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Heparin-binding epidermal growth factorelike growth factor (HB-EGF) is a member of the EGF family. It
contains an EGF-like domain as well as a heparin-binding domain that allows for interactions with
heparin and cell-surface heparan sulfate. Soluble mature HB-EGF, a ligand of human epidermal growth
factor receptors 1 and 4, is cleaved from the membrane-associated pro-HB-EGF by matrix metalloproteinase or a disintegrin and metalloproteinase in a process called ectodomain shedding. Signaling
through human epidermal growth factor receptors 1 and 4 results in a variety of effects, including
cellular proliferation, migration, adhesion, and differentiation. HB-EGF levels increase in response to
different forms of injuries as well as stimuli, such as lysophosphatidic acid, retinoic acid, and 17bestradiol. Because it is widely expressed in many organs, HB-EGF plays a critical role in tissue repair and
regeneration throughout the body. It promotes cutaneous wound healing, hepatocyte proliferation
after partial hepatectomy, intestinal anastomosis strength, alveolar regeneration after pneumonectomy, neurogenesis after ischemic injury, bladder wall thickening in response to urinary tract
obstruction, and protection against ischemia/reperfusion injury to many cell types. Additionally,
innovative strategies to deliver HB-EGF to sites of organ injury or to increase the endogenous levels of
shed HB-EGF have been attempted with promising results. Harnessing the reparatory properties of HBEGF in the clinical setting, therefore, may produce therapies that augment the treatment of various
organ injuries. (Am J Pathol 2018, 188: 2446e2456; https://doi.org/10.1016/j.ajpath.2018.07.016)

Structure and Synthesis of HB-EGF
Heparin-binding epidermal growth factorelike growth
factor (HB-EGF) was ﬁrst isolated from the conditioned
medium of macrophage-like cells by heparin-afﬁnity
chromatography.1 It belongs to the EGF family, which
also includes EGF, transforming growth factor-a (TGFa), amphiregulin, betacellulin, epiregulin, and neuregulin.
Just like other members of the EGF family, HB-EGF
contains an EGF-like domain that consists of six
cysteine residues (CX7CX4-5CX10-13CXCX8C) that facilitate its binding to the EGF receptors.2 Unlike EGF or
TGF-a, it has a 21-residue N-terminal heparin-binding
domain that allows for its interaction with heparin and
heparan sulfate.3

The HB-EGF gene is mapped to chromosome 5 in
humans and chromosome 18 in mice. It contains six exons
with ﬁve intervening introns and is initially expressed as a
transmembrane protein called pro-HB-EGF.4 This pro-HBEGF is then cleaved by a variety of proteases that include
a disintegrin and metalloproteinase (ADAM) and matrix
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metalloproteinase (MMP) to generate soluble, mature HBEGF via a process called ectodomain shedding (Figure 1).
Although its mechanism is not completely understood,
certain signaling pathways [ie, mitogen-activated protein
kinase (MAPK) and protein kinase C] seem to play a key
role in facilitating ectodomain shedding of pro-HB-EGF.5,6
Originally identiﬁed as a powerful mitogen for smooth
muscle cells, HB-EGF is widely expressed throughout the
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Figure 1 Ectodomain shedding and processing of heparin-binding
epidermal growth factorelike growth factor (HB-EGF). A: Illustration
denotes two cells participating in juxtacrine signaling: top cell expresses membrane-bound pro-HB-EGF, and bottom cell expresses the
receptor(s) for HB-EGF. Ectodomain shedding by matrix metalloproteinase (MMP) or a disintegrin and metalloproteinase (ADAM)
generates soluble HB-EGF that can participate in autocrine or paracrine
signaling. The cytoplasmic tail of HB-EGF (pro-HB-EGF cytoplasmic tail)
can translocate to the nucleus (in the top cell) and interact directly or
indirectly with proteins, such as Bcl-2eassociated athanogene 1 (BAG1), promyelocytic leukemia zinc ﬁnger (PLZF), and Bcl-6, to promote
cellular proliferation. B: Molecular processing of pro-HB-EGF to
membrane-bound HB-EGF and enzymatic cleavage to soluble HB-EGF.
Initially after protein synthesis, pro-HB-EGF contains a signal peptide
and a propeptide. Membrane-bound HB-EGF contains an amino terminal
heparin-binding domain, an EGF-like domain, and a juxtamembrane
domain on the extracellular region, whereas the transmembrane domain
spans the membrane and the cytoplasmic C-terminal domain is inside
the cell. Enzymes cleave HB-EGF between the EGF-like domain and the
juxtamembrane region to form soluble HB-EGF. HER, human epidermal
growth factor receptor; P, tyrosine phosphorylation of the receptor
upon ligand binding.
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body in humans, particularly in lung, heart, skeletal muscle,
and brain.

Molecular Interactions of HB-EGF
Receptors for the EGF family of ligands fall into four
classes: epidermal growth factor receptor (EGFR) or human
epidermal growth factor receptor (HER) 1, HER2, HER3,
and HER4. After ligand binding, HER1 or HER4 can
homodimerize and initiate intracellular signaling. HER2,
which lacks a recognized ligand, and HER3, which contains
a defective kinase domain, require heterodimerization with
other functional HER receptors. Soluble, mature HB-EGF
can bind HER1 or HER4 and subsequently result in receptor
dimerization and phosphorylation of tyrosine residues in the
receptor kinase domain. Activation of the HER tyrosine
kinase receptors simultaneously triggers a series of signaling
cascades, including MAPK, protein kinase C, stressactivated protein kinase, and phosphatidylinositol 3-kinase
(PI3K)/AKT pathways.7 The resultant transcriptional outputs exert a wide range of cellular effects from proliferation
and migration to adhesion and differentiation. Although
activation of HER1 by HB-EGF can induce both chemotactic and mitogenic signaling, binding of HER4 by HBEGF primarily is biased toward chemotaxis.8 HB-EGF
plays a key role in transactivation of EGFR, a process in
which ligands for G-proteinecoupled receptors, such as
lysophosphatidic acid (LPA), thrombin, carbachol, angiotensin II, among others, exert their mitogenic activity by
inducing ectodomain shedding of pro-HB-EGF and subsequent activation of EGFR.9,10 In addition to paracrine and
autocrine signaling via shed HB-EGF, pro-HB-EGF can
also participate in juxtacrine activation of its receptors on
adjacent neighboring cells (Figure 1). This interaction increases cell survival, promotes intercellular adhesion, and
maintains epithelial differentiation, even in the presence of
matrix breakdown.
On ectodomain shedding of soluble HB-EGF, the
remaining membrane-bound cytoplasmic tail (pro-HB-EGF
cytoplasmic tail) continues to participate in important
cellular functions (Figure 1). The pro-HB-EGF cytoplasmic
tail is known to interact with and maintain high levels of
Bcl-2eassociated athanogene 1, which inhibits apoptotic
signals.11 Additionally, nuclear translocation of the pro-HBEGF cytoplasmic tail also induces down-regulation of
transcriptional repressors, including both promyelocytic
leukemia zinc ﬁnger12 and Bcl-6.13 The presence of the proHB-EGF cytoplasmic tail in cell nuclei, therefore, is associated with tumor aggressiveness in certain forms of cancer.
The presence of a heparin-binding domain also imparts
on HB-EGF unique properties because of its interactions
with the extracellular matrix and other transmembrane
proteins. Heparan sulfate proteoglycans can regulate the
binding of HB-EGF with its receptors, especially HER4.14
CD9, a transmembrane glycoprotein, can enhance
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juxtacrine signaling of pro-HB-EGF via its interactions with
the heparin-binding domain.15,16 As demonstrated in the
following sections of this review, these molecular interactions with various transmembrane receptors and components of the extracellular matrix help determine the
cellular responses to HB-EGF signaling in different organs.

Functions of HB-EGF
The critical role of HB-EGF in growth and development
was ﬁrst recognized given the high mortality rate seen in
HB-EGF/ mice within the ﬁrst postnatal week.17 Mice
that survived into adulthood developed ventriculomegaly,
diminished cardiac function, and abnormal valvulogenesis.
Beyond its function in ensuring proper cardiopulmonary
development, HB-EGF has been shown to play a critical
role in restoring homeostasis in many tissue types because
of its ubiquitous expression and activity in many epithelialized organs. This review aims to identify the many
roles that HB-EGF plays in mediating tissue repair and

regeneration throughout the body (Figure 2) and our most
recent understanding of these processes. The subsections
below are separated by organ name to discuss the role of
HB-EGF in each organ environment.

HB-EGF in the Skin
The roles of HB-EGF in cutaneous wound healing have
been well documented. In one of the earliest studies in this
area, high levels of shed HB-EGF were found in burn
wound ﬂuid in pediatric patients.18 Immunoﬂuorescence
staining revealed that HB-EGF is restricted to the basal
epithelium in nonburned skin, yet it is redistributed into
wound margins, hair follicles, and eccrine sweat glands in
burned skin. Similarly, in mice, HB-EGF is found in the
dermal appendages and in all layers of the wound margins
soon after burn wound generation.19 HB-EGF production
reaches its maximum 5 days after burn generation, then
reverts to its original conﬁnement in the basal layer of the
skin. In a swine model, insulin-like growth factor is also
found in high levels in burn wound ﬂuid and seems to be

Liver
Intestine

Skin
 Hepatocyte proliferation
after partial hepatectomy
 Keratinocyte migration
during wound healing

 Hepatocyte protection
against hepatotoxins

 Production of extracellular
matrix components during
wound healing

 Epithelial cell
proliferation
and healing
of intestinal
anastomosis
 Epithelial cell protection
against hypoxic and
ischemia/reperfusion
injury

HB-EGF
Brain

Kidney/
Bladder

Lung
 Neurogenesis
and angiogenesis after
ischemic injury
 Limitation of ischemia/
reperfusion injury in
specific brain regions

 Alveolar
regeneration after
pneumonectomy or
parenchymal destruction
 Modulation of immune
response after inhalational
injury

 Smooth muscle cell
proliferation in response
to urinary tract obstruction
 Modulation of local tissue
remodeling after
ischemic injury

Figure 2

Heparin-binding epidermal growth factorelike growth factor (HB-EGF) as a mediator of organ repair and regeneration. HB-EGF signaling produces
different responses in different organ systems and plays an important role in promoting repair and regeneration after organ injuries. HB-EGF in skin promotes
epidermal cell migration and secretion of matrix proteins and in liver promotes hepatocyte survival and proliferation in a paracrine manner. In the intestine,
HB-EGF strengthens anastomoses and promotes survival after ischemia, whereas in the brain, it promotes neurogenesis and angiogenesis after injury. HB-EGF
modulates immune response and alveolar repair after injury in the liver. HB-EGF promotes reperfusion in the kidney after injury and stimulates proliferation in
the urothelium.
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synergistic with HB-EGF in promoting mouse keratinocyte
proliferation in vitro.20 In a rat keratinocyte organotypic
model, wounding results in signiﬁcant up-regulation of HBEGF, but not other members of the EGF family, including
EGF and amphiregulin.21 Neutralization of HB-EGF results
in diminished accumulation of hyaluronic acid after wound
generation. Hyaluronic acid has been shown in previous
studies to play important roles in tissue remodeling, speciﬁcally by generating a microenvironment for storage of
growth factors and facilitating cellular movement and proliferation that ensure adequate wound healing.22
In a wound environment, endogenous HB-EGF promotes
healing mainly through a promigratory mechanism. Mice
carrying keratinocyte-speciﬁc HB-EGF deletion displayed
marked reduction in wound closure but no difference in
cellular proliferation at the wound edge, emphasizing the
role of HB-EGF in cell migration rather than proliferation.23
Overexpression of HB-EGF decreases keratinocyte proliferation, increases its invasiveness, and promotes epithelialto-mesenchymal transition in vitro.24 One of the identiﬁed
regulators of HB-EGF during wound healing is miR-132,
which suppresses HB-EGF production and facilitates the
transition from the inﬂammatory to proliferative phase of
wound healing.25 Inhibiting ectodomain shedding of proHB-EGF leads to retardation of keratinocyte migration
both in vitro and in vivo.26 In the rodent full-thickness
wound model, this impairment in wound healing via HBEGF inhibitors can be mitigated by the administration of
soluble HB-EGF.
Molecular control of HB-EGF shedding after wound
generation has also been a topic that merits investigation.
Subjecting keratinocytes to environmental stresses, such as
disruption of the lipid membrane or exposure to oxidative
agents, results in the up-regulation of HB-EGF, a process
that is dependent on p38 MAPK.27 LL-37, an endogenous
antimicrobial agent, promotes keratinocyte migration and
induces transactivation of EGFR via HB-EGFedependent
mechanisms.28 Angiotensin II, a major regulator of blood
pressure, also induces transactivation of EGFR and keratinocyte migration, an effect that is abolished with HB-EGF
neutralizing antibodies, antagonists, or MMP inhibitors.29
Given its important roles in wound healing, HB-EGF has
become a therapeutic target in many studies that attempt to
either increase its bioavailability or optimize its delivery to
injured tissue. In mice, topical HB-EGF compounded into
cholesterol-lecithin pellets leads to decreased wound size,
increased keratinocyte proliferation, and up-regulated TGFa levels 5 days after burn generation.30 Slow delivery of
HB-EGF via a heparin-based vehicle also results in
improved reepithelialization, increased collagen content,
and wound contraction in a rodent diabetic wound model.31
Retinoic acid induces HB-EGF expression in human keratinocytes both in vitro and in vivo.32 Speciﬁcally, suprabasal
keratinocytes play a major role in retinoic acideinduced
production of HB-EGF, which leads to basal epithelial
cell proliferation.33 In another study, 17b-estradiol was

The American Journal of Pathology

-

ajp.amjpathol.org

shown to induce HB-EGF production in human keratinocytes via G-proteinecoupled receptor.34 Wound closure is
enhanced with 17b-estradiol and impaired with antieHBEGF antibody alone or in combination with estradiol.
Treatment of skin atrophy with hyaluronic acid fragments
induces epidermal hyperplasia via HB-EGFedependent
mechanisms.35 In pigs, transduction of adenovirus-HER3
into partial-thickness wounds signiﬁcantly improves
epidermal resurfacing, dermal cell proliferation, granulation
tissue depth, and neovascularization when there is a
concomitant treatment with HB-EGF.36

HB-EGF in the Eyes, Ears, and Oral Cavity
Studies performed on corneal epithelial cells (CECs) have
provided valuable insight into the molecular pathways that
regulate HB-EGF activity, especially in the context of
wound healing. Wounding results in phosphorylation of
extracellular signal-regulated kinases (ERKs) 1/2, which
subsequently activate ADAM17, a major sheddase for HBEGF. Inhibiting either ERK or ADAM17 results in attenuation of pro-HB-EGF ectodomain shedding,37 whereas inhibition of HB-EGF results in both diminished activation of
EGFR and delayed wound closure.38 HB-EGF/ mice
show delayed wound healing in the corneal epithelium, and
isolated mouse CECs from HB-EGF/ mice display
impaired wound closure and cell adhesion, both of which
improve with HB-EGF treatment.39 Because of its ability to
bind heparin and heparan sulfate on the cell surface, HBEGF results in higher bioavailability and more prolonged
activation of EGFR compared with EGF in the treatment of
CEC wounds.40 This leads to improved healing of corneal
wounds, an effect abolished by administration of a
neutralizing HB-EGF antibody.
Many factors are intimately involved in the process of
wound healing by regulating HB-EGF shedding and
signaling. Injury leads to ATP release, which then activates
its purinergic receptors and induces MMP-dependent ectodomain shedding of HB-EGF in CECs.41 The nonreceptor
tyrosine kinase Src is implicated in the HB-EGF signaling
pathway as HB-EGFeinduced wound closure of human
CECs is delayed in the presence of an Src inhibitor.42 LL37,
which has previously been discussed for its role in
promoting cutaneous wound healing, also signiﬁcantly
increases HB-EGF shedding and subsequent activation of
EGFR in human CECs.43 Another G-proteinecoupled
receptor ligand, LPA, induces HB-EGF shedding, transactivates EGFR, and improves wound closure of human
CECs.44 Inhibiting HB-EGF abolishes the effect of LPA on
accelerating wound closure. Studies in diabetic keratopathy
reveal that high glucose levels impair the PI3K signaling
pathway in the corneal epithelium, which results in delayed
wound healing.45 The administration of HB-EGF ameliorates hyperglycemia-induced impairment in wound closure,
making it a potential therapy for the treatment of diabetic
corneal wounds.
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In a similar manner to the cornea, wound healing in the
retina also uses similar mechanisms, establishing a link
between HB-EGF and retinal diseases, such as diabetic
retinopathy. Both HB-EGF and hepatocyte growth factor
(HGF) can increase wound healing in retinal pigment
epithelial cells.46 Furthermore, HGF induces transactivation
of EGFR in the retinal pigment epithelium, suggesting a
cross talk between c-Met and EGFR that is mediated by HBEGF. Shedding of HB-EGF is triggered by oxidative stress,
and its mitogenic effects in retinal pigment epithelial cells
are mediated via ERK1/2- and PI3K-dependent pathways.47
HB-EGF concurrently promotes migration of retinal
pigment epithelial cells via a p38 MAPK-dependent mechanism. Interestingly, HB-EGF also induces vascular endothelial growth factor expression, establishing its role in
neovascularization and vascular permeability associated
with diabetic retinopathy and revealing a new therapeutic
target for the treatment of this disease.
In the oral cavity, HB-EGF plays a myriad of important
roles in promoting gingival wound healing, which includes
proliferation of epithelial cells and migration of both
epithelial cells and ﬁbroblasts.48 Both HB-EGF and LL37,
which has been shown to induce HB-EGF shedding in both
keratinocytes and corneal epithelium, increase migration of
human pulp cells.49 In vitro scratch wounding triggers the
up-regulation of HB-EGF expression, which serves as an
autocrine mitogen for periodontal ligament cells via an
ERK1/2 and p38 MAPK-dependent mechanism.50
A series of studies from Santa Maria and colleagues51
have established the roles of HB-EGF in the treatment of
chronic tympanic membrane perforation. Inhibiting HBEGF shedding with an MMP inhibitor after tympanic
membrane perforation leads to a marked increase in the
chronic perforation rate in mice. Also in mice, delivery of
HB-EGF in the form of a hydrogel allows for healing of
chronic tympanic membrane perforation with a return of
auditory function within 6 months after treatment.52 HBEGF, therefore, shows potential as a novel alternative to
surgical therapies for the treatment of chronic tympanic
membrane perforation.

HB-EGF in the Gastrointestinal Tract
HB-EGF is an autocrine growth factor for gastric epithelial
cells and is up-regulated in response to oxidative or osmotic
stress.53 HB-EGF protects intestinal epithelial cells against
hypoxic injury by preserving their cytoskeletal structure and
proliferative capacity.54 Additionally, HB-EGF promotes
restitution of intestinal epithelial cells via a PI3K and ERK1/
2 mechanism.55 In vivo, mice with HB-EGF gain of function
display increased anastomotic strength, vascularization, and
extracellular matrix deposition after gastrointestinal anastomosis.56 Taken together, these results point to a powerful
cytoprotective property of HB-EGF on enterocytes and its
promise as a therapy for ischemia/reperfusion injury.
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Besner and colleagues57 have extensively investigated the
role of HB-EGF supplementation in the treatment of a
mouse model of necrotizing enterocolitis (NEC), a devastating neonatal disease that mainly affects premature infants
and manifests as abdominal distention, hemorrhage, bowel
perforation, and sometimes death. HB-EGF/ mice show
increased susceptibility to NEC development, establishing
the importance of HB-EGF in protecting the gastrointestinal
barrier. Preliminary studies from their group revealed that
intragastric administration of HB-EGF is feasible and results
in the increase of the factor’s bioavailability in the gastrointestinal tract.58 This therapy has subsequently been
demonstrated to decrease the rate of NEC and mortality in a
rat model through a series of mechanisms, including
decreasing epithelial and enteric nervous cell apoptosis,
promoting enterocyte migration and proliferation, and preserving the microvascular system.59,60 Coadministration of
HB-EGF and neural stem cells also provides another
attractive therapeutic option for NEC because of HB-EGF’s
mitogenic and promigratory effects in neural stem cells.61

HB-EGF in the Liver
HB-EGF is a mitogen for hepatocytes and exerts similar
hepatotrophic effects as HGF.62 HB-EGF is synergistic with
HGF in promoting hepatocyte proliferation and, together
with HGF, increases in expression after partial hepatectomy
(PH).63 It is notable that HB-EGF is primarily found in
nonparenchymal cells within the liver (eg, Kupffer cells and
sinusoidal endothelium). Its levels in hepatocytes remain
low even after PH, indicating a paracrine effect of HB-EGF
on hepatocytes. Further evidence for the hepatotrophic effects of HB-EGF is established in transgenic rodent models.
Mice engineered to express increased levels of liver-speciﬁc
pro-HB-EGF display enhanced liver regeneration after
PH.64 Additionally, evidence of increased shed HB-EGF
protein, hepatocyte proliferation, and MAPK activity is
also observed in the regenerating livers of pro-HBEGFeoverexpressing transgenic mice. Deletion of MMP9
impairs liver regeneration partly by decreasing ectodomain
shedding of pro-HB-EGF and, therefore, subsequently
decreasing activation of EGFR.65 Compared with limited
(one-third) PH, HB-EGF is more strongly up-regulated in
extensive (two-thirds) PH, and this seems to be critical for
driving hepatocytes through the cell cycle, providing
another mechanism for its hepatotrophic effects.66
Beyond liver regeneration, HB-EGF has been investigated for its hepatoprotective ability in other forms of liver
injuries. HB-EGF is up-regulated in the liver during times of
recovery from injuries, such as after exposure to carbon
tetrachloride or D-galactosamine.67 A conditional knockout
of HB-EGF results
in more
severe carbon
tetrachlorideeinduced liver injury, as evidenced by more
pronounced hepatocyte apoptosis and increased alanine
aminotransferase, a marker of hepatocyte injury.68 In a
rodent model where hepatic injury is induced by activation
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of the proapoptotic Fas receptor, HB-EGF treatment in the
form of adenoviral delivery leads to increased hepatocyte
proliferation, decreased apoptosis, and dampened
biochemical markers of liver injury.69 Interestingly, these
effects are more pronounced than those generated by a
similar treatment and delivery using HGF. HB-EGF therapy
exerts acute hepatoprotective effects, as reﬂected by a
diminished increase in liver transaminases immediately after
common bile duct ligation in mice.70 When combined with
HGF, HB-EGF treatment shows increased hepatocyte proliferation and reduced areas of ﬁbrosis, even at 14 days after
bile duct ligation. The combination therapy, therefore, provides further evidence for HB-EGF as a cytoprotective agent
and its promise in the prevention of chronic liver injury in a
cholestatic disease model.

HB-EGF in the Brain
HB-EGF is found in higher levels than other members of the
EGF family in the central nervous system, with highest
concentrations in the cerebellum, thalamus, and colliculus.71
Its shedding is under the control of glutamatergic neurotransmitters, such as kainite and N-methyl-D-aspartate.
Essential neurotrophic roles of HB-EGF are demonstrated
by conditional knockout of HB-EGF in the ventral forebrain, which leads to detriments in locomotor and neurobehavioral activities in addition to impairment in memory
formation and long-term potentiation in the hippocampus.72
Compared with EGF or TGF-a, HB-EGF mRNA levels
signiﬁcantly increase in the cerebral cortex after ischemia/
reperfusion injury generated by middle cerebral artery occlusion.73 Conditional knockout of HB-EGF results in a
larger infarct size and increased evidence of reactive oxygen
species and apoptosis in the cortex. HB-EGF administered
via intraventricular injection promotes neurogenesis and
decreases the infarct size in a rat middle cerebral artery
occlusion model up to 4 weeks after injury.74 Taking this
therapy a step further, intraventricular delivery of HB-EGF
with an adenoviral vector reduces infarct size and improves
motor function 4 weeks after the ischemic event.75 Additionally, proliferating neurons are observed in the striatum
and increased angiogenesis is also evident along the
boundaries of ischemic regions. Although the mechanisms
behind these effects are largely unknown, the neurotrophic
properties of HB-EGF may confer multiple beneﬁts to patients recovering from cerebrovascular ischemic events.

HB-EGF in the Kidney and Bladder
Expression of HB-EGF, both in pro and mature forms, increases after renal ischemia/reperfusion injury, especially in
the outer medulla and distal tubular epithelial cells.76 Inhibition of HB-EGF by blocking its binding to EGFR,
silencing HB-EGF with siRNA, or antagonizing its ectodomain shedding signiﬁcantly impairs renal proximal
tubular cell proliferation in vitro.77 Both in vitro and in vivo
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studies have revealed that anoxic injuries only lead to
HB-EGF up-regulation if the organs are subjected to reoxygenation, suggesting the involvement of reactive oxygen
species in inducing its expression.76 The presence of reactive oxygen species, in conjunction with other protein kinases, such as protein kinase C, MAPK, or p38 MAPK,
seems to contribute a synergistic effect on pro-HB-EGF
shedding.78 In a slightly different model where partial
infarction of the left kidney is coupled with a right nephrectomy, up-regulation of HB-EGF is again seen in the
tubular epithelial cells near the infarct zone.79 In this case,
HB-EGF also seems to play a role in modulating the differentiation of the nearby myoﬁbroblasts and contributing to
the remodeling process of the surrounding tissue.
The precursor form of HB-EGF, pro-HB-EGF, is also
found in the urothelium, vascular smooth muscle, and
detrusor muscle of the bladder.80 Expression of HB-EGF in
bladder smooth muscle increases in association with
mechanical stretching, a process that is regulated by
angiotensin II and the transcription factor, activator protein
1.81,82 Selective up-regulation of HB-EGF in the smooth
muscle is a key autocrine event that mediates bladder wall
thickening, a hallmark in the setting of urinary tract
obstruction.83 In the urothelium, pro-HB-EGF staining is
most intense in the suprabasal layers, which implicates its
role in the differentiation process of urothelial cells.
HB-EGF mRNA expression is up-regulated in response to
12-O-tetradecanoylphorbol-13-acetate, a reactive oxygen
species inducer. Its mitogenic effects on urothelial cells are
mediated by EGFR and diminish in the presence of an inhibitor of HB-EGF/EGFR interaction.80 Although exogenous administration of all members of the EGF family
accelerates human urothelial cell regeneration after wound
generation in vitro, only HB-EGF shows endogenous upregulation, further supporting its prominent roles in mediating epithelial injury repair.84

HB-EGF in the Lung
IL-13, which is produced in response to repeated mechanical injuries associated with certain pulmonary diseases,
such as asthma, induces HB-EGF but not EGF release from
airway epithelial cells and activates EGFR.85 Inhibition of
HB-EGF in this setting signiﬁcantly impairs wound healing
of airway epithelial cells in vitro. TGF-b, which exists in
high levels in the normal airway epithelium, also transactivates EGFR and stimulates airway epithelial cell repair
after mechanical injuries through HB-EGFe and TGFaedependent mechanisms.86 In human lung ﬁbroblasts,
LPA induces both shedding and mRNA expression of
HB-EGF and amphiregulin.87 Treatment of alveolar
epithelial cells with conditioned medium from LPA-treated
lung ﬁbroblasts signiﬁcantly enhances EGFR activation and
ERK1/2 signaling, indicating a paracrine interaction between human ﬁbroblasts and alveolar epithelial cells that is
dependent on secreted EGFR ligands. Ectodomain shedding
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of pro-HB-EGF also contributes to the release of IL-8, a
potent chemoattractant for neutrophils, from bronchial
epithelial cells after exposure to diesel exhaust particles.88
HB-EGF, therefore, has been shown to be a part of multiple protective mechanisms that maintain pulmonary homeostasis, especially in response to different toxic stimuli.
In the model of compensatory lung growth after left
pneumonectomy, HB-EGF is one of the angiocrine factors
that are released downstream from activation of vascular
endothelial growth factor receptor 2, a process that is
mediated by MMP14.89 HB-EGF, therefore, links angiogenesis with epithelial cell proliferation in restoring alveolar
units during compensatory lung growth.90 In another study,
elastase, which plays an important role in the development
of emphysema, releases soluble HB-EGF in conjunction
with ﬁbroblast growth factor-2.91 As the combination of
HB-EGF and ﬁbroblast growth factor-2 strongly reduces
elastin expression, the loss of contact inhibition that they
induce in pulmonary ﬁbroblasts could further promote
cellular proliferation or recruitment in response to alveolar
destruction. Taken together, these studies demonstrate the
mitogenic properties of HB-EGF as one of the key factors in
driving alveolar regeneration after insults that cause
destruction of the pulmonary parenchyma.

Comparing HB-EGF Mechanisms in Repair and
Regeneration between Different Organs
Although the target receptors of HB-EGF are limited, its
molecular interactions with the surrounding environment
and cellular responses to ligand-receptor binding can vary
widely between different organ systems. For example, HBEGF largely has a promigratory effect on epithelial cells
through activation of EGFR and the Ras/Raf/MAPK/ERK
kinase/ERK pathway in the setting of wound healing. The
lack of HER4 in the epidermis makes EGFR the predominant target of HB-EGF in keratinocytes.92 However, other
receptors, especially HER2, seem to play an important
contributory role, possibly through heterodimerization with
EGFR. HER2 phosphorylation increases after wounding,
and inhibition of its phosphorylation signiﬁcantly impairs
signaling through the ERK pathway and chemotactic
properties of corneal epithelial cells. Loss of spatial constraints by itself is a potent stimulator of HB-EGF shedding
in corneal epithelial cells after wounding. This effect could
be mediated by the heparin-binding domain of HB-EGF,
whose interactions with cell-surface heparan sulfate proteoglycans restrict pro-HB-EGF to sites of cell-cell contact.93 The loss of this contact after wound generation
promotes soluble HB-EGF secretion and a switch from
juxtacrine to autocrine signaling. The results of HB-EGF
signaling in keratinocytes include hallmarks of epithelialmesenchymal transition and the expression of promigratory markers, such as MMP1 and MMP10, vimentin, and
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cyclooxygenase 2.24 All of these factors increase cell
invasiveness and likely play a critical role in wound healing.
In contrast, HB-EGF expressed in nonparenchymal cells
(sinusoidal endothelial cells, Kupffer cells, and stellate cells)
is a major mitogen for hepatocytes during liver regeneration
after partial hepatectomy.62 Instead of HER2 as in epithelial
cells, EGFR in hepatocytes dimerizes with HER3 after HBEGF activation.94 HER3 relies on heterodimerization with
EGFR or HER2 for tyrosine phosphorylation because of its
lack of intrinsic protein kinase activity. This phosphorylation allows for interaction with the p85 subunit of PI3K,
which allows for expanded signaling capacity of EGFR and
cross talk between the Ras/Raf/MAPK/ERK kinase/ERK
and PI3K/Akt pathways. The hepatocyte-derived extracellular matrix, especially heparan sulfate, continues to play a
critical role in HB-EGF sequestration, as it does in epithelial
cells.95 HB-EGF stimulation in hepatocytes also strongly
activates the MAPK/ERK pathway,64 yet the cellular
outcome is one of proproliferation and differentiation.96 As
opposed to epithelial-to-mesenchymal transition that is
critical for epithelial cell migration, HB-EGF signals seem
to induce the opposite mesenchymal-to-epithelial transition
in hepatocytes, an important step to initiate proliferation.95
After partial hepatectomy, hepatocytes begin to transition
from the G0 to G1 of the cell cycle under the effects of HGF
and TGF-a. It is HB-EGF that drives the G1-to-S transition
and enables hepatocytes to progress through the cell cycle.66
In addition to hepatocytes, HB-EGF also proliferates hepatic
stellate cells through autocrine activation of EGFR/HER4
and MAPK/ERK pathways.97 The mitogenic effects of HBEGF on hepatic stellate cells implicate its roles in hepatic
ﬁbrosis, a response seen in many forms of chronic liver
injuries.98 The examples of epithelial wound healing and
liver regeneration highlight a fascinating aspect of HB-EGF
biology. Despite a limited number of target receptors and
predictable signal transduction, it can produce a wide array
of responses in different organs, a result of both various
molecular interactions and cellular nature of the site of action. Because HB-EGF is broadly present throughout the
body, this provides some explanation for its wide-ranging
impacts on repair and regeneration in different organ
systems.

Exogenous HB-EGF as Therapeutic Strategies
Most therapies that target the HB-EGF pathway involve
inhibitory strategies in the context of halting cancer progression. Exogenous HB-EGF as a promoter of organ repair
and regeneration currently remains in preclinical studies.
The challenge is to design a vehicle that enables sustained
and controlled delivery. In the context of wound healing, by
exploiting the heparin-binding property of HB-EGF, a
heparin-based coacervate delivery system has been successfully tested in a rodent model of diabetic wounds.31
Similarly, a hydrogel polymer system was used to deliver
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HB-EGF for the treatment of chronic tympanic membrane
perforation in mice.99 For the treatment of NEC, cold HBEGF administered via orogastric gavage has been shown
to reach the entire gastrointestinal tract because of its stability in an acidic environment.58 Intranasal administration
can also deliver HB-EGF to the brain and induce neurogenesis. This approach may have implications for degenerative neurologic diseases.100 However, it remains unclear
which neuronal pathway is used for HB-EGF transportation
and how efﬁcient this mode of delivery can be. Taken
together, supplementing HB-EGF for the purpose of accelerating injury repair has been attempted only sporadically
by a few groups. Although the potential implications are
vast, there exists a signiﬁcant distance between the current
state of research and the ﬁrst clinical trial of HB-EGF for the
purpose of improving healing and regeneration after organ
injuries.

Conclusion
HB-EGF expression and ectodomain shedding is increased
in response to many forms of mechanical or chemical injuries in various organs. By eliciting several different responses, from antiapoptotic and mitogenic, to promigratory
and angiogenic, HB-EGF plays a critical role in tissue repair
and regeneration throughout the body. Innovative therapeutic strategies to deliver HB-EGF to sites of organ injury
or to increase the endogenous levels of shed HB-EGF have
been attempted, with promising results. Further research is
needed to establish these therapies as clinically relevant
options for acceleration of wound healing or prevention of
further organ damage and to identify the patient population
that would most beneﬁt from them.
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