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Review

Regulatory Mechanisms of the HB-EGF Autocrine Loop in
Inflammation, Homeostasis, Development and Cancer
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Abstract. Heparin binding epidermal growth factor-like
growth factor (HB-EGF) is involved in development and
homeostasis as well as in pathological processing of chronic
Enhancement of HB-EGF
expression is directly or indirectly regulated by transcriptional
factors, including activator protein-1 (AP-1), specificity protein
(SP)1, SP3, nuclear factor kappa B (NF-KB), hypoxia inducible
factor 1, alpha subunit (HIF-1a, myogenic differentiation 1
(MyoD), Wilms tumor 1 (WT-1) and snail homolog 1 (Snail),
and also by microRNAs. These transcription or post-
transcription factors may communicate to form an autocrine
HB-EGF amplification loop. Emerging evidence has indicated
that HB-EGF is a rational target for the therapy of cancer and
atherosclerosis. In this review, we discuss the relationship
between the HB-EGF autocrine loop and HB-EGF
transcriptional factors, and we highlight HB-EGF as a
therapeutic target in diverse diseases.

diseases, especially cancer.

The epidermal growth factor receptor family of receptor
tyrosine kinases is composed of four members in mammals;
ERBBI/HERI (also EGFR), ERBB2/HER-2, ERBB3/HER-
3 and ERBB4/HER-4 (1, 2). There are several ERBB-specific
ligands that can be categorized into three groups depending
on receptor binding specificity. The first group includes
epidermal growth factor (EGF), amphiregulin (AREG), and
transforming growth factor alpha (TGF-a.), which all bind
specifically to ERBB1. The second group includes
betacellulin (BTC), heparin-binding EGF-like growth factor
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(HB-EGF) and epiregulin (EREG), which all exhibit dual
specificity for ERBB1 and ERBB4. The third group includes
neuregulin (NRG), which binds to ERBB3 or ERBB4 (3).
ERBB 1-mediated intracellular signaling controls many of
the functions required for growth, migration and proliferation
(4). The activation of ERBBI1 through binding to its ligands
transmits signals for cell growth [dependent on the Kirsten rat
sarcoma viral oncogene (Ras)- v-raf-1 murine leukemia viral
oncogene homolog 1 (Raf)-extracellular signal-regulated
kinases (ERK) pathway], cell survival [dependent on the
phosphoinositide-3-kinase (PI3K) v-akt murine thymoma viral
oncogene homolog 1 (AKT) pathway], and transcriptional
control [dependent on signal transducer and activator of
transcription 3 (Stat3)]. Activated ERBB1 forms a heterodimer
complex with other ERBBs or other receptors, resulting in a
variety of different signals. ERBBI1 ligands, which are located
on the cell membrane, are proteolytically cleaved and released
upon action of various stimuli, including growth factors,
cytokines, ultraviolet light, hypoxia and anticancer agents.
HB-EGF, an ERBBI1 ligand, is synthesized as a
transmembrane precursor (pro-HB-EGF) that can serve as a
juxtacrine growth factor. ERBB1 transactivation is induced by
a soluble form of HB-EGF through ectodomain shedding in a
paracrine manner. In lipid metabolism and cancer progression,
HB-EGF expression is up-regulated in an autocrine manner.
This means that HB-EGF is a promising target for the therapy
of cancer and atherosclerosis (5, 6). Thus, it is plausible that
HB-EGF contributes to diverse biological events through its
own amplification loop via unique transcriptional control. In
this review, we focus on the relationship between HB-EGF
expression and transcription factors through the autocrine loop.

Nuclear Factor Kappa B (NF-kKB) in Inflammation
HB-EGF is a 22 kDa protein that can be purified from

conditioned medium, in which macrophage-like U-937 cells
have been cultured (7). Initial reports suggested that pro-
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inflammatory cytokines, such as tumor necrosis factor
(TNF)-o. and interleukin-1f3 (IL-1p), induced HB-EGF
expression in human umbilical vein endothelial cells
(HUVEC) and A549 cells (8, 9). In addition, TNF-a and
lipopolysaccharide (LPS) augment HB-EGF by up-regulating
its transcription, thereby contributing to cell growth and
tumor progression.

Pro-inflammatory cytokines, including TNF-a and IL-6,
activate NF-KB, a key transcriptional regulator of
inflammation. NF-kKB also induces pro-inflammatory
cytokines, including TNF-o and IL-6 (10). This autocrine
cytokine loop, which is important in chronic inflammatory
disease, seems to be regulated by the transcriptional activity
of NF-kB. In principle, activated NF-KB regulates the
transcription of over 150 genes, including many related to
inflammation, such as that for HB-EGF (11, 12). However,
the complexities of the molecular relationship between HB-
EGF and NF-KB remain to be resolved.

Studies from our laboratories have shown that an increase
of activated AKT enhanced the expression of HB-EGF in
fibroblasts, and the suppression of HB-EGF attenuated the
activation of AKT in cancer cells (13). In addition, the
suppression of HB-EGF expression resulted in inhibition of
NF-KB activation, whereas an inhibitor of NF-KB promoted
HB-EGF expression (manuscript in preparation). ERBB1
transactivation mediated by HB-EGF may induce NF-kKB
activation, leading to enhanced expression of IL-6 and IL-8
(14). In A549 cells, ERBB1 transactivation mediated by HB-
EGF may result in NF-KB activation, leading to enhanced
expression of matrix metallopeptidase 9 (MMP-9) (9). On
the other hand, HB-EGF attenuated NF-KB activation in
colon cancer cells, an action mediated by IL-1f3 and
interferon gamma (IFN-y).

According to these lines of evidence, it is plausible that
HB-EGF activates AKT via ERBB1 transactivation and that
the activated AKT induces NF-KB activation, resulting in a
variety of genes being up-regulated. Thus, the activation of
NF-KB seems to be indirectly regulated by HB-EGF, while
NF-KB activation may not always be associated with HB-
EGF expression.

AP-1, SP1 and SP3 in Homeostasis

HB-EGF plays a pivotal role in wound repair, inducing
migration and proliferation of keratinocytes, fibroblasts, and
smooth muscle cells to fill the injured area and to promote
re-epithelialization and granulation tissue formation in the
wound (15, 16). Estrogen also contributes to wound healing.
Estrogen promotes granulation tissue formation and
collagen deposition (17) and inhibits excessive inflammation
in the wound by inhibiting neutrophil influx into the wound
and by inhibiting production of a pro-inflammatory
cytokines in monocytes/macrophages (18, 19). 17p3-Estradiol
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(E2) participates in wound healing by up-regulating the
expression of HB-EGF, which potentiates wound repair
(20). This augmentation of HB-EGF expression is due to
transcriptional activation of the HB-EGF promoter by the
binding of activator protein-1 [AP-1, composed of FBJ
murine osteosarcoma viral oncogene homolog (FOS) and
jun proto-oncogene (JUN)] and SP1 (20). HB-EGF and
ERBBI1 have been recognized as direct AP-1 target genes
(21-23).

The establishment of pregnancy requires an intimate
physical interaction, as well as a molecular dialogue,
between the conceptus and the maternal reproductive tract.
In any species, HB-EGF is an essential molecule for
implantation. In mice and rats, maternal ovarian estrogen
and progesterone (P,) are indispensable for implantation. In
hamsters, P, alone is enough to achieve blastocyst
implantation and to induce HB-EGF expression in the
uterine luminal epithelium surrounding the blastocyst. On
the other hand, SP1 or SP3 is involved in the expression of
HB-EGF and of 17p3-hydroxysteroid dehydrogenase type 2,
which is a key target of progesterone action (24, 25). In
addition to this evidence, SP1 may mediate the regulation
of endometrial epithelial gene expression during early
pregnancy (26). Accordingly, progesterone and HB-EGF
may act during implantation through a mutual amplification
loop via SP1 or SP3.

The molecular mechanism of insulin-induced HB-EGF
expression is similar to that of E2-induced HB-EGF
expression. The insulin response element of HB-EGF is able
to bind AP-1, SP1 and NFkKB, and this element is also
detected in other promoters of EGF ligand genes, such as
EPI and AREG (27). These three transcriptional factors are
consequently activated by PI3K.

Gastrin is a peptide hormone that is important as both an
acid secretagogue (28) and as a trophic factor for the
gastrointestinal mucosa (29). Studies have shown that
gastrin stimulates the cleavage of pro-HB-EGF into sHB-
EGF and stimulates the expression of HB-EGF at the
mRNA and protein levels, in both whole rat stomach and rat
gastric epithelial cell lines (30, 31). Gastrin regulates HB-
EGF expression via PKC/ERBB1 signaling (32).
Helicobacter pylori infection up-regulates levels of HB-EGF
mRNA and protein and increases HB-EGF shedding (33).
In addition, Helicobacter pylori infection of gastric
epithelial cells activates AP-1 and NF-kB, which may lead
to MMP-7 overexpression (34) and to the induction of the
endogenous gastrin gene through AP-1 signaling, and not
through NF-kB, SP1 or SP3 (35, 36). Although there is no
evidence that gastrin promotes HB-EGF expression via
certain transcriptional factors, H. pylori enhances the
expression of gastrin and HB-EGF through AP-1.
Collectively, AP-1, SP1 and SP3 may directly regulate HB-
EGF expression through different signaling pathways.
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MyoD, PDX1 and WT1 in Development

Several transcriptional factors are involved in spatiotemporal
development through HB-EGF expression. Direct interaction
between myogenic differentiation 1 (MyoD) and the HB-
EGF promoter is transiently found during skeletal muscle
cell differentiation and the membrane form of HB-EGF (pro-
HB-EGF) is expressed preferentially in myotubes (37).

The pancreas is an organ composed of two distinct cell
populations: exocrine cells that secrete digestive enzymes
and endocrine cells that secrete hormones. HB-EGF is
responsible for developing exocrine and endocrine cells. Co-
localization of pancreatic and duodenal homeobox-1 (PDX-
1) and HB-EGF is detected in pancreatic ductal cells, and
PDX-1 is identified as a direct regulator of HB-EGF (38).

The Wilms’ tumor gene (WTI) encodes a zinc finger
transcriptional factor that is vital during the development of
several organs. The embryos of WT'/-null mice die in utero
with agenesis of kidneys, gonads, adrenal glands and spleen
(39). WT'I contributes to the regulation of the EGF family of
growth factors during nephrogenesis and its binding site is
located upstream (-1580/-1170 bp) of the HB-EGF
transcriptional start site (40). On the other hand, analysis of the
HB-EGF knock-out mouse has also shown that HB-EGF plays
an important role in various developmental and homeostasis
processes. HB-EGF-null mice exhibit abnormal lung and eyelid
development, poor skin wound healing, retinoid-induced skin
hyperplasia, and heart chamber and valve malformation (41).
These findings indicate that HB-EGF is an essential ligand of
ERBBI1 during development. However, there is no evidence
that HB-EGF directly activates MyoD or WT'/ genes.

Transcription Factors in Cancer

HB-EGF has been reported to be a promising therapeutic target
for ovarian, breast, gastric and endometrial cancer (42, 43).
Although overexpression of HB-EGF is found in several types
of cancer, the underlying molecular mechanisms remains
unclear. RAS and RAF oncogenes participate in diverse
responses to extracellular stimuli. Deferential display analysis
shows that forced expression of RAS and RAF results in up-
regulated HB-EGF mRNA levels (44). In fibroblasts, the
expression of ERBB1, ERBB2 and AKT enhance HB-EGF
expression among EGFRs ligands (13). In principle, HB-EGF
can activate ERBB1, HER-2, RAS, RAF, ERK and AKT.
Accordingly, HB-EGF forms an autocrine amplification loop
for itself via molecules dependent on cell growth or cell survival
signals. However, there is no information concerning the
transcription factors involved in the HB-EGF autocrine
amplification loop. On the other hand, there are some reports
that refer to a relationship between HB-EGF and the well-
known tumor suppressor, p53. Wild-type p53 functions as a
transcriptional factor and induces cell cycle arrest, apoptosis and

senescence (45, 46). HB-EGF is a transcriptional target of p53
(47, 48). On the other hand, mutations in p53 have been
detected in a variety of human cancer types (45). Most p53
alterations are point missense mutations that lead to the
synthesis of stable proteins that accumulate in the nuclei of
tumor cells (49). Mutant, but not wild-type, p53 initiates a
feedback loop that involves transactivation of early growth
response 1 (EGR-1), which in turn increases the secretion of
EGFRs ligands and stimulates the EGFRs signaling pathway
(50). In ovarian, breast, gastric and endometrial cancer,
overexpression of HB-EGF might be partially linked to
mutation of p53.

Highly malignant tumors are characterized by their
response to hypoxia. Hypoxia in cancer cells predominantly
induces the aberrant expression of pro-angiogenic factors,
such as vascular endothelial growth factor (VEGF), via an
increase in the non-hydroxyl form of hypoxia inducible factor
1, alpha subunit (HIF-1a) from the hydroxyl form (51).
Hypoxia also enhances the expression of HB-EGF related
molecules, including SP1, HB-EGF and a disintegrin and
metalloproteinase domain-containing protein 17 (ADAM17)
(52, 53). Under hypoxic conditions, HB-EGF also provokes
the production of VEGF and activation of endothelial nitric
oxide synthase (eNOS) via HIF-1a (54). Accordingly, it is
plausible that hypoxia evokes HB-EGF and ADAM 17
expression via Spl and that VEGF production and eNOS
activation are stimulated by HB-EGF through HIF-1a.

Overexpression of NF-KB is found in some types of
human cancers (55). To identify NF-kB-related
chemotherapy genes, microarray analysis was performed by
Wang et al. The authors found that HB-EGF is up-regulated
in colorectal cancer cell lines by treatment with SN38, an
activated form of irinotecan (56). In this study, AP-1, as well
as NF-kB, was implicated in the enhancement of HB-EGF
expression. In addition, they also reported that the
transcription factor, SP1, is involved in NPI-0052 (second-
generation  proteasome  inhibitor)-induced HB-EGF
transcription in pancreatic cancer cells (57). HB-EGF
regulates the expression of MMP-9 and VEGF via the
transcription factor, Snail, through epithelial-mesenchymal
transition (58).

Post-transcriptional Control

The post-transcriptional silencing of target mRNAs by small
RNAs was a revolutionary discovery in the understanding of
genetic information control. Accumulating evidence has
revealed that microRNAs, which regulate most genes in the
human genome, are members of a large class of non-coding
RNAs of approximately 22 nucleotides in length and that
microRNAs are strongly conserved between vertebrates,
invertebrates and plants (59, 60). It is thought that
microRNA mutants can appear apparently normal but can
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Figure 1. Schematic representation showing that Heparin binding epidermal growth factor-like growth factor (HB-EGF) expression is regulated by
a variety of transcriptional factors in inflammation (NF-xB and AP-1), homeostasis (AP-1 and SP1) and development (PDX-1, WT1 and MyoD). In
cancer biology, although many transcriptional regulations have been described, such as mutant p53 and EGRI, it is possible that other unknown
factors may affect the HB-EGF autocrine loop and that the established factors may also contribute to the regulation of HB-EGF expression.

exhibit phenotype crisis under stress conditions (61).
Genome-wide microRNA expression profiling studies using
high-throughput technologies have demonstrated that almost
all cancer types present a specific profile of up-regulated and
down-regulated microRNAs (62, 63). De-regulated
microRNA expression is recognized as an early event in
tumorigenesis, and the levels of circulating microRNAs are
regarded as reliable cancer biomarkers (64). In addition,
clinical studies have demonstrated the potential use of
microRNAs as predictors of sensitivity to radiotherapy and
to anticancer agents (65). Inhibition of HB-EGF by the
addition of an miR-212 mimic can induce cetuximab
sensitivity in cetuximab-resistant cell lines, suggesting that
increased expression of HB-EGF due to down-regulation of
miR-212 is a possible mechanism of cetuximab resistance
(66). Although microRNAs play indispensable roles in stress
responses, these molecular mechanisms should be further
investigated in order to elucidate the fundamental roles of
microRNAs in controlling mRNA regulation during stress,
including chronic disease and cancer.

Conclusion

Accumulating evidence suggests that AP-1, SP1 and SP3 are
directly involved in the HB-EGF autocrine amplification
loop and that NF-kKB, HIF-1a, and other transcriptional
factors indirectly participate in this loop (Figure 1).
Unfortunately, it remains unknown how post-transcriptional
regulation is associated with the HB-EGF autocrine loop.
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Recently, the development of anticancer agents against HB-
EGF has advanced. CRM197 is a diphtheria toxin mutant that
binds directly to the EGF-like domain and represses the
mitogenic activity of HB-EGF (67). A phase II study of
CRM197 will start shortly including patients with recurrent
ovarian cancer in several University Hospitals in Japan under
the approval of the Institutional Ethical Committees. In
addition to CRM197, a neutralizing antibody targeting HB-
EGF is also being developed (68). It will be interesting to
discover whether these agents completely block the HB-EGF
autocrine loop. In the near future, the development of RNAI or
small molecular weight compounds against HB-EGF-related
transcriptional factors will allow us to improve the clinical
outcome for HB-EGF-related chronic diseases.
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