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The high temperature requirement factor A1 (HTRA1) is a serine protease which modulates an array of
signalling pathways driving basal biological processes. HTRA1 plays a significant role in cell proliferation,
migration and fate determination, in addition to controlling protein aggregates through refolding,
translocation or degradation. The mutation of HTRA1 has been implicated in a plethora of disorders
and this has also led to its growing interest as drug therapy target. This review details the involvement
of HTRA1 in certain signalling pathways, namely the transforming growth factor beta (TGF-b), canonical
Wingless/Integrated (WNT) and NOTCH signalling pathways during organogenesis and various disease
pathogenesis such as preeclampsia, age-related macular degeneration (AMD), small vessel disease and
cancer. We have also explored possible avenues of exploiting the serine proteases for therapeutic man-
agement of these disorders.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
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1. Introduction

A limited set of cell-signalling pathways account for a wide
array of cellular outcomes and behaviours, namely the TGF-b,
canonical Wingless/Integrated (WNT) signalling pathway and
NOTCH signalling pathway (Guo and Wang, 2009). The versatile
nature of biological responses generated via signalling through a
handful of extrinsic factors remained a mystery until the discovery
of cross-talk between the pathways which lead to higher order net-
works resulting in the diverse cell fates. These pathways transcrip-
tionally govern cell proliferation, migration, and fate in both
embryonic and adult tissues (Attisano and Wrana, 2013). Various
studies have implicated HTRAs as regulator of these pathways to
govern a myriad of cell responses. In addition to controlling the
fate of protein aggregates through refolding, translocation or
degradation, these serine proteases also participate in basal biolog-
ical pathways, modulating cell proliferation, migration and cell fate
(Fig. 1 and Fig. 2) (Clausen et al., 2011). Mutations in HTRA have
been observed in a wide range of disorders, thus, this is gaining
attention as the target molecule for drug therapy in certain
diseases.

The HTRAs are a group of serine proteases involved in protein
quality control. This highly conserved protein, expressed in a vari-
ety of organisms, ranging from prokaryotes to eukaryotes, is pre-
sent in humans as four homologues namely HTRA1, HTRA2,
HTRA3 and HTRA4 (Oka, 2004). All mammalian HTRA proteins
are composed of a protease domain and a PDZ domain (except
for short variant of HTRA3(HTRA3S)) in the C-terminal region
responsible for proteolytic activity, substrate binding, oligomeriza-
tion and protein translocation. HTRA2 is unique in its expression in
the mitochondria and is mainly involved in protein restructuring
and degradation (Moisoi et al., 2009) while the three remaining
proteases are similar in domain composition with diverse func-
Fig. 1. Loss of function of HtrA1 induces VSMC synthetic phe
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tionalities. In the N-terminal region, HTRA1, 3 and 4 possess a
secretory sequence, IGFBP (Insulin-like growth factor binding pro-
tein) domain and a Kazal type protease inhibitor domain. Table 1
depicts structural and functional comparisons of the human
HTRAs. A combination of these domains is responsible for the mul-
titude of HTRA functions (Clausen et al., 2011). The mode of HTRA
activity remains to be completely elucidated. The following sec-
tions elaborate how HTRAs manipulate a host of signalling
pathways.

2. HTRA1 in different signalling pathways

2.1. Role of HTRA1 in WNT signalling inhibition

The embryonic growth and adult cell homeostasis governed by
the WNT signalling pathway is facilitated through the stabilization
of the regulatory protein b-catenin. The levels of b-catenin are kept
in check by an intracellular destruction complex. The destruction
complex composed of Dvl (dishevelled), CK1, Axin, Glycogen syn-
thase kinase 3 (GSK3), anatomous polyposis coli (APC), and bTrcp,
is responsible for the phosphorylation, ubiquitination and protea-
somal degradation of b-catenin. In the absence of WNT signalling,
the b-catenin levels fall through activity of the destruction com-
plex. When the WNT ligand is exosomally transported into the cell,
it binds to the Frizzled transmembrane receptor which leads to
phosphorylation of the co-receptor low-density lipoprotein recep-
tor related 5 (LRP5). A cascade of events ensues including inactiva-
tion of the destruction complex and accumulation of b-catenin. b-
catenin is translocated to the nucleus where it complexes with
other transcription factors and stimulates WNT-controlled gene
expression (Clevers and Nusse, 2012).

A study conducted by Globus et al. indicates that secreted
HTRA1 inhibits the WNT signalling pathway by interacting with
notype by activation of TGF-b, Notch3, and Wnt signals.



Fig. 2. Loss of function of HtrA1 induces EMT by activation of TGF-b, Notch and Wnt signals.
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the b-catenin through its PDZ and Kazal-like domains and lowering
downstream gene transcriptions such as Axin2 and CyclinD1. The
study also concluded that the catalytic domain of HTRA1 was not
involved in WNT signalling inhibition, which was confirmed using
both catalytic inactive HTRA1 protein and individual domains
transfected into different cell lines (Figs. 1 and 2) (Globus et al.,
2017).

Downregulation of HTRA1 has been linked to tumorigenesis,
which can be expounded through overexpression of WNT target
genes leading to aberrant cellular proliferation (Fig. 1). HTRA1
levels were observed to be reduced in the cancerous cell line com-
pared to the non-cancerous original cell line. Alternatively, cells
overexpressing HTRA1 were found to have 60% less proliferative
capacity while deliberate depletion of the chaperone protein
resulted in 15% increase in the said capacity (Globus et al., 2017).
2.2. Role of HTRA1 in inhibition of TGF- b signalling

TGF-b signalling is elicited by a group of 30 structurally similar
cytokines including TGF-bs, bone morphogenic proteins (BMPs),
activins and nodals, that bind to the dimeric serine-threonine
kinase type 1 and type 2 TGF-b receptors. A third co-receptor,
TGF-b type 3, boosts ligand binding to the TGF-b 2 receptor
domain. Receptor-ligand binding phosphorylates the type 2 recep-
tor which in turn activates the type 1 receptor serine threonine
kinase domain. This type 1 receptor domain recruits SMAD pro-
teins forming a complex which transduces to the nucleus and
upregulates gene expression through promoter binding at the
TGF-b response elements (Attisano and Labbé, 2004). HTRA1 is
postulated to antagonize TGF-b signalling at numerous stages in
the pathway through its serine protease domain, beginning at
the proteolytic cleavage of the proprotein proTGF-b in the endo-
plasmic reticulum, to binding to and inactivating various TGF-b
receptor-binding ligands such as BMPs, TGF-bs and activins and
lastly through cleaving of the TGF-b type 2 and 3 receptors curbing
downstream signalling (Figs. 1 and 2) (Graham et al., 2013; Oka,
2004; Shiga et al., 2011).

As the TGF-b signalling pathway is known to regulate various
cellular processes in a spatio-temporal manner in both embryos
and adult tissues, HTRA1 mediated misregulation leads to various
pathologies which can be attributed to the downregulation of
HTRA1 precipitating from genetic mutations. HTRA1 mutations
1921
have been linked to abnormal osteogenic tissue formation (Filliat
et al., 2017) and remodelling as well as a rare disorder known as
cerebral autosomal recessive arteriopathy with subcortical infarcts
and leukoencephalopathy (CARASIL) (Hara et al., 2009) which is a
cerebral small-vessel disorder causing various impairments such
as strokes, dementia, mobility issues, alopecia, spondylitis etc
(Fukutake and Hirayama, 1995).
2.3. Cross-talk between TGF-b and WNT signalling pathways

Interactions between the signalling pathways occur at various
points in the signalling cascade generating diverse molecular
responses. Likewise, regulation occurs at multiple sites commenc-
ing at the extracellular space in the presence of ligands eventually
leading up to the control of downstream signalling by transcription
factors in the nucleus. An example of co-operation between the
two pathways involves the simultaneous interaction of b-catenin
and Smad proteins with TCF, forming the transcriptional regulatory
complex responsible for spatio-temporal gene expression of cell
fate determinants. Sharing of elements between two distinct path-
ways is also a well-researched phenomenon demonstrated with
axin, which is a component of the destruction complex in WNT sig-
nalling, but also associates with Smads to modulate TGF- b sig-
nalling (Figs. 1 and 2) (Attisano and Labbé, 2004; Attisano and
Wrana, 2013).
2.4. HTRAS in the inhibition of NOTCH signalling pathway

The NOTCH signalling pathway is a linear mechanism which
functions in a juxtacrine manner, dependent on neighbouring cell
stimulation via specific ligands. The ligands such as JAG1, DLL4
or NOTCH1 interact with the extracellular domain of the
membrane-bound NOTCH receptor which undergoes structural
alterations on ligand binding and endocytosis, exposing the S2 site
for subsequent cleavage (Henrique and Schweisguth, 2019). This
releases the Notch intracellular domain (ICD) which proceeds to
translocate to the nucleus and associates with specific DNA-
binding proteins such as RBP-Jj to stimulate target gene expres-
sions such as the transcriptional repressors HES and HEY proteins
(Figs. 1 and 2) (Klose et al., 2018). In endothelial cells, the Notch
ligand JAG1 antagonizes DLL4-mediated Notch signalling and
HTRA1 has been found to cleave this JAG1-ICD complex thus acti-
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vating Notch signalling-directed angiogenesis (Klose et al., 2018).
Through the modulation of these signalling mechanisms HTRAs
regulate various biological pathways which will be detailed in
the subsequent sections.
3. Htra1 in diseases

3.1. Htra1 in placental development and pathology

The placenta performs a host of functions to maintain ideal
environment for fetal growth and survival, by taking on the
responsibilities of the lungs, gastrointestinal tract, kidneys, liver,
endocrine and immune systems. Abnormal placental development
not only leads to complications in pregnancy but also predisposes
to lifelong illness in both mother and child. To study the different
stages of placentation (trophoblast differentiation, feto-maternal
vasculature maintenance and utero-placental circulation establish-
ment) various animal models have been investigated, each with
their own set of pros and cons (Grigsby, 2016). The expression of
HTRA1, associated to both normal placental development as well
as the pathogenesis of preeclampsia, has been studied in the pla-
centas of both mouse and humans, demonstrating that HTRA1 is
involved in trophoblastic differentiation (Rossant and Cross,
2001; Hasan et al., 2015). As HTRA1 is involved in driving cellular
differentiation and vasculature remodelling, aberrant expression
can result in defective trophoblastic invasion and subsequent
maternal spiral artery remodelling, both of which are involved in
the primary stages of preeclamsia.

To analyze the issues of HTRA1 involvement in placental mal-
formation, transgenic HTRA1 knockout mouse were used. HTRA1
null pups were smaller in size than the wild type (Hasan et al.,
2015). Embryonic, but not maternal, HTRA1 deficiency was found
to be the cause of abnormal placental growth, confirmed by breed-
ing HTRA1-knockout females with wild type males which pro-
duced regular placentas during gestation. HTRA1-null placentas
showed overall growth retardation. While the placental architec-
ture remained similar histologically, the different regions were
much smaller with mislocalization of various trophoblast derived
cells, indicative of defective differentiation. The organization of
the fetal and placental blood vessels was also more haphazard until
the second week. Following E14.5 the phenotypic differences were
markedly reduced which can be explained by HTRA3 expression
that peaks and remains steady ahead of E14.5 until parturition,
and likely to partially compensate for the HTRA1 deficiency
(Hasan et al., 2015).

Trophoblast cells which invade the decidua and remodel mater-
nal spiral arteries are affected in HTRA1-null mice during their dif-
ferentiation and migration phases (Woods et al., 2018). As a result,
the maternal arteries are not sufficiently dilated and vessel walls
remain thick, reducing potential for blood flow and material
exchange within the placenta (Hasan et al., 2015). These aberrant
arterial conditions are further exacerbated by lowered matrix met-
alloproteinase 9 activity that is typically involved in extracellular
matrix digestion and cell migration leading to further spiral artery
remodelling (Kim et al., 2012).

The differentiation of mouse trophoblast cells is regulated
partly by TGF-b signalling which later is modulated by HTRA1 inhi-
bitory activity (Soncin et al., 2015). Absence of HTRA1 early in the
pregnancies would thus alter TGF-b mediated cell fate determina-
tion accounting for the different cell lineages from trophoblastic
progenitors in the HTRA1-null mice and wild type specimens
(Hasan et al., 2015). Some studies reported an elevated level of
HTRA1 observed in preeclampsia patients which were recorded
from sera in later stages of pregnancy and placental blood post par-
turition (Zong et al., 2013). Further study is required to ascertain
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whether these elevated levels instigate preeclampsia or are a
stress-induced response to it (Dynon et al., 2012; Li et al., 2017,
2011; Nie et al., 2006; Wang et al., 2018a).

3.2. HTRA1 in age-related macular degeneration (AMD)

A single nucleotide polymorphism (SNP), rs11200638 in 10q26
genetic locus, was reported to have a significant association with
AMD, which was located at the promoter region of HTRA1 gene
and suggested that the SNP increased HtrA1 expression in RPE
(Chen et al., 2009; Yang et al., 2006). Other two polymorphisms
in the 10q26 genetic locus were identified to associate with
AMD- a non-synonymous SNP variant (Ala69Ser; rs10490924) in
ARMS2 coding region (Rivera et al., 2005), and an insertion/dele-
tion polymorphism (del443ins54) in 30UTR of ARMS2, which have
involved in stabilization of ARMS2 mRNA (Fritsche et al., 2008).
Since ARMS2 is located immediately upstream of the HtrA1, the
strong linkage disequilibrium existing between these three poly-
morphisms have made difficult to determine which or both genes
have function in AMD susceptibility by genetic linkage analysis. A
number of studies in mice overexpressing human or mouse HTRA1
have shown the formation of the Bruch’s membrane and vascular
abnormalities and polypoidal lesions in association with AMD
(Fu, 2014; Jones et al., 2011; Liu and Hoh, 2015; Nakayama et al.,
2014; Vierkotten et al., 2011). ARMS2 is primate specific gene,
which makes more difficult the issue to be resolved. However, at
least Nakayama et al. (2014) showed that overexpression of wild
type ARMS2 or Ala69Ser ARMS2 in mouse had no effect on RPE
function. Furthermore, several studies indicated that rs10490924
and del443ins54(in/del) of ARMS2 lie within the regulatory ele-
ments of HtrA1 gene and play role in its expression (Iejima et al.,
2015; Pan et al., 2021; Yang et al., 2014). Although the possibility
that ARMS2 gene function in AMD susceptibility is not completely
excluded, it becomes widely accepted that the upregulation of
HtrA1 gene by polymorphisms in 10q26 locus is involved in AMD
pathogenesis (Liao et al., 2017). In line with this, recently two tran-
scription factors have been identified which bind to the regulatory
element in in/del and increase HtrA1 expression level in iPS cells
derived from AMD patients (Pan et al., 2021). Variations in the
HTRA1 promoter sequence due to SNPs have also been shown to
differentiate between PCV and AMD in a study conducted by Ng
et al. (2016). They concluded that the SNP rs2672598 is responsible
for increased promoter activity while rs11200638 apparently had
no impact on transcription factor binding. This former variant also
differentially affects transcription in AMD and PCV (Ng et al.,
2016).

The expression pattern of HTRA1 in normal eyes was mapped
against those suffering from neovascular AMD obtained from
post-mortem autopsied tissues. Higher HTRA1 levels were
detected in the periphery as compared to the macula in normal
eyes. In contrast, a much higher expression of HTRA1 was observed
in the macula than periphery in AMD eyes. HTRA1 was detected in
the vascular endothelia; anatomically macula has less retinal ves-
sel than periphery in normal eyes. It is possible that enhanced
expression of HTRA1 is associated with choroidal neovasculariza-
tion in macular region or large drusen formation, which are hall-
mark of AMD. Induced HTRA1 might have proapoptotic activity
and protease activity for extracellular matrix protein in macular
region.

The initial stages of AMD involve drusen formation and inflam-
mation driven retinal pigment epithelial (RPE) loss affecting cen-
tral vision. A progressive condition leads to either exudative or
non-exudative AMD, both of which have been linked to abnormally
elevated levels of HTRA1. Aging and oxidative stress are main
causes of AMD. Further it has been shown that oxidative stress
induces HtrA1 expression which protects oxidation-induced cell
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death by promoting senescence of RPE cells and links to AMD
(Supanji et al., 2013). Exudative or wet AMD is characterized by
choroidal neovascularization (CNV) with the vasculopathy causing
serous discharge and haemorrhaging due to abnormal angiogene-
sis mediated by vascular endothelial growth factors (VEGF) (Ng
et al., 2016). Additionally, the elevated HTRA1 levels in drusen,
abnormal RPE and CNV lesions have been associated with the
increased secretion of VEGF under stress condition and inflamma-
tion in human vitreous humors suggesting further that HTRA1
plays a pivotal role in AMD. Dry or non-exudative AMD or geo-
graphic atrophy results in complete degeneration of the macular
tissue leading to blindness.

There are several possible ways in which HTRA1 may induce
AMD. It alternatively mediates the TGF-b pathway, which is
responsible for modulation of angiogenesis, through interactions
with various TGF-b family receptor binding factors such as TGF
b1, TGF b2, activin, BMP4 and growth differentiation factor 5
(GDF5) (Zhang et al., 2012). GDF6 is a member of the TGF-b family
responsible for neural and vascular development in the eye and its
interplay with HTRA1 is crucial for TGF-b signalling and ocular
development (Zhang et al., 2012). A mutation in the GDF6 gene,
rs6982567, lowers the level of this mediator while increases the
HTRA1 level at the same time, posing a significant risk of AMD
(Liu et al., 2018).

Several obstacles lie in studying the pathophysiology of AMD
including cell type used, multiple genetic risk factors contributing
to the disease, inaccessibility to source tissue and lack of animal
models. Two previous studies circumvented some of these issues
using wild-type RPE cells and induced pluripotent stem RPE cells
derived from an AMD patient who had the high-risk HTRA1/
ARMS2 allele (Yang et al., 2014; Lin et al., 2018). It was found that
oxidative stress contributes to the development of AMD (Yang
et al., 2014). The other study demonstrated increased expression
of HTRA1 and its substrates including EFEMP1 and throm-
bospondin (TSP1) in cells with high-risk ARMS2/HTRA1 allele (Lin
et al., 2018). EFEMP1 is an extracellular matrix protein which
forms drusen deposits, and activates the complement pathway
instigating an inflammatory response and regulates TGF-b directed
angiogenesis. HTRA1 also cleaves TSP1 thus dysregulating its
angiogenic inhibitor activity (Lin et al., 2018).

A very recent Phase 1 clinical trial study has confirmed the
HTRA1 activity in AMD by determining a new biomarker
Dickkopf-related protein 3 (DKK3) (Tom et al., 2020). Another
ongoing study funded by the National Health Institute is working
on an innovative treatment for AMD with HTRA1 as the therapeu-
tic target. They propose to introduce cloned monoclonal antibodies
with high affinity for HTRA1 into RPE cells using gene therapy
related tissue-specific delivery techniques. Their work aims to
inhibit the proteolytic activity of HTRA1 to prevent CNV leading
to wet AMD (HTRA1 as a Therapeutic Target in the Treatment of
Wet AMD Shaw, Peter X. University of California, San Diego, La
Jolla, CA, United States).

3.3. Htra1 in small vessel disease

A hallmark of vascular disorders is a phenotypic shift in vascu-
lar smooth muscle cells (VSMCs). These cells exist on a phenotypic
spectrum with two discrete and interchangeable phenotypes on
extreme ends, namely the fully differentiated contractile pheno-
type involved in vessel contractility and the de-differentiated syn-
thetic phenotype responsible for extracellular matrix synthesis and
maintenance (Ikawati et al., 2018). These shifts are modulated by a
variety of intra and extra cellular stimuli resulting in cell types
with distinctive morphological, proliferative, and migratory char-
acteristics and unique marker proteins (Owens et al., 2004). Fol-
lowing this shift to the synthetic phenotype resulting in an initial



C. Oka, R. Saleh, Y. Bessho et al. Saudi Journal of Biological Sciences 29 (2022) 1919–1927
increase in VSMCs, a rapid loss will ensue, followed by extracellu-
lar matrix depletion and fibrotic arteries, all contributing to vascu-
lar disorders such CARASIL.

Loss of function study with HTRA1 in mice has demonstrated a
link with the modulation of VSMC phenotypes that exhibit stron-
ger migratory and proliferative capacities, higher matrix metallo-
proteinase activity (especially MMP9) and a propensity towards
oxidative stress-induced apoptosis. Characteristic elevated expres-
sions of marker proteins such as vimentin and osteopontin in
HTRA1-null mice compared to wild types further solidifies the
claim of a synthetic phenotypic switch. However, mice only
demonstrate significant changes to aortic vessels in contrast to
cerebral blood vessel changes observed in humans leading to CAR-
ASIL. These differences can be attributed to anatomical variations
between the species in vascular development and metabolism
(Ikawati et al., 2018).

HTRA1 mediates both the TGF-b signalling pathway and the
NOTCH signalling in the regulation of VSMC differentiation
(Fig. 1). The cross-talk occurs between NOTCH and TGF-b in which
DNA-binding protein RBP-Jj associates with phosphor-Smad2/3
and synergistically elevates expression of contractile proteins
SM22a and a-SMA (Tang and Liaw, 2010). These signallings direct
expression of contractile proteins, also stimulate the expression of
transcriptional repressor HEY and HES proteins (Klose et al., 2019).
HTRA1 cleaves JAG1 which is a NOTCH receptor ligand and cleaves
pro-TGF-b1 or GDF6 of the TGF-b pathway, maintaining a balance
between the expression of contractile mediators and the repressor
proteins. In the absence of HTRA1, overexpression of HES and HEY
repressors are observed which stunt the achievement of the con-
tractile functionality of VSMCs (Klose et al., 2019). The cells remain
in the synthetic conformation, prone to oxidative stress induced-
degradation leading to small vessel disease complications
(Ikawati et al., 2018). It was reported that Wnt/b-catenin signalling
induced pro-proliferation genes and MMPs to enhance prolifera-
tion and migration of VSMCs (Cheng et al., 2019), which also might
involve in the phenotype shift of HTRA1 deficient VSMCs in coop-
eration with TGF-b and NOTCH signalling (Fig. 1).

Cerebral small vessel diseases (CSVD) such as cerebral autoso-
mal dominant arteriopathy with subcortical infarcts and leukoen-
cephalopathy (CADASIL) and the symptomatically similar
CARASIL are monogenic disorders. The former is caused by
NOTCH3 mutation leading to excessive accumulation of NOTCH3
extracellular domain (NOTCH3-ECD) and vessel wall disruption
with complex protein aggregates. HTRA1 has been directly linked
to NOTCH3 signalling regulation (Klose et al., 2019). Substantiating
the claims of HTRA1 association with the CSVD, proteasome anal-
ysis of CADASIL patients exposed colocalization of mutant HTRA1
with NOTCH3-ECD and accumulation of a host of HTRA1 sub-
strates, precipitated by loss of activity (Zellner et al., 2018). Hered-
itary CARASIL, on the other hand, is direct result of mutations in
HTRA1, being mono- or bi allelic in nature. The heterozygous
HTRA1 mutations are often asymptomatic but accumulated with
NOTCH3 mutation might lead to CADASIL-like symptoms
(Verdura et al., 2015).

CADASIL and the closely related CARASIL, characterized by leg
muscle spasticity, followed by alopecia, back pain and a plethora
of neurological symptoms such as dementia and mood disorders
and eventual stroke (Onodera et al., 2019), have been linked
directly or indirectly with HTRA1 aberrations (Wu et al., 2018;
Zellner et al., 2018; Klose et al., 2019).

3.4. Htra1 and other members in carcinogenesis

The effects of HTRAs including HTRA1 and HTRA3 have been
extensively reviewed by Zurawa-Zanicka et al. (Zurawa-Janicka
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et al., 2017), thus this review mainly focuses on some recent devel-
opments in the field. Klose et al. (Klose et al., 2018) recently ana-
lyzed the effects of HTRA1 on tumor angiogenesis. Since NOTCH1
signalling is involved in regulating angiogenesis through endothe-
lial cells, this pathway was specifically investigated. The results
showed that HTRA1 indeed played a key role in regulating NOTCH1
signalling by cleaving JAG1 which antagonizes the NOTCH ligand
DLL4 responsible for anti-angiogenic effects (Klose et al., 2018).
JAG1 is an agonist in smooth muscle cell while NOTCH3 signalling
appears to be an antagonist in endothelial cell NOTCH1 signalling
(Benedito et al., 2009). In the absence of HTRA1 under pathological
conditions, haphazard vessel sprouting is observed through uncon-
trolled VEGF activity leading to poorly vascularized tumor pockets.
Thus, HTRA1 depletion might be a viable strategy in impairing
tumor angiogenesis (Klose et al., 2018).

WNT signalling plays roles in different stages of cancer pathol-
ogy including cancerous stem cell proliferation, improving cell via-
bility, promoting tumor angiogenesis and metastasis, suppressing
immune response and conferring resistance to chemotherapeutics
(Arend et al., 2013). A recent study delineated the mutations in dif-
ferent components of the signalling pathway from b-catenin to
members of the destruction complex that precipitate in hyperacti-
vation of b-catenin and result in related gene overexpression, lead-
ing to epithelial ovarian cancer (EOC). Aberrant WNT signalling has
been linked to all subtypes of EOC (Nguyen et al., 2019). HTRA1
also regulates WNT signalling by interfering with b-catenin direc-
ted transcription, and its downregulation has been observed in dif-
ferent subtypes of EOC (Lu et al., 2004). This downregulation can be
attributed to epigenetic silencing of HTRA1 in ovarian cancer,
which is further confirmed by the discovery of methylated CpG
islands in promoter and exon sequences of HTRA1 in non-
expressing ovarian cancer cells (Chien et al., 2009). A signalling
network among HTRA1, NOTCH, TGF- b, and WNT leading to
epithelial mesenchymal transition (EMT) is shown in Fig. 2 during
cancer progression. Treatment with the methyltransferase inhibi-
tor 5-aza-cytidine was found to increase HTRA1 expression
(Chien et al., 2004) and the higher level of HTRA1 confers better
response to chemotherapy in gastric, ovarian (Chien et al., 2009)
and breast cancers (Folgueira et al., 2005). Conversely, chemother-
apeutics such as paclitaxel and cisplatin modulate HTRA1 upregu-
lation and propagate HTRA1 directed caspase 3/7 mediated cell-
death while suppression of HTRA1 by RNA interference triggered
chemoresistance (Chien et al., 2006).

HTRA4 possesses similar moieties compared to HTRA1 and
HTRA3 (Glaza et al., 2015; Runyon et al., 2007) which stands to rea-
son that it would confer similar tumor suppressor and apoptotic
capabilities against cancer cells. Its expression has been shown to
negatively correlate with the growth of brain, breast, and prostate
cancer (Chien et al., 2009). A recent study analyzed its ability to
effect chemotherapeutic drug efficacy in deterring oncogenesis
(Wenta et al., 2019). Under stress conditions, HTRA4 directs apop-
tosis of cancer cells through the proteolytic cleavage of XIAP (X-
linked inhibitor of apoptotic proteins), and improves the effective-
ness of drugs such as etoposide and cisplatin in driving oncogenic
cells towards apoptosis, reducing clonogenic potential and motility
of cancer cells, and arresting cell cycle at the G2/M phase, thereby
curbs metastatic growth. Both the long and short variants of
HTRA3 (HTRA3L and HTRA3S) cleave the anti-apoptotic protein
XIAP through proteolytic activity, and the N terminally truncated
HtrA4 is more effective in triggering cell death (Wenta et al.,
2019). Furthermore, HTRA3 co-localizes with actin, vimentin and
b-tubulin which are all propagators of caspase mediated apoptosis
(Byun et al., 2001; Wenta et al., 2019). All four HTRAs seem to
direct apoptosis and likely to act in conjunction to regulate cancer
cell apoptosis depending on various stress conditions.



Table 2
HTRA1,3 and 4 mediated pathways involved in various pathologies.

Biological site Pathology Biological
Pathway

HTRAs
involved

References

Placenta Pre- eclampsia TGF-b HTRA1,3 and
4

(Hasan et al., 2015; Li et al., 2011; Liu et al., 2018; Wang et al.,
2018b)

Eyes Age related macular disorder (AMD) TGF-b HTRA1 (Friedrich et al., 2015)
Cerebral blood vessel Small vessel disease (CARASIL,

CADASIL)
TGF-b, NOTCH3 HTRA1 (Beaufort et al., 2014; Klose et al., 2019; Tikka et al., 2014)

Multiple sites Cancer WNT, NOTCH1 HTRA1, 3 and
4

(Cheng et al., 2019; Globus et al., 2017; Klose et al., 2018)

Neurons Alzheimer’s disease TGF-b HTRA1 (Grau et al., 2005; Launay et al., 2008)
Bones, cartilage Osteoarthritis TGF- b HTRA1, 3 (Graham et al., 2013; Larkin et al., 2013)
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4. Conclusions

The cross-talk between the TGF-b, WNT and NOTCH signalling
pathways govern various cellular mechanisms and imbalances in
the intricate mechanisms through ectopic gene expressions that
likely to lead to major disease manifestations (Pelullo et al.,
2019). Table 2 provides a general outline of the involvement of
these pathways in pathogenesis. Sufficient evidence has been
detailed to present different forms of interplay in biological path-
ways such as WNT, TGF-b and NOTCH signalling as mediators of
various pathologies, and as such it is evident that manipulating
these pathways through HTRA proteases imparts considerable
therapeutic value.

Elevated level of HTRA1 is correlated to preeclampsic and AMD
pathophysiologies that are propagated through TGF-b signalling-
directed cell fate determination and choroidal neovascularization
respectively. As such, the application of HTRA1 inhibitors could
form the possible basis of a therapeutic regimen. To design HTRA1
inhibitors, a previous study proposed the exploitation of allosteric
sites on these chymotrypsin-like serine proteases alongside
exploring the active site (Zurawa-Janicka et al., 2010). Since the
active sites of HTRAs have been well conserved, allosteric sites
can serve as a more viable focus for developing target specific inhi-
bitors (Zurawa-Janicka et al., 2010). The non-ribosomal peptide
inhibitors mimic substrate like binding to the serine protease
active sites without undergoing proteolysis, and Ahp-
cyclodepsipeptide scaffold has been suggested for the synthesis
of tailored human HTRA protease inhibitors (Köcher et al., 2017).
The tailored inhibitors are likely to have improved target speci-
ficity, circumventing the issue of unintended physiological side
effects. A previous study through in-silico screening of allosteric
sites between the proteolytic and PDZ domains of Helicobater pylori
HTRA proposed a site-specific bioactive ligand (Perna et al., 2014).
Similar studies can be conducted on human HTRA1-3 to derive rel-
evant allosteric inhibitors.

Carcinogenesis has been negatively correlated with HTRAs,
demonstrating the beneficial role they play in deterring cancer
metastasis via anoikis, caspase-dependant and independent apop-
tosis as well as TGF-b signalling inhibition which is imperative in
oncogenesis (Chien et al., 2009). HTRA1-4 proteolytically degrade
anti-apoptotic protein XIAP, and together with other anti-cancer
drugs, such as cisplatin, improve response to chemoresistance.
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