
6A4. Two long arms connect the two remaining a-helices, A
and D, also present in native IL-6, where they are located close
to each other by a distance of ~ 10.9 A. In IL-6A4, AAs
E81 and A131, which correspond to the C-terminal part of
the first and the N-terminal part of the second arm, are di-
rectly joined together. Due to the mobility of these joined
arms, the three-dimensional structure of IL-6A4 is likely to
be maintained. This predicted structural homology led us
to further investigate the functional properties of this
splice variant at the level of ligand/receptor interaction.
Previous studies on IL-6 have demonstrated that the
contact surface between IL-6 and IL-6Ra is formed by
three residues in the D helix and 1 in the A/B loop (34). In
the IL-6A4 protein, these residues are conserved, suggest-
ing a similar recognition site of IL-6A4 for IL-6Ra as de-
scribed for full-length IL-6. This was confirmed in mobility
shift experiments demonstrating a strong interaction of
IL-6A4 with IL-6Ra. Addition of IL-6RB to the IL-6A4/
IL-6Ra complex, however, did not significantly change the
migration pattern of IL-6Ra, suggesting a loss of the inter-
action of IL-6A4/IL-6Ra with IL-6RB. The same experi-
ments with full-length IL-6 demonstrated a supershift of
IL-6/IL-6Ra complex due to the addition of IL-6Rp, illus-
trating the transition of a low IL-6/IL-6Ra into a high-
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affinity IL-6/IL-6Ra/IL-6RB complex. In summary, these
results show that the capacity of IL-6A4 to bind to IL-6R«
is kept and the mobility of IL-6/IL-6Ra complex is not af-
fected by addition of IL-6R.

IL-6 signaling is mediated by formation of a heterohex-
americ complex containing IL.-6, IL-6Ra, and IL-6Rp (2:2:2)
molecules. Formation of such a complex by IL-6A4 is less
likely because AAs essential for its binding to IL-6R(
(S119 and V122) are not conserved. This is in line with our
observation that no significant differences in the migration
pattern of the IL-6A4/IL-6Ra complex occurred following
the addition of IL-6RB. Because IL-6A4 is missing helices
B and C, the crosstalk with IL-6Rp is likely to be abol-
ished without impeding its binding to IL-6Ra. In addition,
direct interaction between two native IL-6 proteins has
been described in the functional IL-6-receptor complex.
This interaction is mediated through AAs S119 and V122,
which are both missing in IL-6A4. Therefore, the forma-
tion of a functional IL-6-receptor complex as a heterohex-
amer is likely to be impeded and argues in favor of a loss
of signaling activity of IL-6A4.
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&=II Figure 8. Hypothetical scheme of IL-6 isoform ex-
&  pression and function. The IL-6 gene is transcribed
%“- into four different IL-6 mRNA isoforms, the full-
3  length IL-6, and three different splice variants miss-

ing exon 2 (IL-6A2), exon 4 (IL-6A4), or exon 2 and
exon 4 (IL-6A2,4). Due to their respective receptor-
binding properties three different binding combina-
tions are conceivable: (i) the classic pathway, in which
IL-6 binds to the IL-6Ra and IL-6RB forming the
high affinity hexameric IL-6-receptor complex; (ii)
IL-6A4 competes with full-length IL-6 for binding to
the IL-6Ra and prevents formation of the hexameric
complex; or (iii) IL-6A4 binds to IL-6R« but fails to
bind IL-6RB.

Buijeubis

A hypothetical scheme of IL-6 isoform expression and
function is shown in Figure 8. Regarding their receptor
binding properties, we suggest three variants of signaling
depending on the IL-6 receptors complex formation: (i)
the classic pathway, by which the full-length IL-6 binds to
the IL-6Ra and subsequently to the signaling receptor
gp130 (IL-6RB), finally forming a functional hexameric com-
plex described above (33); (ii) based on our results IL-6A4
competes with full-length IL-6 for binding to the IL-6Ra.
We hypothesize that IL-6A4/IL-6Ra heterodimer cannot
complex with high-affinity to the IL-6 full-length/IL-6Ra/
IL-6Rp heterotrimer and, therefore, signaling of IL-6 re-
ceptor complex is not possible; (iii) IL-6A4 binds to IL-
6Ra, but is unable to bind to the IL-6Rp and therefore in-
hibiting directly and competitively the IL-6 signaling.

In summary, we report a novel, alternatively spliced
IL-6 protein isoform, IL-6A4, which lacks helices B and C,
but is predicted to share structural homology with native
IL-6. Considering that in IL-6A4, the AAs essential for
binding to IL-6Ra are preserved, whereas those crucial for
IL-6Rp binding and IL-6/IL-6 interaction are missing, we
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suggest IL-6A4 to be a competitive antagonist to native IL-6.
In view of the pivotal role of IL-6 in cell growth control
and cell differentiation, understanding the precise role of
IL-6A4 in signal transduction will be a major issue in the
biology of IL-6.
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