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Abstract
Heparanase (HPSE) is a multifunctional protein endowed with many non-enzymatic functions and a unique enzymatic 
activity as an endo-β-d-glucuronidase. The latter allows it to serve as a key modulator of extracellular matrix (ECM) via a 
well-regulated cleavage of heparan sulfate side chains of proteoglycans at cell surfaces. The cleavage and associated changes 
at the ECM cause release of multiple signaling molecules with important cellular and pathological functions. New and 
emerging data suggest that both enzymatic as well as non-enzymatic functions of HPSE are important for health and ill-
nesses including viral infections and virally induced cancers. This review summarizes recent findings on the roles of HPSE 
in activation, inhibition, or bioavailability of key signaling molecules such as AKT, VEGF, MAPK–ERK, and EGFR, which 
are known regulators of common viral infections in immune and non-immune cell types. Altogether, our review provides a 
unique overview of HPSE in cell-survival signaling pathways and how they relate to viral infections.
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Introduction to HPSE

Heparanase (HPSE) is an endo-β-d-endoglycosidase that is 
the only known mammalian enzyme able to cleave heparan 
sulfate (HS) moieties at certain positions [1]. HPSE plays 
an important role in the degradation and modification of 
the extracellular matrix (ECM) [2]. It is a 58 kDa heterodi-
mer composed of 50 kDa and 8 kDa subunits which bind 
noncovalently [2]. The enzyme is initially synthesized in 
the endoplasmic reticulum as a 68 kDa precursor protein, 
modified in the Golgi apparatus to become a 65 kDa proen-
zyme, and transported to the exterior of the cell [3]. Once 
there, it can bind to heparan sulfate proteoglycans (HSPGs), 
low-density lipoprotein-receptor-related protein (LRP), or 
mannose 6-phosphate [3]. This binding causes the complex 
to become endocytosed and transported to a lysosome for 
processing [3]. The acidic pH of the lysosome activates the 
cathepsin L protease which cleaves a 6 kDa linker region 

in the HPSE enzyme and converts HPSE into its active het-
erodimer form [4]. From there, HPSE can participate in a 
variety of roles: secretion into the exterior of a cell where 
it cleaves HS side chains; inside the cell, it complexes with 
autophagosomes and enables autophagy, binds to exosomes 
and induce their exit from the cell, and enters the nucleus to 
influence gene transcription [2].

Active HPSE has been implicated in a variety of diseases, 
most notably cancer [5]. Most tumors display increased lev-
els of HPSE expression [6]. Indeed, increasing HPSE lev-
els have been correlated in enhanced tumor progression, 
size, metastasis, and angiogenesis [7]. Because of its role 
in promoting autophagy and exosome formation, HPSE has 
been shown to increase chemoresistance and longevity in 
cancer cells [8]. By degrading HS moieties, HPSE releases 
important growth factors, which were bound to HS, such as 
vascular endothelial growth factor (VEGF) and epidermal 
growth factor (EGF). The cleavage of HSPGs also releases 
numerous cytokines and chemokines that can affect cell-
signaling pathways and induce inflammatory responses [9]. 
Because of the variety of roles, HPSE can play in a cell and 
its emerging implications in many types of viral diseases, 
there is a greater need to elucidate the cellular mechanisms 
and signaling pathways by which HPSE performs its major 
functions. Our review of existing literature is designed to 
develop a more concise understanding of the signaling 
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networks in which HPSE participates and thus, directly or 
indirectly, regulates viral infections. We also highlight new 
therapeutic targets and approaches that have the potential to 
translate into new clinical breakthroughs against a variety 
of viral infections.

Heparanase–Akt signaling

Akt, also known as protein kinase B (PKB), is a serine/threo-
nine kinase that plays a key role in cell growth, metabo-
lism, and survival [10]. Three isoforms of Akt have been 
reported in the literature thus far: AKT1, AKT2, and AKT3 
[11]. Akt has four phosphorylation sites: Ser-124, Thr-308, 
Thr-450, and Ser-473 [12]. However, phosphorylation of 
only two of the sites, Thr-308 and Ser-473, contributes to 
AKT activation [13]. Akt functions downstream of phos-
phoinositide 3-kinase (PI3K) [14]. Activation of a recep-
tor tyrosine kinase (RTK) or a G-protein-coupled receptor 
(GPCR) can recruit and activate PI3K with the aid of the 
Ras family of GTPases [15]. The activation of PI3K converts 
phosphatidylinositol-4,5-biphosphate (PIP2) to phosphati-
dylinositol-3,4,5-triphosphate (PIP3) which is required for 
the translocation of inactive Akt to the plasma membrane 
[16]. Phosphoinositide-dependent protein kinase 1 (PDK1) 
will then bind to the Akt-PIP3 complex and phosphoryl-
ate Akt at the Thr-308 position, thereby activating it [17]. 
Mammalian target of rapamycin complex 2 (mTORC2) can 
then phosphorylate Akt at Ser-473 which is required for 
its maximal activation [18]. Akt phosphorylates over 100 
different proteins, which can (1) activate them, stimulating 
growth and survival responses or (2) inactivate them, pre-
venting them from stimulating apoptotic responses [19]. For 
example, phosphorylation of FOXO and GSK3 proteins by 
Akt inhibits them, which promotes cell survival, prolifera-
tion, and metabolism [20]. Phosphorylation of TSC2 by Akt 
allows the downstream mTORC1 to become activated and 
initiate metabolism and growth [21]. Other targets of Akt 
include transcription factors, cell cycle regulators, metabolic 
enzymes, and regulators of protein and vesicle trafficking 
[20].

Termination of this pathway can be achieved by multi-
ple kinds of phosphatases. The first uses the protein phos-
phatase and tensin homolog (PTEN) to dephosphorylate 
PIP3 back to PIP2, preventing Akt from being recruited to 
the plasma membrane [22]. The second method uses protein 
phosphatase 2A (PP2A) and PH domain leucine-rich repeat 
protein phosphatases (PHLPPs) to dephosphorylate Akt at 
the Thr-308 and Ser-473 positions, respectively [23].

Cellular apoptosis is one method by which organisms 
fend off viral infections. Induction of apoptosis reduces 
the amount of replication which a virus can achieve in a 
host cell, choking off the supply of viral progeny [24]. It 

is, therefore, in the interest of a virus to prolong the sur-
vival of the host cell. Accordingly, multiple types of viruses 
have been shown to stimulate Akt phosphorylation, includ-
ing adenoviruses, poxviruses, HIV, papilloma viruses, her-
pesviruses, and influenza A [24–27]. There appears to be a 
trend of mammalian DNA viruses utilizing the Akt path-
way for their own benefit, leveraging its role as a master 
regulator of signaling [21]. For example, in the herpesvirus 
family, human cytomegalovirus (HCMV), Epstein–Barr 
virus (EBV), and Kaposi’s sarcoma-associated herpesvirus 
(KSHV) each encode a unique protein that activates Akt 
[28, 29]. Activation of Akt signaling allows an infected cell 
with a latent virus to avoid apoptosis, immortalizing the cell 
in certain cases [30]. Herpes simplex virus type 1 (HSV-1) 
activates Akt initially and later encodes for an Akt mimetic 
protein with its US3 gene [31]. The mimetic protein was 
able to phosphorylate many of the same substrates as Akt, 
including tuberous sclerosis complex 2 (TSC2), FOXO1, and 
GSK3 [32]. In addition, the HSV-1 immediate–early protein 
ICP0 stimulates the formation of the EIF4F complex, which 
is downstream of Akt and necessary for the onset of transla-
tion [21]. Thus, even if the host cell successfully inhibits the 
PI3K–Akt axis, HSV-1 can still translate proteins necessary 
for its survival. However, the inhibition of Akt results in a 
reduction of viral load in certain viruses, highlighting the 
importance of the pathway in a productive infection [25]. 
Viruses have been shown to modify the PI3K pathway at 
nearly every point from PI3K to eukaryotic initiation factor 
4F (EIF4F) [21]. Although many DNA viruses activate Akt 
during their life cycles, some RNA viruses benefit from Akt 
downregulation. For example, the membrane protein of the 
severe acute respiratory syndrome coronavirus (SARS-CoV) 
inhibits Akt activation, which causes cytopathic effects in 
infected cells [33, 34].

Many viruses have been shown to up-regulate and exploit 
host HPSE during infection [9]. One method by which HPSE 
may aid them is the stimulation of Akt signaling. HPSE has 
been shown to induce Akt phosphorylation in fibroblasts, 
endothelial cells, macrophages, and numerous tumor-derived 
cell lines [14, 35–38]. In addition, HPSE and Akt activation 
have been correlated in glioma cells, T cells, and lymphoma 
cells [2, 39]. However, in one study, the addition of HPSE 
alone to macrophages was unable to stimulate Akt phos-
phorylation [40]. The mechanism by which HPSE increases 
Akt phosphorylation levels is still under investigation, but it 
has been shown to be independent of mannose 6-phosphate 
receptor (MPR), low-density lipoprotein-receptor-related 
protein (LRP), heparan sulfate proteoglycans (HSPGs), and 
even HPSE enzymatic activity [14, 35]. Non-enzymatic 
activity is likely localized to the C-terminal domain of the 
HPSE protein [41]. However, it appears to be mediated in 
part by lipid rafts: changes in lipid raft structure via lovasta-
tin or methyl-beta-cyclodextrin (MβCD) have been shown to 
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abrogate Akt phosphorylation despite the addition of HPSE 
in fibroblasts [35]. In addition, the effects of HPSE on Akt 
phosphorylation were enhanced following the addition of 
heparin or heparan sulfate to the medium [14]. HPSE was 
shown to mediate Akt phosphorylation at the Ser473 resi-
due in anmTORC2-dependent manner as an siRNA targeting 
RICTOR, a subunit of mTORC2, diminished phospho-Akt 
levels [36].

Two studies demonstrated that PI3K is necessary for 
HPSE-induced Akt activation [14, 36]. HPSE-induced Akt 
phosphorylation did require the presence of the subunit 
p110α of PI3K, the integrins αVβ3 or α5β1, and one of the 
tyrosine kinases FAK or PYK2 [36]. These results regard-
ing the tyrosine kinases are consistent with the literature, as 
both FAK-dependent and independent mechanisms of Akt 
phosphorylation have been described [42, 43]. The replace-
able nature of the integrins and FAK/PYK2 suggests that the 
pathway has significant flexibility in terms of the specific 
proteins used. Additionally, since Akt phosphorylation is 
enhanced when both components of a pair (the integrins 
αVβ3/α5β1 or FAK/PYK2) are functioning, these molecu-
lar players may exhibit synergistic effects or independently 
promote p-Akt formation. A 2009 review indicated that 

HPSE-induced Akt phosphorylation may require firmly 
attached cells, which may explain why certain integrins were 
necessary to activate the pathway [44].

In two human cancer cell lines, the SRC family kinase 
(SFK) inhibitor PP2 was demonstrated to prevent HPSE 
from activating Akt [36, 39]. The mechanism by which this 
occurs did not involve syndencan-4 or the following kinases 
in the SRC family: Src, YES, and FYN [36]. Because these 
three proteins are members of the SrcA subfamily, it may 
be the case that the mechanism is mediated by a member of 
the SrcB subfamily: Lck, Hck, Blk, or Lyn [45, 46]. It may 
also be the case that PP2 inhibits an off-target member of 
the HPSE–Akt pathway.

Other players in the HPSE–AKT pathway may include 
the GTPase Ras and the growth factor TGF-β. Cells with 
a mutant Ras gene were more receptive to the inhibition of 
Akt phosphorylation when given both HPSE and an HPSE 
inhibitor PG545 [47]. Finally, TGF-β was reported to have 
dose-dependent effects on HPSE-induced Akt phosphoryla-
tion as it stimulated Akt activity at lower concentrations, 
but inhibited it at higher concentrations in tumor cells [48].

The results of the above studies suggest a potential mech-
anism by which HPSE activates Akt (Fig. 1). Through an 

Fig. 1  Proposed mechanism by which HPSE activates Akt phospho-
rylation. Proteins shown in gray have roles that are not fully under-
stood. HPSE uses an unknown signaling molecule to bind and acti-
vate an integrin bound to a lipid raft. The proteins FAK or PYK2, 
with a possible role for a Src family kinase, activate the p85 subunit 
of PI3K. The p85 subunit activates the p110α subunit of PI3K, pos-

sibly with the aid of Ras. Activation of PI3K results in the phospho-
rylation of PIP2 to PIP3. PIP3 plays a dual role in recruiting Akt to 
the plasma membrane and activating mTORC2. PDK1 and mTORC2 
phosphorylate Akt at its Thr-308 and Ser-473 sites, respectively. 
Phosphorylation of both sites is necessary for maximal activation of 
Akt
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unknown mechanism that is independent of its enzymatic 
activity, HPSE activates the αVβ3 and α5β1 integrins. 
Because lipid rafts have been shown to play a role in the reg-
ulation and activity of β1 integrins [49], it may be the case 
that the αVβ3 and α5β1 integrins must either be associated 
with a lipid raft in order to activate or cluster in a lipid raft 
upon activation. In either case, these integrins then recruit 
FAK which autophosphorylates itself at Tyr397 and phos-
phorylates PI3K at its p85 subunit [50]. Similarly, the inte-
grins recruit and induce the autophosphorylation of PYK2at 
Tyr402 [51]. The interaction between integrins and PYK2 
may be mediated by SFK. The SFK inhibitor PP2 has been 
shown to inhibit the phosphorylation of FAK and the p85 
subunit of PI3K, along with p-Akt [50, 52]. The p85 subu-
nit contains Src homology 2 (SH2) domain, and since the 
p-FAK may bind to the p85 subunit of PI3K, both FAK and 
PI3K may be targets of the PP2 inhibitor [50, 53]. Activation 
of the p85 subunit is required for the activation of the p110α 
subunit of PI3K, which has been shown to be the essential 
catalytic site for the downstream phosphorylation of Akt [36, 
50]. PYK2 may also activate the p85 subunit of PI3K as it 
shares a similar structure as FAK, even containing an SH2 
domain [54]. Additionally, since inhibition of PI3K reduces 
Akt phosphorylation, the mechanism of PYK2 is likely to 
be upstream of or acting on PI3K. However, since PYK2 
is expressed in only a few types of cells [55], it may not 
impact HPSE-induced signaling in many cell lines which is 
supported by studies showing significant loss of p-Akt with 
FAK inhibition alone [50]. Once activation of the p110α 
subunit of PI3K is achieved, PI3K converts PIP2 to PIP3 
which has been shown to activate mTORC2 and bind to Akt 
at the plasma membrane [56]. In certain situations, Ras may 
interact with PI3K to amplify downstream Akt phosphoryla-
tion [57]. Once PIP3 is bound to Akt, PDK1 phosphorylates 
Akt at Thr308 in its “activation loop”, partially activating it 
[58]. Finally, mTORC2 then phosphorylates Akt at Ser473, 
fully activating it [18].

Viral activation of HPSE may stimulate Akt phosphoryla-
tion, in part, through the above mechanism. Although some 
viruses encode proteins which activate Akt independently 
of HPSE, the Akt–HPSE axis may constitute a positive 
feedback loop. For example, the tegument protein of HSV-1 
VP11/12 induces Akt activation and the US3 kinase phos-
phorylates multiple Akt substrates [59]. Akt has been shown 
to regulate NF-ĸB, which is necessary for HSV-1-induced 
HPSE upregulation [60, 61]. If HPSE leads to the activation 
of Akt by the proposed mechanism, then it will sustain a 
prolonged pro-survival state of the cell that is advantageous 
to the virus.

There are still components of the HPSE–Akt pathway that 
remain under investigation: (1) How do lipid rafts and the 
αVβ3/α5β1 interact, if at all? (2) Do the integrins activate 
FAK directly or is there an unknown SFK mediating the 

interaction? (3) Can the unknown SFK directly phospho-
rylate PI3K? and (4) What is the mechanism by which Ras 
and TGF-β stimulate Akt phosphorylation, and (5) why does 
TGF-β inhibit Akt phosphorylation at higher concentrations? 
Additional work needs to be done to elucidate these aspects 
of the HPSE–Akt pathway.

HPSE–VEGF signaling

Vascular endothelial growth factors are a family of pro-
teins, which regulate vascular development, cell survival, 
and angiogenesis [62]. There are five known growth fac-
tors in the VEGF family: VEGF-A, VEGF-B, VEGF-C, 
VEGF-D, and the placenta growth factor P1GF [62]. VEGF 
is created by most parenchymal cells and plays key roles in 
both autocrine and paracrine signaling [62]. There are three 
known receptor tyrosine kinases (RTKs) through which 
VEGFs bind: vascular endothelial growth factor recep-
tor 1 (VEGFR1), VEGFR2, and VEGFR3 (also known as 
Flt1, Flk1, and Flt4, respectively). Once a VEGF binds to a 
VEGFR, it induces a conformational change in the receptor, 
which phosphorylates the tyrosine residues on the receptor, 
activating the kinase for phosphorylation of downstream 
proteins, including PI3K–AKT, p38 MAPK, and ERK1/2 
[62]. VEGF-A is one of the growth factors that can be bound 
and sequestered by HS [63].

VEGF upregulation has been observed in many differ-
ent viral infections [64–66]. SARS-CoV-2-infected patients 
display higher VEGF expression [67], which may be linked 
to increased endothelial cell permeabilization and contribute 
to the development of noncardiogenic pulmonary edema in 
acute respiratory distress syndrome [68]. Uniquely, the Orf 
virus, a member of the poxvirus family, encodes a VEGF 
homolog which stimulates proangiogenic responses during 
infection [66, 69]. Certain viruses, such as EBV, KSHV, 
and the hepatitis viruses, are associated with oncogenic 
infections, and the increase in VEGF stimulates growth and 
angiogenesis [70]. Non-oncogenic viruses, such as HSV-1 
and DENV, also increase VEGF expression during infection, 
which is associated with severe complications. Upregulation 
of VEGF during an ocular HSV-1 infection can lead to cor-
neal neovascularization, and elevated VEGF levels during 
DENV infections contribute to dengue hemorrhagic fever 
[71, 72]. Inhibiting VEGF reduces the severity of viral infec-
tion and tumor growth [73–75].

Like its relationship with Akt, HPSE may be a key reg-
ulator of VEGF signaling. HPSE has been shown to sig-
nificantly increase VEGF expression in a variety of cell 
lines, particularly VEGF-C [76]. The mechanism by which 
HPSE up-regulates VEGF is independent of its enzymatic 
activity, but is instead mediated by the activation of a SFK 
[77]. A sixfold increase in phospho-SFK was found in 
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HPSE-transfected cells [78, 79]. Inhibition of SFK by PP2 
abrogated VEGF stimulation upon HPSE addition [77]. 
Because PP2 and the antibody used were not specific for 
the Src protein, it may be the case that another member of 
the Src family was mediating the HPSE–VEGF mechanism 
[77]. This SFK may be responsible for mediating FAK acti-
vation in the HPSE–Akt pathway discussed before [36]. In 
addition, only the secreted forms of HPSE were able to up-
regulate VEGF [77]. These results suggest that HPSE acts 
on the exterior of the cell to increase VEGF expression in 
an SFK-dependent mechanism.

HPSE may be able to directly release the VEGF bound 
to HS chains located on perlecan proteoglycans by cleaving 
HS [79, 80]. HPSE-induced VEGF-C upregulation enhanced 
tumor lymphangiogenesis in mouse models and was corre-
lated with lymphatic vessel density in human patients [76]. 
Thus, HPSE may possess enzymatic and non-enzymatic 
means of increasing VEGF signaling. HPSE also indirectly 
impacts VEGFR2 via its role in syndecan shedding. In 
brief, enzymatically active HPSE stimulates the ERK sign-
aling pathway which up-regulates matrix metalloprotein-
ase 9 (MMP-9) [81]. MMP-9 then cleaves the syndecan-1 
core protein from the cell surface [81]. When syndecan-1 
sheds from the membrane, it can couple the integrin α4β1 
(also known as VLA-4) and VEGFR2 together, forming 

a complex of three proteins [82]. The complex activates 
VEGFR2 which proceeds to enhance cell invasion, forma-
tion of endothelial tubes, and other tumorigenic responses 
[82]. This mechanism is inhibited by synstatins, proteins 
which can competitively inhibit the binding of either α4β1 
or VEGFR2 to shed syndecan-1 [82, 83].

Thus, HPSE demonstrates three ways in which it acti-
vates the VEGF pathway (Fig. 2). Once secreted from the 
cell, it can induce SFK-mediated VEGF upregulation in an 
enzymatically independent manner. HPSE can also enzy-
matically cleave HS chains, liberating bound VEGF. It may 
also activate VEGFR2 via its role in syndecan-1 shedding. 
Further studies must be done to investigate precisely if and 
how HPSE activates SFKs. Additionally, the mechanism by 
which an SFK up-regulates VEGF needs to be explored.

In case of an HSV-1 infection, its immediate–early protein 
ICP4 acts as a transcription factor that up-regulates VEGF 
expression [84]. During the later stages of infection, HSV-1 
up-regulates HPSE in an ICP34.5-dependent mechanism, 
which results in the cleavage of HS moieties from the cell 
surface [61]. Cleavage of HS releases VEGF which may then 
bind to VEGFR. Additionally, HSV-1 induces syndecan-1 
shedding, which activates VEGFR, as well [85]. Activation 
of VEGFR stimulates downstream ERK signaling and the 
associated induction of inflammatory cytokines [86]. These 

Fig. 2  Proposed mechanism by which HPSE activates VEGFR sign-
aling. Proteins shown in gray have roles that are not fully understood. 
(1) Extracellular HPSE increases VEGF transcription in an SFK-
dependent manner. (2) HPSE cleaves HS chains from perlecan, lib-

erating VEGF to bind to VEGFR2 and stimulate downstream signal-
ing. (3) HPSE activation leads to syndecan-1 shedding from the cell 
surface. The syndecan protein complexes with α4β1 and VEGFR2, 
activating the latter
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cytokines trigger immune cell infiltration, and, in the case of 
ocular infections, can lead to neovascularization of the cor-
nea [86]. Thus, while HSV-1 stimulates VEGF transcription 
directly, HPSE plays an important role in liberating extracel-
lular VEGF to further bolster angiogenic responses.

HPSE–ERK signaling

The extracellular signal-regulated kinase (ERK) signaling 
pathway modulates the proliferation, survival, and differ-
entiation of cells [87]. The process begins with the binding 
of ligands to a variety of membrane receptors: G-protein 
coupled receptors (GPCRs), RTKs, and ion channels among 
others [88]. For example, one method by which the path-
way begins involves the binding of epidermal growth fac-
tor and transforming growth factor α (TGFα) to the epider-
mal growth factor receptor (EGFR), a tyrosine kinase [88]. 
EGFR dimerizes upon ligand binding and starts the signal 
transduction pathway, which sequentially forms a complex 
of the following proteins: ShC–Grb2, SOS, and the GTPase 
Ras [88]. The ShC–Grb2–SOS–Ras complex activates Ras 
which marks the start of the MAPK pathway [88]. The 
MAPK pathway consists of the sequential phosphorylation 
of the three kinases: MAPK 3-kinase (MAPKKK), MAPK 
2 kinase (MAPKK), and MAPK [89]. In mammalian cells, 
these kinases are known as Raf, MEK1/2, and finally 
ERK1/2 [90]. Activated ERK then proceeds to translocate 
to the nucleus where it phosphorylates transcription factors 
that regulate activities such as proliferation, continued sur-
vival, and angiogenesis [88].

For similar reasons as the Akt and VEGF pathways, it is 
advantageous for viruses to exert control over the ERK sign-
aling pathway. Promoting survival and delaying apoptosis 
allow viruses time to replicate and produce infectious prog-
eny. Notably, all three classes of herpesviruses hijack the 
ERK pathway for their own benefit. The alphaherpesvirus 
HSV-1 activates ERK, which travels to the cell membrane 
and promotes the remodeling of the actin cortex [91]. This 
promotes filopodia formation and subsequent viral surfing, 
which aids HSV-1 find a suitable attachment point on the 
cell membrane for fusion [91]. The betaherpesvirus HCMV 
uses the ERK pathway to remodel its chromatin sites, an 
essential step in reactivation from latency [92]. The gamma 
herpesvirus KHSV activates ERK signaling to up-regulate 
the transcription factor Fos and stimulate the transcription 
of genes necessary for replication [93]. Additional DNA 
viruses that have been shown to impact ERK signaling 
include HPV, HBV, and vaccinia virus [94–96]. Certain 
RNA viruses hijack the pathway as well. Yellow fever virus, 
influenza, and HCV require an intact ERK pathway for suc-
cessful replication [97–99]. The ERK pathway affects Ebola 
and Dengue viruses, as well, the former needing to repress 

ERK activity and the latter needing to stimulate it [99, 100]. 
Overall, a wide range of viruses have been demonstrated to 
regulate the ERK pathway for their own uses.

Again, HPSE influences the ERK pathway, and the mech-
anisms by which this occurs are discussed below. Enzymati-
cally active HPSE has been shown to increase levels of ERK 
phosphorylation in macrophages, myeloma, and pituitary 
adenoma cells [81, 101]. HPSE-induced ERK activation 
then enhances the expression of matrix metallopeptidase 
9 (MMP-9), which is a syndecan-1 sheddase, along with 
urokinase-type plasminogen activator (uPA) and uPA recep-
tor (uPAR) levels. It has been shown that uPA and uPAR 
lead to the downstream activation of the proenzyme form 
of MMP-9 (pro-MMP-9) [102]. Activation of uPA, uPAR, 
and pro-MMP-9 results in the formation of active MMP-
9. Another study discovered that syndecan-1 shedding was 
greatly inhibited when the activation of MMP-9, uPA, or 
uPAR was blocked, further supporting the relationship of 
these three proteins in stimulating syndecan-1 shedding [81]. 
However, it should be noted that in breast cancer cells, HPSE 
led to a decrease in MMP-9 expression, which suggests that 
the effect of HPSE may be cell-type dependent and elicit 
different pathways which impact MMP-9 expression [103].

The shed syndecan-1 can then bind to VEGF (also up-
regulated by HPSE), and the complex attaches integrins to 
VEGFR2 [104]. They synergistically enhance ERK phos-
phorylation and invasion of the endothelial layer in myeloma 
cells [104]. The same study demonstrated that VEGF alone 
could facilitate a lesser degree of endothelial invasion, while 
syndecan-1 alone had no effect [104]. Thus, instead of inde-
pendently promoting invasive behavior, the shed syndecan-1 
may be further enhancing the effects of VEGF. The cause 
of this synergistic effect has been hypothesized to be due to 
the syndecan-1 protecting VEGF from degradation or aid-
ing the binding of VEGF to receptors on the cell surface, 
but it is currently unknown [104]. The HPSE–VEGF–ERK 
pathway is thought to be taken advantage of during ocular 
HSV-1 infection to promote corneal neovascularization [86].

Because only enzymatically active variants of HPSE were 
shown to activate ERK phosphorylation in myeloma cells 
[81], the mechanism by which HPSE leads to ERK acti-
vation likely involves a downstream signal resulting from 
HS degradation. One candidate for this signal has been sug-
gested by Purushothaman et al. to be hepatocyte growth 
factor (HGF) as it has been shown to bind to the HSPG 
syndecan-1 via its HS moieties in myeloma cells and stimu-
late Met signaling via the c-Met receptor, which, in turn, 
activates the ERK pathway [105, 106]. Although primar-
ily made in mesenchymal cells, HGF is also produced in 
myeloma cells [107]. Enzymatically inactive HPSE has been 
shown to up-regulate HGF expression and secretion from the 
cell [108]. Thus, the enzymatic activity of HPSE stimulates 
syndecan-1 shedding which enhances the effects of the HGF 



5065Heparanase, cell signaling, and viral infections  

1 3

that was already up-regulated by a non-enzymatic domain 
of HPSE. This may explain why non-enzymatically active 
HPSE is insufficient to stimulate ERK signaling. In addition, 
there is mixed evidence to support that HGF induces Akt 
phosphorylation via Met signaling in myeloma cells [105, 
106]. If true, this would supplement the pro-survival signal 
response from the ERK pathway via the PI3K/Akt pathway.

Another facet of the HPSE–ERK axis includes the insulin 
receptor (IR). Upregulation of enzymatically active HPSE 
has been shown to increase the phosphorylation levels of 
the IR, a tyrosine kinase, in myeloma cells [87]. Antibodies 
targeting the IR inhibit ERK activation [87]. After HPSE 
activates the insulin receptor, the insulin receptor phos-
phorylates the insulin receptor substrate 1 (IRS-1) [87]. 
Additionally, HPSE was demonstrated to activate protein 
kinase C(PKC) which up-regulates IRS-1 [87]. Thus, HPSE 
enhances pIRS-1 levels by increasing both the production 
of IRS-1 and its phosphorylation. In other words, HPSE 
is responsible for increasing IRS-1 levels via PKC and for 
increasing phospho-IRS-1 levels via the insulin receptor. 
High levels of pIRS-1 then induce ERK activation [87].

The results of these studies suggest that, in myeloma 
cells, HPSE increases VEGF which activates ERK (Fig. 3). 
ERK then stimulates the expression of MMP-9 and uPA/
UPAR. This increases syndecan-1 shedding which has 
been shown to increase angiogenesis and endothelial inva-
sion by myeloma cells [104]. In addition, the shed synde-
can-1 can form a complex with VEGF to further enhance 
ERK signaling which may create a positive feedback loop. 
Removal of syndecan-1 from cells expressing high levels 
of HPSE reduced levels of ERK to baseline levels, high-
lighting the importance of syndecan-1 in magnifying the 
effects of VEGF and the larger effects on the ERK-signal-
ing pathway [104]. In addition, HPSE-induced HGF acti-
vation along with the resultant HGF–syndecan-1 complex 
may also contribute to the activation of ERK signaling. 
Finally, HPSE can stimulate ERK activation via the insu-
lin receptor pathway described previously. Thus, HPSE 
appears to exert its stimulatory effects on ERK phospho-
rylation from at least three mechanisms. Future work must 
be done exploring the role of the HPSE–HGF relationship 
in ERK signaling and whether the proposed mechanisms 
are present in cells other than myeloma or other cancerous 
cell lines.

Fig. 3  Proposed mechanism by which HPSE activates ERK signal-
ing. HPSE may induce syndecan-1 shedding in an enzymatically 
dependent manner and HGF upregulation in an enzymatically inde-
pendent manner. Downstream Met signaling results in p-ERK forma-
tion. Another mechanism involves the HPSE-mediated VEGF activa-
tion which can lead to p-ERK activation. p-ERK can stimulate uPA, 

uPAR, and pro-MMP9 expression which leads to syndecan-1 shed-
ding. Shed syndecan-1 forms a complex with VEGF as described 
before, and the downstream VEGF signaling can activate ERK. 
Finally, enzymatically active HPSE can activate PKC, which up-reg-
ulates IRS-1, and the IR, which phosphorylates IRS-1. p-IRS-1 can 
then stimulate ERK activation
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HPSE–EGFR signaling

The epidermal growth factor receptor (EGFR) pathway is 
a key regulator of cell growth, proliferation, and survival 
[109]. EGFRs are a subset of RTKs and consist of four 
different types: EGFR, HER2, HER3, and HER4 [110]. 
EGFRs currently have 13 known ligands, including EGF, 
heparin-binding EGF-like growth factor (HB-EGF), and 
multiple neuregulins [111]. When a ligand binds to an 
EGFR, it induces either homo- or heterodimerization of 
the receptor and activates it [112]. Activation of EGFR 
leads to its clathrin-mediated endocytosis [113]. Inside 
the cell, EGFR can activate numerous, critical pathways 
for growth, survival, and migration such as the PI3K–Akt, 
MAPK–ERK, and signal transducers and activators of 
transcription (STAT) pathways [109, 111].

Certain viruses utilize EGFR signaling during infec-
tion. EGFR signaling causes the development of pulmo-
nary fibrosis through regulation of wound-healing genes 
during coronavirus infections [114]. In an HBV infection, 
EGFR is required for the interaction of the virus with the 
host receptor NTCP and its subsequent internalization into 
the cell [115]. Loss of EGFR results in an attenuation of 
HBV entry despite the virus still binding to NTCP [115]. 
Similar results have been found with HCV, except the virus 
interacts with CD81 instead of NTCP [116]. Binding of 
CD81 activates EGFR, which induces the endocytosis of the 
HCV–CD81–EGFR complex [116]. HCMV is yet another 
virus which stimulates EGFR, this time by directly bind-
ing to it with its gB protein [117]. Activation of EGFR is 
required for the entry of HCMV into host monocytes [117]. 
The monocytes then migrate to peripheral tissues, further 
spreading the viral infection [117]. EGFR-dependent virus 
internalization is also seen in the Influenza A virus [118, 
119]. The viral protein hemagglutinin binds to sialic acid 
residues on the host cell surface [119]. This leads to a re-
organization of lipid rafts in the cell membrane which stimu-
lates nearby EGFRs [119]. Following the EGFR activation, 
the Influenza A virus and the EGFR are endocytosed in a 
clathrin-dependent mechanism [119]. Depletion of sialic 
acid, lipid rafts, EGFR, or clathrin severely inhibits viral 
infection [118, 119]. Other respiratory viruses that have 
been shown to activate EGFR include rhinovirus (RV) and 
respiratory syncytial virus (RSV) [120, 121]. Additionally, 
Influenza A, RV, and RSV all have demonstrated the abil-
ity to stimulate the production of IL-8 via EGFR activation 
[122]. IL-8 inhibits the transcription of IRF1, and suppres-
sion of IRF1 leads to a reduction in CXCL10 levels, key 
cytokine which stimulates the migration of NK cells and T 
lymphocytes to the site of infection [122]. Further discus-
sion of the interplay between viruses and EGFR signaling is 
covered in an excellent review by Zheng et al. [113].

HPSE expression increases EGFR phosphorylation levels 
in multiple tumor cell lines [39, 123]. In addition, HPSE 
was correlated with HER2 levels in human brain metastatic 
breast cancer cells [124]. This mechanism appears to be 
mediated by the activation of Src and occurs even when 
the enzymatic activity of HPSE is abolished [6, 39, 101]. 
It should be noted that the Src activity seen in these studies 
may be stemming from a SFK, not necessarily the Src pro-
tein. Notably, activation of Akt and ERK was not observed 
in pancreatic cancer cells upon addition of HPSE, suggest-
ing that the effects of HPSE on signaling pathways may be 
highly sensitive to the cell type being used [123]. HPSE-
induced EGFR activation resulted in increased proliferation 
and invasiveness in vitro [39, 123]. In brain metastatic breast 
cancer cells, it was reported that EGF activated HER2 and 
EGFR, which caused HPSE to translocate to the nucleolus 
in a dose- and time-dependent manner [124]. Once in the 
nucleolus, enzymatically active HPSE activates Topoisomer-
ase I (Topo 1), which enhances cell proliferation [124]. Inter-
estingly enough, Topo1 has been reported to be inhibited by 
HS, suggesting that HPSE may cleave HS bound to Topo1 
[124]. This mechanism is completely arrested when both 
HER2 and EGFR are inhibited and partially arrested when 
only one of the receptors is inhibited [124]. Thus, in differ-
ent cell lines, the sequence of activation regarding HPSE 
and EGFR varies. HPSE may induce the phosphorylation of 
EGFR, or EGFR may stimulate HPSE activity.

In addition to the EGFR proteins, HPSE was reported 
to increase the phosphorylation levels of the STAT3 and 
STAT5b proteins [6]. These two STAT proteins have been 
previously shown to be directly phosphorylated by Src 
[125, 126]. In particular, increased p-STAT3 in the cyto-
plasm correlated with the progression of tumors in a cohort 
of patients with head and neck squamous cell carcinoma 
[6]. In another study, administration of an HPSE inhibitor 
markedly reduced the levels of pSTAT3 in pancreatic cells, 
further supporting the link between HPSE and STAT3 [127]. 
Additionally, only cytoplasmic HPSE was able to induce 
the downstream phosphorylation of STAT3 via an SFK and 
EGFR [6]. STAT3 induction then drives tumorigenesis and 
inflammatory responses [40].

The results of these studies suggest the following mecha-
nism: in certain cells, HPSE activates an SFK in an enzy-
matically independent manner which proceeds to stimulate 
EGFR. EGFR can then activate downstream pathways such 
as PI3K–Akt and MAPK–ERK. It is unknown whether the 
SFK or downstream EGFR signaling is responsible for phos-
phorylating STAT3, as inhibitors of either SFK or EGFR 
abrogated STAT3 activation. Activated STAT3 then drives 
tumorigenic responses. In brain metastatic breast cancer 
cells, EGF activates both EGFR and HER2 (Fig. 4). The 
downstream signaling cascade causes HPSE to translocate 
to the nucleolus and activate Topo1, an enzyme that drives 
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cell proliferation. Since enzymatically inactive HPSE could 
not stimulate Topo1, HPSE may activate Topo1 by cleaving 
HS bound to it (Fig. 4).

Again, the precise mechanism by which HPSE activates 
Src or an SFK is unknown and may be the subject of future 
studies. Elucidating the nature of the HPSE–SFK rela-
tionship could shed light not only on the EGFR signaling 
pathway but also on the other pathways discussed before. 
Additionally, it has not been confirmed that HPSE-mediated 
Topo1 activation is due to the cleavage of HS on Topo1, 
though it is likely.

HPSE in the immune cell response

Role of HPSE in macrophage activation

Macrophages are immune cells which detect and phagocy-
tose foreign invaders that enter the body [128]. They are 
present in nearly all human tissues [128]. During a viral 
infection, macrophages engulf infected cells, degrade them 
in lysosomes, and present the processed antigens on MHC 
class II molecules on the cell membrane [129]. T cells use 
T-cell receptors (TCRs) to bind to the MHC class II mole-
cules which facilitates their activation [129]. As professional 

antigen-presenting cells (APCs), macrophages play a key 
role in both the innate and adaptive immune response [129].

HPSE was demonstrated to be necessary for the activa-
tion and proper functioning of macrophages including their 
ability to secrete cytokines, to move to the site of infection, 
and to phagocytose foreign material [130]. Non-enzymat-
ically active HPSE was able to maintain cytokine expres-
sion to normal levels, suggesting that the HS cleavage is not 
responsible for the effects of HPSE on macrophages [130]. 
Macrophages are activated upon expression of the cytokine 
macrophage inflammatory protein-2 (MIP-2), but this pro-
cess is impaired in macrophages from HPSE-KO cells [130]. 
Interestingly, certain chemotherapeutics can stimulate mac-
rophage activation and polarization into an M2 (pro-tumor-
igenic) phenotype in an HPSE-dependent mechanism [131].

The inhibition of each of the three subfamilies of MAPK 
signaling (ERK, JNK, and p38) reduced cytokine expres-
sion in macrophages. JNK signaling and, to a lesser extent, 
ERK phosphorylation were responsible for the expression 
of TNF-α, IL6, and MIP-2 [130]. However, IL6 expres-
sion stemmed from ERK and p38 signaling [130]. In addi-
tion, the results of a transcription factor array revealed that 
c-Fos was downregulated in HPSE-KO macrophages, an 
effect which was replicated upon the addition of JNK and 
p38 inhibitors to HPSE-WT macrophages [130]. Because 
Toll-like receptors (TLRs) have been shown to be upstream 

Fig. 4  Proposed role of HPSE in EGFR signaling in brain metastatic 
breast cancer cells. Extracellular EGF binds to both EGFR and HER2 
receptors on the cell membrane. Activation of these receptors results 

in the nucleolar translocation of HPSE, where it can activate Topo1. 
HPSE may cleave HS bound to Topo1, but this is yet to be confirmed. 
Topo1 proceeds to drive cell proliferation
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of the HPSE-induced cytokine response [132], the authors 
proposed that HPSE activates membrane TLRs through an 
unknown mechanism. The results of this study indicate that 
HPSE upregulation activates TLRs which stimulate ERK, 
p38, and JNK signaling. This trio of proteins proceed to 
activate c-Fos which finally induces the cytokines needed 
for macrophage function [130].

Another study of HPSE and macrophage activation 
reported similar results with enzymatically inactive HPSE 
inducing the expression of the following cytokines: TNF-
α, IL-1, MCP-1, and MMP-9 [38]. In the same study, the 
authors showed that mechanism corresponds to the activa-
tion of PI3K/Akt and MAPK/ERK pathways [38]. TLR2, 
TLR4, and NF-κB signaling were necessary for HPSE-
induced cytokine production [38]. It appears that HPSE, by 
an unknown mechanism which does not involve enzymatic 
function or even the binding of HPSGs, activates TLR-2 and 
TLR-4. This stimulates NF-κB, MAPK, and PI3K signaling 
which promotes the downstream induction of cytokines that 
the macrophages require for activation and proper function-
ing. The mechanism by which TLRs activate NF-κB and 
JNK signaling is well understood and elucidated in great 
detail in a review by Takeda and Akira [133].

Yet, another study using mice with colitis reported a posi-
tive regulatory which shows HPSE-mediated macrophage 
activation [40]. HPSE-induced NF-κB signaling produced 
the following cytokines: IL-1, IL-6, MIP-1, MIP-2, and 
TNF-α. Enzymatically active HPSE also sensitized mac-
rophages to LPS-induced activation of TLR-4 [40]. Because 
HS is a known inhibitor of TLR4 and HPSE has been noted 
to significantly reduce the HS located on the macrophage 
exterior, HPSE-mediated HS cleavage may clear space on 
the macrophage membrane and allow more LPS to bind to 
the macrophage TLR [40].

The activated macrophages then secret TNFα, which 
up-regulated HPSE expression in the epithelial cells [40]. 
Since TNFα and the early growth response 1 (EGR1) have 
both been shown to up-regulate HPSE [134, 135] and TNFα 
stimulates EGR1 [136], the authors hypothesized that the 
macrophage-secreted TNFα directly up-regulates HPSE via 
EGFR1 [40]. Activated macrophages also secrete cathepsin 
L in the extracellular space, which cleaves and activates the 
latent HPSE there [40]. The cycle continues, promoting a 
hyper inflammatory environment that aids tumorigenesis via 
an increase in vascularization and the chemokineIL-6 which 
promotes STAT3 signaling [40].

We propose the following mechanism based on the 
results of these studies: HPSE activates TLR2 and TLR4 
through an unknown mechanism, but one that may involve 
hyaluronic acid. Downstream signaling from TLR2 and 
TLR4 activates p38, ERK, and JNK. p38 and ERK both 
function in IL1-β production involving the transcription 

factor c-Fos. The mechanism by which TLRs activate 
JNK is well understood and progresses through proteins 
such as IRAK-1, IRAK-4, TRAF6, and eventually TAK1. 
TAK1 then activates JNK and the IKK complex, the latter 
stimulating NF-κB activation. NF-κB translocates to the 
nucleus, binds to the specific sequences on the genome, 
and induces the transcription of cytokines, such as IL-1, 
MCP-1, interferon, and TNF-α, along with MMP-9. JNK 
signaling stimulates c-Fos which leads to the production 
of TNF-α, IL6, and MIP2. Syntheses of these cytokines 
stimulate the activation of macrophages (Fig. 5).

TLR4 can activate PI3K via a Myd88-independent 
mechanism utilizing the TRAM and TRIF proteins. PI3K 
continues the cascade through Akt which also activates 
NF-κB via phosphorylation and degradation of IκB. Akt 
also phosphorylates GSK-3β which activates JNK. Thus, 
TLRs may activate JNK and NF-κB signaling via two dif-
ferent pathways. More studies need to be done to elucidate 
the mechanism by which HPSE activates TLRs to stimu-
late cytokine production and how the TLRs may activate 
downstream pathways such as p38 and ERK.

Function of HPSE in T‑cell adhesion

Active but not resting T cells are reported to produce 
HPSE [137]. Upon activation, EGR1-dependent HPSE 
expression level is induced in CD4+ antigen-specific T 
lymphocytes infiltrating the central nervous system dur-
ing clinical disease [138]. HPSE has been demonstrated to 
bind to HS and adhere T cells to the ECM [139, 140]. The 
adhesive function of HPSE in binding T cells to the ECM 
was noted in lymphoma cells and cancerous lymphocytes 
[141, 142]. The mechanism for these adhesive properties 
was reported to be reliant on the presence of β1 integrin 
on T cells and vascular cell adhesion molecule (VCAM-1) 
on endothelial cells [140, 141]. HPSE alone was shown to 
adhere to T cells under shear flow conditions. The effect 
was enhanced with treatment of the chemokine SDF-1. 
Treatment with an α4β1 integrin antibody partially inhib-
ited the adhesion of T cells [140]. Pre-treatment with 
HPSE to cleave HSPGs significantly reduced the capabil-
ity of a later addition of HPSE to mediate T-cell adhesion 
to the ECM. Thus, the authors concluded that HPSE could 
augment the integrin-mediated adhesion of T cells [140].

HPSE binding to the T cells leads to upregulation of 
ERK and Pyk-2 kinases [140]. ERK phosphorylation may 
arise due to HPSE directly as described before. How-
ever, HPSE also reportedly augmented the effects of the 
chemokine SDF-1α on Pyk-2 and ERK phosphorylation, 
suggesting that it could play both a direct role and a indi-
rect role in the activation of these kinases [140].
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HPSE in NK‑cell activation, migration, and invasion

Natural killer (NK) cells are innate lymphocytes which can 
kill infected cells and tumor cells. Heparanase has been impli-
cated in natural killer cell activation, migration, and invasion. 
NK cells express natural cytotoxicity receptors (NCRs) which 
are known to induce cytokine production and thereby cytol-
ytic activity in response to contact with specific ligands on 
the surfaces of infected cells [143]. HS acts as a co-ligand 
for NCR binding. In case of tumor cells, higher secretion of 
HPSE by tumor cells cleaves HS from NK cells and impedes 
NCR binding which impedes the activation of NK cells. On 
the other side, NK cells lacking HPSE expression also lack 
tumor-invasive properties. Therefore, the level of HS-NCR 
interactions regulates NK-cell activation, suggesting that 
maintaining optimal levels of HPSE is important for NK cell 
activation [143, 144].

Other roles of HPSE in viral infections

Cellular entry

HS is well established as an attachment receptor for HSV-1 
[145]. Its glycoproteins gB and/or gC must bind to HS before 
entry can progress [145]. Treatment of single-cell neurons 
with heparanase significantly reduced subsequent HSV-1 
entry compared to mock-treated controls [146]. This study 
supports the idea that HSV-1 must only up-regulate HPSE 
once entry has concluded. Accordingly, the γ34.5 gene of 
HSV-1 was found to activate HPSE transcription and is 
expressed during the later stages of infection [61]. Alongside 
HSV-1, other viruses which use HS as attachment receptors 
are HSV-2, HPV, KSHV, and DENV [147]. Pre-treatment 
of cells with HPSE prior to infection would be expected 
to hinder entry for these viruses. The respiratory syncytial 

Fig. 5  Proposed mechanism of the role in HPSE in stimulating the 
production of cytokines necessary for macrophage activation. By 
binding to TLR2 or TLR4, HPSE can stimulate the inhibition of 
p105, causing the release of Tpl2 and downstream ERK activation. 
ERK signaling results in IL-1β production. Activation of TLR2/4 can 
stimulate p38, JNK, and NF-κB signaling via an Myd88-dependent 

formation of a protein complex. Downstream signaling results in the 
synthesis of MCP-1, IL-6, IL-1, TNF-α, and MIP-2. Alternatively, 
the binding of HPSE to TLR4 in a TRAM- and TRIF-dependent 
mechanism which results in activation of PI3K and subsequently Akt. 
Akt stimulates GSK-3, further bolstering JNK signaling, and the IKK 
complex, activating NF-κB signaling
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virus (RSV) appears to require HS moieties on the surface 
of certain cells to initiate a productive infection [148]. Exog-
enous addition of bacterial heparinase reduces the suscepti-
bility of HEK-293 and Hep-2 cells to RSV infection [148]. 
However, heparinase could not confer protection from RSV 
to HeLa cells [148].

The novel coronavirus SARS-CoV-2 is a member of the 
β-coronavirus subfamily alongside SARS-CoV and MERS-
CoV [149]. Like SARS-CoV, SARS-Cov-2 encodes a spike 
glycoprotein used to bind to the angiotensin-converting 
enzyme 2 (ACE2) receptor of target cells during entry [150]. 
One study reported that α-coronavirus human coronavirus 
NL63 (HCoV-NL63) requires cell surface HS for attachment 
and entry. Addition of soluble HS competitively binds to 
HCov-NL63 and reduces viral adhesion in a dose-dependent 
manner regardless of the presence of ACE2 [151]. Another 
study reported that HSPGs are essential for SARS-CoV 
entry [152]. Prophylactic treatment of bacterial heparinase 
I or heparin to cells reduced SARS-CoV infectivity [152]. 
Thus, either loss of HS or competitive inhibition confers 
some protection to cells from SARS-CoV. Given the struc-
tural similarities between SARS-CoV and the novel SARS-
CoV-2, it would be interesting to study the effects of HS 
removal on SARS-CoV-2 infections. As there are multiple 
ways to reduce viral contact with cell surface HS (HPSE, 
heparinase, heparin, soluble HS, and MMPs), investigating 
that this connection may shed light on SARS-CoV-2 entry 
and possible therapeutics.

Enhancing disease severity

During HSV-1 infections, transfection with a constitutively 
active HPSE protein (GS3-HPSE) worsened the symptoms 
of herpetic eye disease in vivo [61]. GS3-HPSE-transfected 
mice infected with HSV-1 exhibited increases in ocular 
discharge, ulcer formation, periorbital edema, and corneal 
vascularization [61]. GS3-HPSE transfection resulted in a 
delayed wound-healing response in vivo and in vitro [61]. 
Furthermore, overexpression of WT-HPSE inhibited the 
induction of the type I interferon response which stimulates 
antiviral signaling pathways [61].

The human papillomavirus (HPV) E6 gene induces 
upregulation of HPSE during infection in squamous cell car-
cinoma cells [153]. It is thought that the E6 protein inhibits 
p53 which normally limits HPSE transcription [153]. Sub-
sequent cleavage of HS by HPSE results in a loss of ECM 
integrity and facilitates tumor invasion and metastasis. Fur-
thermore, the release of growth factors from the HS frag-
ments such as VEGF and HGF enhance tumor aggressive-
ness [153]. A pyranoside analog given to cervical cancer 
cells increased p53 activity, reducing HPSE transcription, 
and cell proliferation [154].

While still under investigation, a pair of studies has outlined 
a connection between HPSE and KSHV. One study found that 
the cellular miRNA 1258 (hsa-miR-1258) inhibits reactiva-
tion of KSHV from latency [155]. Hsa-miR-1258 also down-
regulates HPSE protein levels and restricts BMBC invasion 
[156]. Finally, expression of hsa-miR-1258 declines in KSHV-
infected cells, suggesting that the virus seeks to remove this 
impediment to reactivation during infection [155]. It is possi-
ble that KSHV benefits from the increase in HPSE expression 
from inhibiting hsa-miR-1258, possibly through the induction 
of cell-survival signaling.

RSV up-regulates HPSE during infection in vivo [157]. In 
RSV infections, HPSE expression correlated with proteinuria 
severity [157].

Cellular egress

Multiple viruses utilize HPSE to facilitate egress from the host 
cell. HSV-1 up-regulates HPSE in the later stages of infec-
tion which goes on to cleave HS from the cell surface. While 
HS is an attachment receptor for the virus, its presence may 
restrict the release of mature virions. Cleavage of HS allows 
for viral egress to occur more efficiently. Similar loss of HS 
via HPSE upregulation was found during HSV-2 infections 
as well [158]. Additionally, HPSE has recently been shown 
to mediate syndecan-1 shedding from the cell surface during 
HSV-1 infection [85]. HPSE up-regulates MMP-3 and MMP-7 
which translocate to the cell surface and cleave syndecan-1. 
Via a similar chain of reasoning, syndecan-1 shedding ampli-
fies the loss of HS from the cell surface and promotes egress. 
Overexpression of HPSE results in increased viral release both 
in vitro and in vivo [159]. Conversely, knockdown of HPSE 
reduces HSV-1 and HSV-2 infectivity [158, 159]. Through a 
similar pathway involving the upregulation of HPSE and loss 
of HS, porcine reproductive and respiratory syndrome virus 
(PRRSV) utilizes HPSE to facilitate release from cells [160]. 
PRRSV activates NF-ĸB signaling which up-regulates HPSE 
transcription [160].

HPV virions escape from the host cell by binding to HS 
moieties and growth factors on HSPGs. As the HSPGs are 
naturally shed from the cell, the virus can spread to neigh-
boring cells. Exogenous HPSE promotes HPV release and 
infectivity via cleavage of HS, and MMPs likewise remove 
syndecan-1 proteins from the cell surface [161]. Pharmaco-
logical inhibition of HPSE inhibits viral release to the ECM 
as well [161].

Conclusion

HPSE plays important enzymatic and non-enzymatic roles in 
the regulation of intracellular signaling pathways and viral 
infections. The enzymatic activity of HPSE is utilized in the 
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turnover of HSPGs on the cell surface. Cleavage of HS helps 
to remodel the ECM and release signaling molecules that 
function in autophagy, exosome synthesis, and cell motility 
[8]. The non-enzymatic activity of HPSE also stimulates 
numerous cell-survival pathways as discussed in this review. 
Due to the variety of roles which it plays, its activity must be 
tightly regulated. Overexpression of HPSE transforms cell 
motility to invasiveness or platelet adhesion to thrombogen-
esis [162, 163]. Depending on the context and timing, HPSE 
can exacerbate or protect against viral infections.

Viruses often influence major cell-survival signaling 
pathways at various points, not just the initiation. However, 
viral activation of HPSE may sustain the activation of these 
pathways through the mechanisms proposed in this review. 
As approximately 20% of cancers are associated with viruses 
[164], sustained pro-survival signaling would contribute to 
tumor proliferation and metastasis. Both tumors and host 
cells can release HPSE in the tumor microenvironment, 
allowing HPSE to stimulate Akt, VEGFR, EGFR, ERK, and 
other pathways that aid in tumor progression. Thus, onco-
genic viruses such as HPV may have an intimate relationship 
with HPSE-mediated signaling.

In this review, we have discussed the complex interplay 
between HPSE, viruses, and cell-signaling pathways. It is 
very clear that HPSE is intricately intertwined with a vari-
ety of signaling pathways important for viral pathogenesis. 
It possesses remarkable flexibility, influencing known cell 
signaling via enzymatic and non-enzymatic mechanisms, 
and key regulatory molecules including PI3K–Akt, ERK, 
VEGFR, and EGFR. Since viruses utilize the pathways 
regulated by these molecules during infection to promote 
cell survival or other aspects of viral lifecycle, they stand 
to gain from influencing HPSE activity, as well. Along the 
same lines, HPSE plays an important role in fine-tuning of 
innate and adaptive immune responses against viral patho-
gens. While a large body of work has previously been done 
to elucidate the role of HPSE in cell signaling, many key 
details of the mechanisms are still unknown. Future studies 
will be needed to develop a more precise understanding of 
HPSE as a major regulator of infection. For now, it does 
appear to regulate certain viral infections and interact with 
major pro-survival signaling pathways. If confirmed in the 
future, insights gleaned from this molecule could pave the 
way for new and broad-spectrum therapies for many persis-
tent and acute viral infections.
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