Journal of Cellular Biochemistry 45:327-334 (1991)

Expression and Function of Interleukin-6 in
Epithelial Cells
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Abstract Epithelial cells both produce and are affected by interleukin-6 (IL-6). Experiments with an adenocarci-
noma-derived cell line {Hela) reveal that activation of the transfected human IL-6 promoter occurs largely through two
partially overlapping second messenger (CAMP, phorbol ester)- and cytokine (IL-1, TNF, serum)-responsive enhancer
elements (MRE I, —173 to —151 and MRE Il, —158 to —145). MRE i contains the typical GACGTCA cAMP and phorbol
ester-responsive (CRE/TRE) motif, whereas MRE Il defines a new CRE/TRE motif that contains an imperfect dyad repeat.
The mechanism of dexamethasone-mediated repression of IL-6 gene expression in epithelial cells involves occlusion of
the entire MRE enhancer region and of the core-promoter elements (TATA-box and RNA start site) by ligand-activated
glucocorticoid receptor. Enhanced levels of IL-6 expression are observed in many solid tumors and in the hyperprolifer-
ative (and glucocorticoid-suppressible) lesions of psoriasis. In cell culture, 1L-6 enhances, inhibits, or has no effect on
the proliferation of epithelial cells depending upon the cell-type examined. IL-6 enhances proliferation of keratinocytes
but inhibits that of breast carcinoma cell lines ZR-75-1 and T-47D. In these breast carcinoma cells, I1L-6 elicits a major
change in cell phenotype which is characterized by a fibroblastoid morphology, enhanced motility, increased cell-cell
separation, and decreased adherens type junctions (desmosomes and focal adhesions). The new data identify 1L-6 as a
regulator of epithelial cell growth and of cell-cell association.
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Human interleukin-6 (IL-6) cDNA was origi-
nally cloned more than 10 years ago as the DNA
copy of a poly(I).poly(C)-inducible 1.3-kb long
mRNA present in fibroblasts [1]. At that time
this molecule was termed ‘‘interferon-8,” [2,3].
Extensive sections of the amino acid sequence of
human I[L-6 were described in 1985 (3-5) and
the IL-6 gene was assigned to human chromo-
some 7 in the spring of 1986 [6]. Four different
laboratories reported the complete nucleotide
sequence of the cDNA essentially simultaneously
in the fall of 1986 [7-10]. The discovery that
1L-6 was strongly induced by inflammation-
associated cytokines such as interleukin-1 (IL-
1), tumor necrosis factor (TNF), and platelet-
derived growth factor (PDGF) [11-13] suggested
that IL-6 participated in the host response to
infection and injury. The realization that “IFN-
B, was the same cytokine as B-cell differentia-
tion factor-2 [14] pointed to the critical role of
this cytokine in B-cell function. The landmark
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discovery that this cytokine was also the “‘hepa-
tocyte stimulating factor,” a term that had been
coined by Fuller and colleagues several years
earlier to refer to a cytokine that elicited the
acute phase alterations in plasma protein secre-
tion by hepatocytes [15,16]1, made clear the cen-
tral role of IL-6 in the systemic host response to
tissue damage [17].

Murine IL-6 was purified to homogeneity in
three different laboratories [18—-21] using two
different assays (myeloid cell differentiation and
enhancement of plasmacytoma/hybridoma
growth) and a partial N-terminal sequence was
reported in 1986 [21]. However, this N-termi-
nus was highly divergent from the then known
complete sequence of human IL-6 and it was not
until human IL-6 had been shown to have plas-
macytoma/hybridoma growth activity [22—-24]
and the complete nucleotide and amino acid
sequence of murine IL-6 became available that
it was recognized to be the murine homolog of
human IL-6 [25,26].

Through 1987 and 1988, other investigators
independently recognized that the respective hu-
man or murine proteins that they had character-
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ized based on different biological activities were
IL-6. As examples, proteins characterized as
monocyte-granulocyte inducer type-2 [27], T-cell
activating factor {28], monocyte-derived growth
factor for human B cells [29], and cytolytic T-cell
differentiation factor [30] all turned out to be
IL-6 (reviewed in 31).

The human IL-6 gene consists of five exons
and is located at 7p21 in the genome [31]. The
deduced amino acid sequence for human IL-6
contains an open reading frame for 212 amino
acids; from within this reading frame the 184
186 C-terminal amino acids form the major ma-
ture IL-6 species [7—10]. Mature IL-6 species
range in molecular mass from 19 to 30 kDa and
are differentially N-glycosylated, O-glycosylated,
and serine-phosphorylated [31]. IL-6 is readily
detected in the peripheral circulation in patients
with infection, injury, or neoplasia at levels
higher than those at which this cytokine elicits
effects on cells in culture [31]. This is in contrast
to cytokines such as TNF and IL-1 which are
found at very low levels and only transiently in
the peripheral circulation. To a first approxima-
tion, TNF and IL-1 primarily have paracrine
effects, whereas IL-6 stands out as a systemic
cytokine. It is now clear that IL-6 is produced by
a wide variety of cells and that IL-6 affects the
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function of numerous different cell types [31].
In this overview we summarize new information
on the expression and function of IL-6 in epithe-
lial cells.

THE 1L-6 PROMOTER IN EPITHELIAL CELLS

The function of the IL-6 promoter has been
studied extensively by us following transfection
into HeLa cervical adenocarcinoma cells [32—
35]. Fig. 1 summarizes the transcription-regula-
tory elements present in the 5’ flanking region
of the human IL-6 gene. We and others find that
this promoter contains two inducible RNA start
sites (a major start site at +1 and a minor one at
approximately —21 [8,33,35]); we find no evi-
dence for a start site at approximately -85 nor
for one further upstream [37]. The IL-6 and
c-fos promoters are strikingly similar in their
overall function [33]. The ¢-fos serum-respon-
sive element (SRE) enhancer region displays
strong nucleotide sequence similarity with the
multiple cytokine (IL-1, TNF, serum)- and sec-
ond messenger (cAMP, phorbol ester)-respon-
sive enhancer region in IL-6 (—173 to —145)
[33,35,36]. The complex IL-6 enhancer region
consists of two partially overlapping DNA ele-
ments, each of which is responsive to these
stimuli [33,34]. One of these, MRE I, —173 to
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Fig. 1. Schematic representation of positive and negative transcription-regulatory elements in the 5’ flanking region

of the 1L-6 gene. Solid lines (either boxes or arrows) indicate DNA regulatory elements that have already been
functionally implicated in IL-6 gene expression while those marked by broken lines or boxes are based on DNA
sequence analyses. MRE | and 1I, multiple second messenger- and cytokine-responsive element; GRE, glucocorticoid
receptor binding elements; CRE, cAMP-responsive element; TRE, phorbol ester-responsive element; NRD, negative
regulatory domain; PRD I, NF-kB-like positive regulatory domain Il in the IFN-B promoter. Mutation of the CG
residues (open circles) to GT reduces the responsiveness of MRE [ to phorbol ester and forskolin. The typical
GACGTCA CRE/TRE motif in MRE I and the nucleotides in the new CRE/TRE element in MRE 1l which match with
nucleotides in the CRE identified in the bovine cytochrome P450 gene bCYP17 (see 34 for details) are highlighted by
filled circles. The sequence from —3 to +5 across the major RNA start site (CTCATTCT) corresponds exactly to the
functional Inr {“initiator”’) transcription-regulatory element. RCE is the DNA element in the c-fos promoter that has
been functionally identified as a target for repression by wild-type but not mutant retinoblastoma susceptibility gene
product Rb. NF-IL6 is a member of the C/EBP family of transcription factors. (Adapted from Ray et al. [34] with
permission of Mol Cell Biol..)
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—151, contains the typical GACGTCA cAMP/
phorbol ester-responsive (CRE/TRE) motif. Mu-
tations at CG in this CGTCA motif block induc-
tion by cAMP and phorbol ester but not by
serum, IL-1 or TNF [33]. The other DNA ele-
ment, MRE I1, —158 to —145, contains an imper-
fect dyad repeat and bears little resemblance to
a CRE/TRE motif. Nevertheless, a chimeric con-
struct containing MRE II is strongly induced by
both phorbol ester and forskolin, suggesting that
this DNA defines a new cAMP- and TPA-respon-
sive element (‘“‘CRE/TRE II’’). The fact that
both MRE I and MRE II are independently
strongly induced by TPA and forskolin demon-
strates extensive interactions between compo-
nents of the two major signal transduction path-
ways. The NF-«B site in the IL-6 promoter also
appears to contribute to the activation of this
gene in transfected U937 cells and in some
batches of L cells [38,39]; we have been unable
to assign a clear function to this site using
transfection experiments in HeLa cells [32-34].
The observation that the IL-6 promoter se-
guence from —126 to —101 contains a 21 out of
26 nucleotide match with the retinoblastoma
susceptibility gene product (Rb) repressible ele-
ment in c-fos raises the possibility that Rb may
be involved in the regulation of IL.-6 gene expres-
sion during development and oncogenesis [34].
An important aspect of IL-6 gene expression
isits repression by glucocorticoids and estradiol-
178 [40,41]. In footprinting experiments the
glucocorticoid receptor (GR) binds to the entire
MRE region and to the core promoter elements
(TATA-box and RNA start site) in the IL-6 pro-
moter [34]. The actual locations of the GR-
binding regions in the IL-6 promoter are dif-
ferent from the assignments previously reported
based on computer analyses [37]. In functional
assays carried out in HeLa cells, dexamethasone-
activated GR (expressed in HeLa cells using a
constitutive expression vector containing hu-
man GR ¢DNA) strongly represses the activity
of each of the IL-6 functional elements (MRE I,
MRE II, and the core promoter) in an inducer-
independent manner [34]. These data indicate
that the highly efficient repression of the 1L.-6
promoter is the consequence of the occlusion of
both the enhancer and the core-promoter by GR
rendering these elements unavailable to positive
transcription factors. Sequence motifs weakly
related to the consensus GRE motif are present
at the major RNA start site, the TATA-box and
the MRE II site in the 1L-6 promoter; however,

MRE I does not display any discernable similar-
ity to the consensus GRE motif [34]. Strikingly,
the major RNA start site in the IL-6 gene con-
tains the motif CTCATTCT from -3 to +5
which has been shown to define the functional
“initiator”” (Inr) transcriptional control element
[34].

The ability of glucocorticoids to suppress IL-6
gene expression is likely to contribute to the
therapeutic efficacy of these drugs as topical and
systemic anti-inflammatory agents.

ENHANCED IL-6 EXPRESSION IN PSORIATIC
AND NEOPLASTIC TISSUES

The availability of immunohistochemical tech-
niques to detect I1.-6 antigen in frozen sections
of tissues using high affinity rabbit anti-rIL-6
antibody has made it possible to evaluate the
local presence of IL-6 in abnormal tissues. High
levels of immunoreactive IL-6 have been ob-
served in the epidermis and dermis in psoriatic
plaques [42]. The hyperproliferative kerati-
nocytes not only stained intensely for IL-6 but
were shown to contain IL-6 mRNA by in situ
nucleic acid hybridization [42]. Furthermore,
circulating levels of IL-6 were elevated in pa-
tients with psoriasis. Therapy with antimetabo-
lites such as methotrexate was accompanied by
a decrease in hyperkeratosis and a reduction in
IL-6 staining of the plaques.

IL.-6 immunoreactivity is observed in frozen
sections of most solid tumors [43]. As examples,
neoplastic elements in primary squamous cell
carcinomas, in adenocarcinomas of mammary,
colonic, ovarian, and endometrial origin, and in
various adenocarcinomatous metastases to
Ilymph nodes display moderate to strong 1L-6
immunoreactivity.

Elevations of circulating levels of IL-6 are
observed in patients with multiple myeloma and
other B cell dyscrasias (reviewed in 37) and in a
significant proportion of cancer patients with
solid tumors [44]. IL-6 may contribute to sys-
temic alterations observed in cancer patients
(e.g. an increased erythrocyte sedimentation
rate, increased serum levels of acute phase
plasma proteins, decreased serum albumin lev-
els, fever and weight loss/cachexia).

ENHANCEMENT OF KERATINOCYTE
PROLIFERATION BY IL-6

The realization that IL-6 is a growth factor for
transformed human B cell lines [29] raised the
possibility that IL-6 may also enhance the prolif-
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eration of non-lymphoid human cells. The detec-
tion of markedly enhanced levels of IL-6 in
psoriatic plaques [42], a disease state character-
ized by hyperproliferative keratinocytes, led to
an evaluation of the effect of IL-6 on kerati-
nocyte proliferation. When normal human adult
skin keratinocytes were maintained in basal me-
dium, the addition of IL-6 stimulated thymidine
incorporation into DNA [42,45]. The increase in
thymidine incorporation is accompanied by an
increase in cell numbers (Tables I and II and
Fig. 2). In the experiment described in Table I,
keratinocytes were first seeded in complete
growth medium for 18 hours and then shifted to
basal medium in the presence of IL-1 or IL-6 for
another 5 days. Under these experimental condi-
tions there is a marked stimulation of cell prolif-
eration in the IL-6-treated cultures (also see
Fig. 2); this stimulation far exceeds that ob-
served in IL-1-treated cultures. Table II illus-
trates data obtained using a different protocol in
which previously seeded keratinocytes were
treated for 5 days with different cytokines in the
presence of insulin and hydrocortisone. Again,
IL-6 enhances keratinocyte proliferation to an
extent comparable to that seen with IL-1 and
FGF and exceeding that observed in the contin-
ued presence of EGF. These data suggest that
local production of IL-6 may contribute to the
pathogenesis of hyperproliferative epithelial le-
sions such as the psoriatic plaque and, in princi-
ple, to that of cutaneous neoplasia. The cellular
and molecular mechanisms that lead to the IL-6-
stimulated enhancement of keratinocyte prolif-
eration remain to be explored.

TABLE 1. IL-6 Enhances
Keratinocyte Proliferation*

Experimental conditions  Cell number after 5 days

Concentration
Cytokine (ng/ml) (x10%)
None 0.3
IL-1« 10 0.7
IL-6 1 2.4
IL-6 10 53

*10° human keratinocytes were seeded in 25 cm? flasks in
keratinocyte basal medium (KBM, ref. 42) containing epider-
mal growth factor (EGF, 10 ng/ml), insulin (5 pg/ml) and
hydrocortisone (0.5 ng/ml) for 18 hours. The average num-
ber of cells that attached after 18 hours was 33,600 per flask
(mean of two replicates). The cultures were then washed and
the medium replaced with KBM supplemented with the
appropriate cytokine. Five days later, the number of cells in
each group of cultures (mean of two flasks) was enumerated
using a Coulter counter after trypsinization.

INHIBITION OF EPITHELIAL CELL
PROLIFERATION BY IL-6

IL-6 has a dual action on cell proliferation.
IL-6 strongly inhibits the proliferation of cer-
tain breast carcinoma cell lines [46-49]. It is
unclear why IL-6 inhibits proliferation of some
epithelial cells, but stimulates that of others.
Proliferation of ductal breast carcinoma lines
MCF-7, T-47D and ZR-75-1 is inhibited by IL-6.
Among these, the ZR-75-1 cell line employed in
our laboratory is the most sensitive to IL-6-
induced inhibition of cell growth. Cell lines such
as T-47D represent mixed populations of cells
with differing relative sensitivities to inhibition
by IL-6 [48]. In the highly sensitive ZR-75-1
cells, baculovirus vector-derived IL-6 causes sub-
stantial inhibition of DNA synthesis and colony
formation at a concentration of 0.1 ng/ml; a
maximal inhibitory effect (70-80% inhibition) is
observed at 3-10 ng/ml IL-6. The cellular mech-
anisms involved in IL-6-mediated inhibition of
cell proliferation in these carcinoma lines re-
main to be determined.

IL-6 ENHANCES MOTILITY OF BREAST
CANCER CELLS

In addition to and independent of the inhibi-
tion of cell proliferation, treatment of breast
duct epithelial cells T-47D and ZR-75-1 induces
a cellular phenotype characterized by fibroblas-
toid morphology, enhanced motility, increased
cell-cell separation, and decreased adherens type
junctions (desmosomes and focal adhesions)
[47,49].

The great majority of T-47D cell colonies con-
sist largely of contiguous flat polygonal cells
with typical epithelial appearance (Fig. 3). IL-6
causes a marked increase in the proportion of
T-47D cells that are deficient in junction forma-
tion. The IL-6-treated cells scatter and are angu-
lar in shape (Fig. 3). Time-lapse cinemicrogra-
phy shows increased local movement of IL-6-
treated cells and also movement by these cells
over considerable distances [47]. T-47D cells
grown for several days in culture show numer-
ous desmoplakin-containing desmosomal attach-
ments between adjacent cells. IL-6-treated T-47D
cells show a marked reduction in the number of
desmosomal attachments. IL-6 also causes peri-
nuclear retraction of cytokeratin filaments and
greatly diminishes peripheral keratin filament
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TABLE II. Action of IL-6 and Other Keratinocyte Mitogens in Enhancing
Keratinocyte Proliferation*

Experimental conditions Cell number after 5 days
Medium used Cytokine Concentration (ng/ml) (x10%)
KBM None 0.3
KHI* None 3.2
KHI EGF 100 3.8
KHI EGF 10 4.6
KHI bFGF 100 6.9
KHI bFGF 10 5.0
KHI bFGF 1 44
KHI IL-1a 10 5.4
KHI IL-1la 1 3.4
KHI 1L-6 10 5.9
KHI 1L-6 1 5.5

*Experimental conditions were as described in the legend to Table I.
*Keratinocytes were incubated in KBM medium containing insulin and hydrocortisone (designated KHI) throughout the five
day experimental period. All growth factors and cytokines are purified protein of human origin from recombinant sources.

Control

oty

IL-6

Fig. 2. Effect of IL-6 on human keratinocyte growth and colony morphology. Phase-contrast
photomicrographs correspond to experiment in Table I and were taken at the end of 5 days’
incubation. Keratinocytes in control cultures (left) formed only small, isolated colonies.
Keratinocytes in the baculovirus vector-derived riL-6 (10 ng/ml) formed large colonies in which

the cells retained a typical epithelial morphology.

attachments commensurate with the decrease
in the number of desmosomes {47].

Control T-47D cells show numerous promi-
nent vinculin-containing focal adhesions distrib-
uted over most of the ventral cell surface [47].
IL-6-treated T-47D cells show a marked reduc-
tion in the number of focal adhesions. Further-
more, there is a marked decrease in the number
of microfilament bundles (stress fibers) in IL-6-
treated cells. Overall, these changes in cytoskel-
etal structures and adherens junctions are con-

sistent with the altered morphology and
increased motility of IL-6-treated cells.

Colonies of ZR-75-1 cells are densely packed
with polygonal or cuboidal cells that often form
what appear to be multi-layered, elongated, and
convoluted aggregates [47]. IL-6-treated ZR-
75-1 cells become stellate or fusiform in shape
and often display long filopodia. By time-lapse
cinemicrography, IL-6-treated ZR-75-1 cells can
be seen to separate from each other and to move
apart [47]. In denser cultures, the IL-6-treated
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Fig.3. Cell “scattering” effect of IL-6. T-47D ductal breast carcinoma cells planted at a density
of 42 cells/cm’ were incubated for 11 days in the absence (left) or presence (right) of riL-6.
Figure illustrates photomicrographs of Giemsa-stained cultures. (Adapted from Tamm et al. [47]

with permission of Rockefeller University Press.)

cells tend to form networks with numerous indi-
vidual cells within open spaces.

The IL-6-induced changes in these breast car-
cinoma cell lines develop over the course of
several days and persist as long as IL-6 is present
in the culture medium. On removal of IL-6 from
the medium, these changes are reversible and
the cells reassume epithelial morphology and
reattach to each other [47].

The I1.-6-induced phenotypic change in epithe-
lial cells is of particular interest because it resem-
bles the change that certain groups of epithelial
cells undergo in early embryogenesis as they
detach from the epithelium, move, and become
“mesenchymal,”” and because it raises the ques-
tion whether such IL-6-induced changes may
contribute to the invasiveness and metastasiz-
ing ability of carcinoma cells. In fact, IL-6-
treated cells (Fig. 3) have an appearance that
resembles cells of the more “malignant” or
“‘anaplastic’’ phenotype seen in cytological prep-

arations of breast ductal carcinoma tissue. The
molecular and biochemical alterations that un-
derlie the development of the IL-6-induced fibro-
blastoid phenotype in epithelial cells and the
enhancement of cell motility remain to be ex-
plored. It is already clear that the scattering
effect of IL-6 is restricted to particular epithelial
cells. Fig. 2 shows that IL-6 does not scatter
keratinocytes or affect their morphology.

FUTURE DIRECTIONS

The role of IL-6 in embryonic development
represents an area of research in its initial stages.
Biologically active I1.-6 has been detected in
human amniotic fluid in the second and third
trimesters of pregnancy [50]. In the mouse, 1L-6
mRNA is transiently expressed in perifollicular
vascular tissue around the developing ovum and
in the developing endothelial cords in decidual
tissue in the post-implantation uterus [51].
These tissues are characterized by self-limiting
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angiogenesis; 1L-6 gene expression occurs dur-
ing the proliferative phase of angiogenesis. The
effects of IL-6 on epithelial and mesenchymal
cells in the developing embryo are unclear. Gene
deletion experiments using murine embryonal
stem cells (ES cells) are likely to provide new
insights into the contribution of I1L-6 to embry-
onic development.

The participation of IL-6 in the host-tumor
interaction is clearly established. The contribu-
tion of IL-6 to the regulation of growth of hu-
man neoplastic cells in vivo and to the modula-
tion of their invasive and metastisizing capability
remain to be directly tested. Nevertheless, in
cell culture experiments, IL-6 has emerged as a
critical regulator of epithelial cell growth and of
cell-cell association.
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