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2. Articles Included in the Dissertation

The goalof thepapers included in this dissertationsata evaluate thbiological effect of
extracellular prolidaseon repair processes iexperimental modslof inflammation and

mechanical damage in HaCaT keratinocytes.
| presented theessearch hypothesis in the review:

P1.Misiura M ., Miltyk W.: Current Understanding of the Emerging Role of Prolidase in
Cellular Metabolism InternationalJournal of Molecular Science2020; 21, 5906.
doi: 10.3390/ijms21165906. IF: 5.923, MEIN: 140 points

Theresults of the performed experiments were presented in two research papers:

P2. Misiura M. Baszanowska W. , OSci §owigdksa | .
Stimulates Proliferation and Migration through Activation of the PISK/Ak/mTOR
Signaling Pathway in Human Keratinocytdsiternatioral Journal of Molecular
Sciences2020; 21, 9243. doi: 10.3390/ijms21239243. IF: 5.923, MEIN: 140 points

P3.Ni zMo§ OSci gowska | ., Baszanowska W.,
W.: Recombinant Prolidase Activates EGEBERpendent Cell Growth in an

Experimental Model of Inflammation in HaCaT Keratinocytes. Implication for
Wound Healing. Frontiers in Molecular Biosciences. 2022; 9:876348. doi:

10.3389/fmolb.2022.876348-: 5.246 MEIN: 140 points
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4. Introduction

Among proteases cleaving proteins into polypeptides, there is one unique enzyme which
specificity is limited only toimidodipeptidescontaining proline (Pro) or hydroxyproline
(Hyp) at the carboxyterminus. The process of proteolysis is driven by prolidase (PEPD) [EC
3.4.13.9], which hydrolyses theoibd of prolinecontaining di or tripeptides(1). The reason
why only prolidase can cleavihoseproline-containing peptides is that proline as a building
block for various biomolecules (e.g., neuroactive peptides or growth $aqtootects the
polypeptide structure from hydrolysis. Due to the presence of a pymelidng in the
structure of the amino acid, the biologicatuctureof the prolinecontaining biomolecule is
prevented from unexpected proteolysi®). Prolidase belongs to the family of
metallopeptidases due to the presence of divalent cation in the activeERB. is isolated
from eukaryotic cellsand also was found in other domains such as baci@&)aMetal
requirements in PEPD active sites differ between organisms, nevertheless, in humans
manganese is necessary for maintaining its biochemical activity. The highest activity of PEPD
was noted inthe renal tissue, intestinal mucosa, and red blood cells, while in plasma and
hypothalamus tissue was lo@). The most specific substrate for this enzyme activity is

glycyl-proline (Gly-Pro)(5).

Enzymatic properties of PEPD are linked to a disease called prolidase deficiency (PD,
OMIM 170100), which manifests itself as massive imidodipeptiduria, difficult wound
healing, and mental retardation, and a weakened immune system. To date, no effective
treatment for PD has been develogél Moreover, there are research papers indicating the
clinical importance of prolidase in disordeof collagen metabolisni7-16), metabolic
disorders(17-23), and cancers(24-28). In additionto its enzymatic function, prolidase
regulates many biological processes. In the cell metabolism, PEPD functions as a ligand o
epidermal growth factor receptdGFR and epidermal growth factor recept@ (HER2)-
dependent signaling pathway®29-33), modulates p53 activity34, 35) and interf
receptor expressiorf36). Since downstream EGFR signaling leads increased DNA
synthesis, while prolidase is bound to this receptor, this finding shows promise for the
improvement of regenerative therapy aimed at promoting cell proliferation and growth.
Through EGFRdependent stimulation, PEPD can be a beneffaigtbr in the treatment of

diseases manifested by chronic ulceration or inflammation.



4.1. Generainformationon prolidase

Prolidase is a peptidase belonging to the family of metallopeptidases that depend on
divalent cations which enable its catalytic activity. PEPD is also nameePais Hipeptidase,
proline dipeptidase, imidodipeptidase, and peptidag@)DAt the molecular level, the gene
coding prolidase is located on the long arm of chromosome 19 at locus 13.11 and it consist
of 15 exong5). Point mutations result in the absence or decrease of PEPD catalytic activity,
leading to a genetic disease knowrP&s To date, there are 28entified point mutations in
the gene structure causing a decrease or complete loss of PEPD activity. Out of these, 8 poil
mutations are implicated in phenotypic conseque8és At the structural level, the human
prolidase molecule is a homodimer consisting of two subunits. Each subunit consists of N
and Gterminal domains of 493 amino acids (AA) ea@8). The molecular weight of the
human PEPD subunit is 58 k[§29). Due to the presence of thet€@mind domain (185493
AA) , PEPD exhibits the si mil aramingpeptidase fafde
methionine aminopeptidase, and creatin@€y. The Nterminal domain (4L.85 AA) ranains
less tightly bound to thsubstrate. The importance of thet€@minal domain is also reflected
by the presence of an active site, where the substrate binds, with theMrequired for its
proper functionality. Each nmomer is connected by the disulfide bond occurring between
Cys158A and Cys158B41). Divalent cations such as Zip Mg>*, C&*, and C8" may also
act as cofactors required for the enzymaticvitgtiof PEPD. However, prolidase activity,

containing noAmanganese cation, decreases below g&8%

Prolidaseashydrolases requires,B for the enzymatic reactiof88). PEPD presents the
highest specificity for GiPro in thetrans conformation(1). Although polidase has the
highest catalytic activity against GRro [38], it also hydrolyses other-t€rminal proline
containing dipeptides such as APso, PhePro, MetPro, ValPro, and LetPro (42) The
main source of substrates (&Pyo) are proteins rich in amino acid sequences containing C
terminal proline or hydroxyproline, e.g. collagé#3), complement component C1g4),
dietary proteing45) and other biomolecules such as substance P, plasminogen, oxytocin,
vasopressin, and angioteng#®6). Of these, collagen is the most common source ofR&ty
Prolidase acting in the cytosol, not as typicalyemes in lysosomes, liberates free proline and
glycine from di and tripeptides [46]To date, it remains unknown why prolidase is expressed
in the cytosolic location. PEPD occurs abundantly in enterocytes probably participating in the
cleavage of prolineontaining dipeptides from the di@47). Based on mRNA analysis, the
highest level ofPEPD gene expression is reported in the renal tissue, small intestine, and
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duodenum(48), however, it is not similar to cell types with the highest prolidase activity,
named, erythrocytes and human skin fibrobl#8. It was also demonstrated that platelet
rich plasmgPRP)is an abundant PEPD soui@®, 50)

4.2.The biological significance of prolidase as a dipeptidase

At the cellular level, prolidase activitsignificantly contributes to proline supply that
acts as an intracellular nemule modulating collagen turnovgb1-53), cell growth,
proliferation, and differentiatioif54) as well as angiogenegS5), and glucose metabolism
(56). The small amino acid plays a considerable molenergy metabolism and redox balance
(57). Lately, efforts have been matie great extent in elucidating the role of proline in the
energy productionof cancer cells(58). Among sources of proline, prolidaseediated
collagen turnover and enzymatic conversion of pyrrebir@arboxylic acid (P5C) are
mentioned. P5C can serve as a preaquesu product of prolineelated conversions and it
originates from glutamate or ornithine with the participation of P5C synthase (P5@®Yy
ornithine aminotransferase (OAT), respectivd@®). P5C can be reducedth P5C reductase
(PYCR) and proline is oxidized with the mitochondrial enzymei proline
dehydrogenase/proline oxidase (PRODH/POX)L). During this process electrons are
transported to the electron transport chain producing ATP or they directly reduce oxygen,
producing reactive oxygen species (R@&}). P5C, as an intermediate molecule, links the
proline metabolism with the tricarboxylic acid cycledaurea cycl€57). Recently, it has been
found that overexpressqaiolidase through higher proline availability and downregulated
PRODH/POX expression indad autophagy in MGF breast cancer cel(63).

The biological significance of enzymatic prolidadependent produstwas highlighted
as described abovédn recent times,tiwas found that prolidase activity is regulated by
activated receptors on the cell membrane suchbtasrdegrin receptor, IGR receptor (IGF
1R), andTGFb; receptor (TGFb;R). St i mu l-iatégandrecdptor by type | collagdf4)
and, its agonist, thromibi(53) enables activation of downstream FAK kinase and the signal
goes through Sos, Ras, and Raf proteins to the ERK1/2 kinases. The signaling reaches tr
nucleus and influences the transcription of the genes accelerating cell growiferation,
and differentiation. An increase in prolidase activity and collagen biosynthesis were also
observed. Thi s obser vat i egintegrmm oatdptorrregslates thea t
availability of proline used as a substrate for collagen ggnth Prolidase activity is also



regulated by an IGER-dependent pathwap2), which stimula¢scell growth, proliferation,

and collageniosynthesis.

Prolidase activity, through supplying proline, plays a role in the regulation of
angiogenesig55) via modulating the function of HE U a n-d WidpénBent molecules
including VEGF, Glutl, and TGFb which areinvolved in angiogenesi$65), glucose
metabolism(56) and control of cell proliferation and differentiati(®), respectivelyProline
and hydroyproline, liberated by prolidasecan inhibit the degradation of the HIFU
transcription factowia the VHL-dependent proteasondegradatiorpathway. A study showed
hydroxyproline is even more potent than proline in the protection ofIHIF f r o m
degralation. Possibly, this phenomenon results from the hindrance in the hydroxylation of
proline in the oxygemlependent domain of HHEU and i t -1p0r efvreonm si nHtl ¢
with VHL (55). As the study of Surazynski et a{55) suggests, overexpressed PEPD
influences HIFL Wependenimolecules such as VEGF and Gluthrough an increase in the
level of their expression. Thus, at the cellular level accelerated prolidase activity may boost
the VEGFcontrolled angiogenesis. Another stud§6) showed a TGH;R-dependent
mechanism for activation of prolidase and regulation of proline availability. The authors
demonstrated that proline released from dijles by prolidase influenced the expression of
TGFbR. In anin vitro model, it was observed that extracellular proline stimulated
phosphorylation of Akt and mTOR kinases. The role of the Akt/mTOR pathway is implicated
in cell growth, proliferation, and differentiation. MTOR was indicated as an essential
component of the fationship between prolidase activity and PI3K/Akt/mTOR pathway
related cell survival. Phosphorylatiactivated mTOR kinase as a metabolic sensor
accelerates cell capability to cell growth, proliferation, and migration via coordination of the

growth factes-dependent signaling, an increase in protein synthesis, and energeti¢cstatus

At the transcriptional level, prolidase activity products: Pro or Hyp modulates biological
effects of NFeB transcription factor(45). The enzymeactivity significantly decreases the
expression of this transcription factor, probably, due to the increased level of Pro or Hyp since
proline may protect N¥B from activation by preventing the NéB-l e BU comp | e x
degradatior{68).

All described processes are presented in Figure 1.
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Figure 1. The enzymatic activity of PEPD affects various cellular processes. Prolidase

supplies substrates for collagen resynthesis. Proline, the product of PEPD activity, modulate:
intracellular energetic status via Akt/mTOR pathway, inhibits -HIB  ddatigr, and

mediates the proline cycl€reated with Biorender.com.
4.3. Clinical significance of prolidase as a dipeptidase

Many researchersnplicated the role of prolidase activity in various cancers as well as
pathological conditions associated with collagen turndet6). For instance, increased
prolidase activity has been observed in melan{2dy breast cancg25), lung cance(26),
ovary cancer(27), and endometrial cancgf8). However, the clinical significance of
prolidase is reflectedni prolidase deficiency accompanied by its low or absent enzymatic
activity. It is a rare autosomal recessive disorder characterized by massive imidodipeptiduria.
skin lesions, recurrent infections, mental retardation, and elevated prohiteining
dipepides in plasm#69-74). The incidence of the disease & tases per million birthg5s).
Patients who suffered from prolidase deficiency struggled with skin lesions particularly on the
legs such as diffuse telangiectasia, purpuric rash, crusting erythematous dermatitis, o

progressive ulceratio). Connective tissue disturbances may be explained byrtpaired
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degradation of diand tripeptides containing-t@rminal prdine or hydroxyproline due to
alack of a significant decrease RPEPD activity. Accumulating eiand tripeptides from
collagen turnovercannot be reutilized resulting in skin lesions. In PD patients,
immunodeficiency is also detected possibly resulting from defective Clq complement
assembled of repeated &@yo dipepti@ (44). Another possible explanation for impaired
immune response in PD patients could be the recenttytexprole of PEPDin nt er f er o
receptor (IFNAR1)function (36). They found that the PEPD molecule is required for the
receptor maturation and surface explr essi
dependent genes. In Rizrived fibroblasts, downregulation of IFNAR1 surface expression
and i nhi bi-downstreamasifgnaling-wéife detectddhile mental disorders in PD
patients may be explained by impaired deactivation efer@inal prolinecontaining
neuropeptides. The clinical symptoms may happen due to the low level of proline acting as ¢
neurotransmitte76). On the other had, Hui et al.(77) reported an increase in PEPD
activity in the neuronal tissue. There are reports connecting an accumulation of proline anc
mental dysfunctioné78, 79)as a result of excessively glutamatenulated NMDA receptors
causing the death of neuro(g8). Based on the novel function of PEPD, it seems to be
beneficial to reconsider PD pathomechanism as the underlying enoreteaser of prolidase
molecules from injured cells. PEPD, present in extracellular space, may interact with various
receptors, e.g. EGFR9) and HER2(32). To date, it is known that both PERDId-type and
mutated can suppress EGFR/HE®R2vnstream signaling when they are overexpre£32)

In the view ofthe new function of PEPD, likely, its plasma concentration is not diminished in
PD patients, however, further research is crucial for supporting this hypothesis. It is also
worth investigating the status of EGFR/HERZ2 in patients with prolidase deficiency.

4.4.Prolidase as a cellular regulator

The study of Yang et al29) began a new era of research on prolidase since they
proved PEPB roleas an EGFR ligand and further broaden the knowledgegilatory
functions of prolidase not as a dipeptidase. Since then, at the cellular level, PEPD was
implicated in the activation of EGFR, downregulation of EGFR/HER2 signaling when
overexpressed, regulation of p53 activity, dRMAR1 maturation. All of he findings shed
new light on PEPD functions anghve the way for developing novel anticancer treatment
strategies and other clinical conditions such as wound hedlivegparagraphs below under

this section describe novel functions of PEPD as a celietardator
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4.4.1. Prolidase as a ligand of EGFR

The first study presenting the novel function of prolidase was published by Yang et al.
(29)in 2013. Firstly, the authors found that prolidase located extracellularly can directly bind
to the EGFR(29). As an EGFR ligand, homodimeric prolidase deviates structurally from
other EGFR ligands (epidermal growth factor (EGF), neuregulin, transfgrgnowth factor,
amphiregulin, heparibinding EGFlike growth factor, and epiregulin80). Known so far
EGFR ligands share the characteristic EGF motif;CX45C X161 13CXCXgGXRC where X is
an amino acid. An additional difference between PEPD and recognized EGFR ligands is the
cytoplasmic location of PEPIB1). To be explored remains which PEPD domain or region
forms a bond with the extracellular domain of the receptor. In contrast to EGF, prolidase
binds to EGFR domain 2 while EGF is bound to EGfeiRhans 1 and 3. Once prolidase as a
homodimer connects to EGFR, tetrameter is formed as an EGFR dimer and PEPD dime
(32). It entails EGFR activation and transduction of intracellular signalingugh
phosphorylation of the intracellular domain which has kinase activity. Among various-EGFR
downstream pathways are the PI3K/Akt/mTOR, Ras/Raf/ERKand JAK/STAT3 axes.
Finally, the signal reaches the nucleus causing genes transcription accelerating cell growth
proliferation, and differentiatio(B2).

As the study(29) showed, in comparison to the strongest EGFR ligand, EGF, prolidase
exhibits lower affinity to EGFR and is 350 times weaker. Nevertheless, the induction of
PEPDactivated EGFR signaling lasts longer, and PEPD activity is not required. A
comparison of EGFRctivated sigaling by wildtype PEPD and its enzymatically inactive
mutant (PEPB?®Y) confirmed that catalytic activity is not necessary. What is more,
PEPF?'®P effectively abolishes EGFRRownstream signaling pathways (Akt, ERK1/2, and
STAT3 pathways) triggering thahibition of cancer cell proliferation in the mice mo@g2).

As intracellular PEPD can not activate EGFR as the ligand, it needs to be outside of the
cell. Therefore, it is essential to find ansaer for the source of extracellular prolidase
stimulating EGFR. The first source of prolidase that comes to mind are cells releasing
intracellular content after injury. Tha vitro study showed that 2.7 nM PEPD is sufficient to
activate EGFR29), while in thein vivo experiments, PEPD concentration reached 3 nM in
the bloodstream after chemical damage to liver cells. This finding entails a new question:
does prolidase undergo extedlalar degradation preventing it from unexpected EGFR

stimulation? A recent study by Yang et é3) revealed that serine proteases, present in
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plasma, inactivates PEPirougha coagulation cascade involving intrinsicdaaxtrinsic
pathways. This report showed that once prolidase is present lniabéstream, it leads to
rapid binding of PEPD with a prolinrgch domain of factor Xll followed byntrinsic pathway
activation. An activated cascade of coagulation triggersitiivation of factor VII (extrinsic
pathway). Activated factor Vlinactivates prolidase circulating in the bloodstream. The
mechanism of the observed effects remains unexplained. Another question regarding
prolidase exported out of the cell remains wsvegred, namely, how prolidase can be secreted

to extracellular space.
4.4.2. Prolidase as a ligand of HER2

Following the finding of PEPRIependent EGFRactivation, the authors made
adiscovery that PEPD functions as a ligand of HEB®), another receptor frorihe family
of EGFR. Homodimeric PEPD binds to HER®2main 3 in the extracellular domain. The
mechanism of overexpressed HE&2wnstream signaling depends on the state of the
receptor. If HER2 is a monomdorm, PEPD activates HER2 through dimerization and
phosphorylation but it happens slowly. In turn, if HER2 is a dimer, the receptor activation by
PEPD occurs more rapidly. Overexpressed HEB&nstream singling is abshed by
disruption of the HERZSrc complex. As a result, the invasive phenotype of eacells with
overexpressed HER2 upon binding with PEPD was significantly inhibited. Similar to EGFR

activation, PEPD activity is not involved in HER2 regulation.

Yang et al.(31) demonstrated thagnzymatically inactive mutarPEPD (PEPB?’®?)
triggers stronger inhibitory activity in cancer growth suppression as compared ttypald
PEPD. The mechanism underlying this phenomenon may result from the stimulation of HIF
10 by P E PRderived productsias psurvival factors in cancer cel(§5). The effect
of PEPDdependent on overexpressed HERRvnstream signaling includede inhibition of
pro-proliferative phenotype througteceptor dephosphorylation and dephosphorylation of its
downstream kinases such as Src, Akt, ERK, and STAT3. The inhibitory function of PEPD
as HER2 ligand covered also activation of the apoptosis protein markers such as
downregulation of BeR, upregulation of Bax, and caspase activation (cas{®s&sand-9).

Due to the anticancer function of PEPBancer cell sensitivity to drug treatment was

improved.

Figure 2 demonstrates the summary of PEfRependent EGFRand HER2downstream

signaling evoking intracellular responses.
-13-
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Figure 2. PEPDdependent EGFRand HER2downstream signaling@voking intracellular

response<Lreated with Biorender.com.
4.4.3. Prolidase as aegulatorp53function

Apart from the role of PEPD as an EGFR/HER2 ligand, a novel function of prolidase is
implicated in the regulation of tum@uppressor protein as an essential component in the
proper function of p5834). Among several upstream addwnstream regulating mechansm
of 53 function mechanism@4), prolidase also exhibits regulatory function on mutated p53
through 1) limiting p53 subcellular translocation and 2) inhibiting p53 phosphoryi@#n
Recently, theunderstanding of the complex PERB3 mutantswas progressed35)
indicatng that disruption of this complex leads to regaining the normal function of p53. These
findings were not limited to indicating the new function of PEPD in p53 regulation through
direct binding but also expanded the knowledge about PEPD subcellularzdtioali
Previously, it was believed that PEPD is tlygosolic molecule, however, the authdosind

PEPD in the cytosol, nucleus, and mitochondria.

In vitro knockdown of PEPD significantly limited cell survival \a&tivation apoptosis
pathways (intrinsic and extrinsigjhile in vivo tumors significantly regressed. The molecular
mechanism for the observed effects reliestib@ prevention of p53 from its subcellular

translocation from cytosol to mitochondria by PERI33 transcriptional activity requires
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phosphorylation at Ser6 and Serl5 positions in its transactivation domain and this process i

inhibited by prolidase.

Forming the PEPEp53 complex occurs due to the binding of the PEPD catalytic
domain to the prolingich domain in the p53 structure. Similarly to EGFR and HER2 binding,
the PEPD motif linked to p53 has not been detected yet. Another similarity to EGFR and
HER?2 activation by PEPD is that catalytic activity is not required.

Another recent study on theslation between PEPD and p%35) indicates that if
mutated p53 liberates from the PEPRB3 complex, it is modified at the pesanslational
level. As research showed p53 mutant undergoes acetylation at the K373 position enabling it:
refolding and reactivation. In other wordbe knockdown of PEPRontributes to turning

oncogenic p53 mutants intomor suppressor proteins.
444. Prol i dase as a regul atumtion of i nterferon

A new function of PEPD in an inflammatory systeimgdependent of its enzymatic
activity, was reported byubick et al.(36). The proper function of IFNARL1 relies on the
posttranslational modification invhich PEPD is involved. IFNARL1 signaling plays a critical
role in the immune response against viruses. The authors showed thatiettmeiil domain
of prolidase is bound to nestructural protein 5 (virus prot®, and IFNAR1 antagonist. As
aresult, IFNAR1 is downregulated and its surface expression was decreased due to the
impaired glycosylation process after the translation step of protein synthesis. In addition to
this, the PEPD molecule played a remarkable iroldae induction of IFNb-dependent gerse

and IFNb-dependent signaling in antiviral response.
4.5. Summary remarks

Taken together, mplidase is involved in numerous biological processes at the cellular
levelact i ng as a .RHRdumre B presents the biolodgichl aaivity of prolidase as an

enzyme as well as a regulatory protein in cellular metabolism.
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Figure 3. Dual functions of prolidase the cellular level as an enzyme aniigand Created

with Biorender.com.

AFriendd functions of P E-Padd HERZddwnstteam a c t
singling pathways, suppression of overexpressed EGHR HER2downstream singling
pathways accompanied byt@morregression, prevention of p53 from unexpected activation,
recoveryof p53 suppressdunctions and IFNAR maturation &he cellular level. Prolidase
aligand of EGFR serves as an interface in the regenerative processes ongoing in damage
tissues and chronic inflammation throughimulation of cell growth, proliferationand
differentiation While in developing anticancer treatment, prolidase seems to be a pivotal

factor in understanding the mechanism involved in cancer control.

"Foe" functions of PEPD cover delivery oproline and hydroxyproline as
aconsequence of itenzymatic activity that modulates intracellular signaling, with special
emphasis on the mechanism $wvitching cancer cell phenotype under the conditions of ATP
(pro-survival mode) or ROS (prapoptotic mode) generatioREPD activityderived products
may alsarigger HIFL U act i vi t y c o-sutvival nilieuin cangerdells. t he p
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5. Study Aims

Given the fact that prolidase is an EGFR ligand and activates the -HG®FRstream
signaling, | hypothesized thatextracelular PEPD may remarkably contribute to cell

proliferationand migratiorfacilitating wound repair.

The aim of the research performed for the doctoral dissertation was to evaluate the
effect of extracellular prolidase on repair processes in experimao@éb of inflammation

and mechanical damage in HaCaT keratinocytes.

To achieve the research objectives, a series of scientific activigeswudertaken as

follows:

1. Evaluation of theeffect of porcine prolidaseon cell vitality, proline andcollagen
biosynthesis, prolidase activity, and expressiontlod selected EGFRownstream

proteins in HaCaT cells.

2. Evaluation of theeffectof porcineprolidaseon cell viability, proliferation, migration
proline and collagen biosynthesis, prolidase activity, and expression of the selected
receptorsEGFR j-ifitegrin, IGF1R, and TGFb;R) and theirdownstreansignaling
proteins under the conditions of mechanical damage in HaCaT cells.

3. Evaluation of theeffect of recombinant humaprolidasewild-type on cell viability,
proliferation, migration, cell cycle activation of downstreamsignaling pathway
induced by prolidasdependenstimulation of the EGFRind NFe B p a urdeva y
the condition®f IL-1 Bnduced inflammation in HaCaT cells.

4. Evaluation of theeffect of recombinant humaprolidasemutants \hPEPDG448R,
rhPEPD231delY, and rhPEPIE412K) on cell proliferation,cell cycle and activation
of signaling pathway induced by prolidasdependentstimulation of the EGFRinder

the condition®f IL-1 Bnduced inflammation in HaCaT cells.
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6. Materials and Methods

6.1.HaCaTcell culture

HaCaT cells purchased from CLS Cell Lines Service (300493; Eppelheim, Germany)
were cultured in a DMEM cell culture medium (PanBiotech, Aidenbach, Bayern, Germany)
supplemented with 10% fetal bovine serum (Gibco, Carlsbad, CA, USA) and 1% antibiotic
(penid I ' i n/ streptomyci n; Gi bc o, Carl sbad, C/
CQO,. The cell culture medium was changed every 3 days until cells reached 80% of

confluency.
6.2. Production ofecombinanhumanprolidase inE. coli expressiorsystem

The comstructs for wildtype recombinant human prolidase (rhPEPD) and mutant forms
(rhPEPDG448R, rhPEPE231delY, and rhPEPIE412K) were prepared as previously
described39, &). E. Coli BL21(DE3) competent cells (Thermo Fisher Scientific, Waltham,
MA, USA) were transformed with the rhPERIOntaining vector using the heat shock
method. After stimulation with 0.2 midopropytb-D-thiogalactopyranoside (IPT®joshop,
Canada) cells were centrifuged and resuspended in lysis buffer followed bysteyo
purification. Firstly,the HisTrap column (BioRad Laboratories, Hercules, CA, USA) with Ni
NTA affinity resin (IMAC) equilibrated with 0.1 M NiSPwas used for polyhistidineagged
proteins. Then, theeluted mixture was concentrated (Amiediira 10; Merck Millipore,
Burlington MA, USA) and loaded onto a gel filtration column (Superdex 200; Pharmacia,
New Jersey, NJ, USA). Activation of the recombinant proteins was performedLwithl
Mn*at 37AC for 1 hour. Purified proteins w
proteins in 200 Ol -80 rA®. tBRdfedr esrcemeatiostohoer ne
purifiedpr ot ei ns was deter mi ned u¥gktrTiherna Figherer c

Scientific, Waltham, MA,USAaccor di ng to the manufactur el
6.3.HaCaTtreatment

Under conditions of mechanical damage, confluent cGIIS”Kﬁassages) were scratched
using a sterile 200 ¢l pandpirewbated withipiolidasenfi@m h e
the porcine kidney (Sigma Aldrich, Saint Louis, MOSA) at the concentrations of- 1
100 nM. Under experimental conditions of inflammation, HaCaT cells were incubated with
human recombinant HLb (10 ng/ml; Sigma Aldrich, &nt Louis, MO, USA) and human
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recombinant prolidase (thPE®PD rhPEPDG448R, rhPEPE231delY, and rhPEPE412K)

at concentrations of 1250 nM.
6.4.In vitro woundhealingassay

Scratched HaCaT cells were photographed every 24 h cells using an inverted optical
microscope (objective 40x; Nikon; Minato, Tokyo, Japan) to monitor the wound closure area.
The open gap was measured by ImageJ software (https://imagej.nih.gov/ij/) and its rate wa:
calculated as indicated in the formula below. The results were presentegercent of the

control value.

e ,\\,,AééOEqéﬁombA/@T EAAIN DAMDAA
x| OEA AICRAI T OE CATGABAA

6.5. Cell viability assay

Cell viability of HaCaT cells was measured using Cell Titer Blue assay as described in
t he manuf act ur Pronfega, Madison, rWi,cUSA)o After tréatment, the
resazurircontaining solution was added to each well withituwed cells and incubated
(37A C, 2 h). Absorbance was read on TECAN
M@ nnedor f, Swi t z e mh serveld)as areferebce Ovavelemgth. Thé r@sults

were presented as a percent of the control value.
6.6. Cell vitality assay

The cell vitality was assessed by measurement of the level of intracellular thiols. After
treatment, cells were washed twice with waRBS (pH 7.4) and trypsinized (c=0.25%).
Then, cells were centrifuged (5 min, 500 x g), the pellet was washed with PBS and stainec
with commercially available Solution 5 (ChemoMetec, Denmark) containing VitaB4igjht
acridine orange, and propidium iodid€ell Vitality Assay was evaluated on an image
cytometer Nucleo Counter NBOOO (ChemoMetec, Denmark). The results were presented as

percent of the control value.
6.7.Cell proliferation assay

The proliferation of HaCaT cells was determined with the use of G;KD[T Cell
Proliferation Assay (Thermo Fisher Scientific, Waltham, MA, USA). After incubation, cells
were rinsed twice with PBS (pH 7. 4) and f

-19-



samples were quickly thawed at room temperature (RT) and mixédan200sL solution
consisting of the CyQUANﬁ'GR dye and cellysis buffer. The plate was incubated for 5 min

at RT protected from |ight. FIluorescence
Group Ltd., M@nnedor f, Switzerl and) at 4 ¢

wavelengths, respectively. The results were presented as the percent of the control value.
6.8. Cell cycleanalysis

After incubation, cells were trypsinized (c=0.25%), cenggfd (5 min, 500 x g), and
washed twice with PBS. The pellet was suspended in 0.5 ml of PBS, fixed in 4.5 mi of ice
col d 70% ethanol , and stored at 4 AC ur
centrifugation (5 min, 500 x g) and rinsing with PBS, getlet was resuspended in DAPI
containing Solution 3 (Chemometec, Denmar |
of the ethancfixed cell cycle was conducted using an image cytometer-30MD,
Chemometec, Denmark).

6.9. Preparation olysates

The cels were harvested with RIPA lysis buffer (Thermo Fisher Scientific, Waltham,
MA, USA) containing protease inhibitor (¢
Basel, Switzerland), phosphatase inhibitor cocktail (PhosSTOP, Roche, Basel, Switzerland)
ad viscolase (A&A Biotechnology, Gd a Es k, F
10 min and sonicated 3 times (15 sec on and 5 sec off), and cei f uged (4 A
12,0000 gy . The supernatant was al i gquostOe dAd nu nz
protein analysis. The Pierce BCA assay kit (Thermo Fisher Scientific, Waltham, MA, USA)

was employed for the quantification of protein concentration.
6.10. Westernmmunoblotting

Equal amounts of protein were diluted in RIPA lysis buffer (Thermo Fisher Scientific,
Waltham, MA, USA) and mixed with Laemmli buffer (120 mM TFHEI, 20% glycerol,
0.4% SDS, 0.02% bromophenol blue, pH 6.8) with freshly addedbSfercaptoethanol
(Sigma Adrich, Saint Louis, MO, USA). After denaturation, the samples were loaded onto
SDSPAGE gels followed by blotting onto polyvinylidene difluoride (PVDF; BioRad
Laboratories, Hercules, CA, USA) membranes. The blocking step was performed with either
5% nonfat dried milk (Santa Cruz Biotechnology, Dallas, TX, USA) or BSA (Sigma Aldrich,

Saint Louis, MO, USA) in TBS (20 mM Tris, 150 mM NacCl, 0.1% Twe&®, pH 7.6) for
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l1h at RT with gentle rotation. The membr
antibodies listed below, followed by incubation with alkaline phosphdiaked goat anti

rabbit or antimouse antibodies (Sigma Aldrich, Saint Louis, MO, USA) for 1 h at RT. The
membranes were washed thrice in TBSor 5 min. Proten bands were detected wifld

St epE NBT/BCIP Substrate Solution (Ther mo
protein band intensities were sequantitatively measured with ImageJ software

(https:/fimagej.nih.goV/ij))All experiments were run in triplicates.
6.11. List of antibodies

The PVDF membranes were incubated with the selected primary antibodies diluted in
5% BSA as indicated in brackets. Cell Signaling Technology (Danvers, MA, USA) delivered
following primary antibodies: Akt Rabbit mAb (1:2000), Cyclin D Rabbit mAb (1:1089),
Cadherin Rabbit mAb (1:1000), EGF Receptor Rabbit mAb (1:1000), GAPDH Rabbit mAb
(1:1000), HIF1U Rabbit mAb (1:1000), IKK) Mouse mAb (1:1000), IKK Rabbit mAb
(1:1000), bBURabbit mAb (1:1000), Lamin A/C Mouse mAB (1:1000), mTOR Rabbit mAb
(1:2000) N-Cadherin Rabbit mAb (1:1000), N#B p65 Rabbit Antibody (1:1000), p44/42
MAPK (ERK1/2) Rabbit mAb (1:1000), IGE Recept or b Rabbit mA
MTOR (Ser2448) Rabbit mAb (1:1000), FAK Rabbit mAb (1:1000), pho$i (Tyr397)
Rabbit mAb (1:100Q) I ntegrin bl Receptor Rabbit m A
mADb (1:1000), phosph®I3 Kinase p85 (Tyr458)/p55 (Tyr199) Antibody (1:1000), PCNA
Rabbit mAb (1:1000), phosph&kt (Ser473) Rabbit mAb (1:2000), phospB&F Receptor
(Tyrl068) Rabbit mAb (1.000), phospheKK b (Ser176/180) Rabbit mAb (1:1000),
phosphelaBU (Ser32) Rabbit mAb (1:1000), phospNé-aB p65 (Ser536) Rabbit mAb
(1:1000), phosph@44/42 MAPK (ERKZ1/2) (Thr202/Tyr204) Rabbit mAb (1:1000),
phospheStat3 (Tyr705) Rabbit Ab (1:1000%tat3 Rabbit mAb (1:1000), Cox2 Rabbit mAb
(1:2000), TGFb Receptor | Rabbit Antibody (1:1000), Thymidine Kinase 1 Rabbit mAb
(1:2000). Mouse ansrb2 (1:500) and mouse a80sl (1:1000) were purchased from
Becton Dickinson (Franklin Lakes, NJ, USA). §adary alkaline phosphatasenjugated
antimouse or antfabbit antibodies were diluted 46mes (Sigma Aldrich; Saint Louis, MO,
USA).

-21-



6.12. Immunofluorescencstaining andconfocalmicroscopy

After incubation, cells were washed with PBS and fixed with 3p&aformaldehyde.
Depending on protein localization, permeabilization with 0.1% Triton for 5 min was
performed or omitted. The blocking step with 3% fetal horse serum (1 h, RT) was followed by
i ncubation (4AC, ON) wi t h t IReceptoreRalebit mAd,dFAK 1 |
Rabbit mAb, NFeB p65 Rabbit Antibody) diluted 500x, 100x, and 400x, respectively.- Anti
rabbit FITGlinked antibody (Becton Dickinson, FrankliLakes, NJ, USA) was used as
asecondary antibody at a concentration of
nuclei were stained with Hoechst (1 ng/ml). A confocal laser scanning microscope (BD
Pathway 855 Bioimager, Becton Dickinson, Franklin Lakes, NJ, USA) with AdtoNi

software was employed for immunofluorescence staining visualization.
6.13. Evaluation ofcollagenbiosynthesis

The principle of Peterkofsky's metho(B6) for the determination of collagen
biosynthesis is the incorporation of radioactivi8Bl]-pr ol i ne (5 € Ci / ml ;
Germany) into proteins able to be digested(yhistolyticumcollagenase (Sigma Aldrich,
Saint Louis, MO, USA). After treatemt, cells were washed with PBS (pH 7.4), harvested
with prolinecontaining PBS, and frozen®& 0 AC unti |l the day of
read was performed with Liquid Scintillation Analyzer -Oarb 2810 TR (PerkinElmer,
Waltham, MA, USA). The ragdts were normalized to total protein bioslyesis and were

presented asercent of the control value.
6.14. Determination oprolidaseactivity

The activity of prolidase was determined according to the method published by Besio
et al. (87). Protein oncentration was measured using
( Thermo Fisher Scientific, Wal t ham, MA , U
mixed with 50 mM TrisHCI (pH 7.8) containing 1 mM MnGland 0.75 mM glutathione and
i ncubat ed Thelenzimatic Be@cAo@ with 100 mM glygytoline lasted 30 min at
50AC and was stopped kgld TICA dftemcdnttifudatioo (15 nari 0
12 000 x g), the supernatant fraction was
propotion of 1:9, and then incubated on ice (15 min). Absorbance was read at 515 nm on
TECAN InfiniteE M200 PROThé M3ulisnver expfessed Gsvi
apercent of the control value.
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6.15. LC-MS-basedjuantitativeanalysis

The measurement of pié concentration in HaCaT cells was conducted according to
the method of Klupczynska et #88). Briefly, cells were scraped in ig®ld methanol with
an internal s tpralinad Signth Aldrizhs SaidtMouid, MO, USA) and then
stored at8 0 AC wunt i | anal ysi s. S anmi260dndinitywHPLCe  a
system coupled to Agilent 6530-TDF mass spectrometry detector with electrospray
ionization (Agilent Technologies, Santa Clara, CA, USA) as an ion source in positive
ionization mode. Methanaixtracted cell lysates were injected @t HILIC column (Luna
HI LI C, 2 X 100 mm, 3 Om, Phenomenex, Tor v
samples were randomized before analysis. The results were normalized to total proteir

concentration and expressed as a percent of the control value.
6.16. Gelatinzymographyassay

Gelatin zymography protease ass@f) was used to determine the activities of
metalloproteinases (MMPF) and-9 released from the cells the medium. After treatment,
5ml of cel |l culture media were collected
Concentrator (Vivaproducts, Inc. Littleton, MA, USA). Protein concentration was measured
using the Pierce BCA assay kit (Thermo Fisher Scientific, Waltham, MA, USAD g0 o f
protein per lane was loaded onto 10% SBYSGE gels containing freshly prepared 1 mg/mL
gelatin (Sigma Aldrich, Saint Louis, MO, USA). After electrophoresis, the gels were agitated
with gelatinase renaturation buffer and incubated with theigekdr e act i on buf f

18h). The MMP bands were stained with the Coomassie method and scanned.
6.17. Statisticalanalysis

All experiments were performed at least in triplicates and the experiments were
repeated three ti mes. D a daal dewiationg(SDp Foe Hatisticale d
calculations, aneway analysis of wvariance (AN®MA)
was usedGraphPad Prism 5.01 (GraphPad Software, San Diego, USA) was employed for
statistical analysis. Statistically signifidadifferences were marked &s®, # p< 0.05, **, M,

##p < 0.01, *** MA #Hin < 0.001 and ****, MM gD < 0.0001
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7. Results

7.1. Experimentdesign of themodel forexperimentalwoundhealing under theonditions of

mechanicabdlamage and i1 Bnducedinflammation

As there are numerous diseases manifested bg-tbdreal wounds or delays in
awound healing process, the main goal was to propose a new strategy for improved wounc
healing. Thus, | tested the hypothesis: does pradidas an EGFR ligand, stimulate
experimental wound healing?

Since skin is frequently injured and 95% of the total cell mass in the epidermis are
keratinocytes, they were chosen for further experiments. Among cell lines available on
market, immortalized Ha&T keratinocyte cell line was selected based on the simplicity of
cell culture which enabled ndrased result interpretation.

Prolidase treatment habeen established based on literature reports and own
experiments. Prolidase concentration ranging from2b0 nM was subjected to test the cell
viability. None of these concentrations had a t@ffect on cells and for further experiments,
prolidase at the concentration of 100 nM was employed.

Recovery of an injured tissue includes cell migration]ifgmation, and differentiation
as well interaction wittvariousbiomolecules, and finally remodeling of matrix components.

To assess experimental woundemthelialization scratch assay was applied, while the
inflammation stage was induced by a jmflammatory factor, human recombinant-1Lb .
Figure 4 presents the study design of the model for experimental wound healing under the

conditions of mechanical damage andlllinduced inflammation.
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‘ Does prolidase as an EGFR ligand stimulate experimantal wound healing?

[ Experimental Design
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Figure 4. Experimentesign of themodel for anexperimentalwound healing under the
conditions of mechanical damage and M1 Bnduced inflammation. Created with

Biorender.com.

The experimental model of mechanical damage was obtained by scratching the
confluent cel l mo n o | a ytetip fomning & ga@For mduetion of e 2
inflammation, LPSand H1 b wer e t est ed-1i0n Otgh enl100ang/ugile 0o f
respectively, for 12, 24, and 48 h as a pretreatment, posttreatment and concomitant treatmer
Based on the results from cell bidty and IL-6 production, ér further study, the
experimental conditions of inflammation in HaCaT cells were mimicked by an addition to the
cell culture mediumitl b (10 ng/ ml) as concomitant tre

The effects of extracellular prolidase were evaluated on cell proliferation, vitality and

migration, PEPD activity, collagen biosynthesis, intracellular proline concentration, and
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expression of the sel ect e-dtegan; and ppteimnsarkarseof a t «
epithelialto-mesenchymal transition (EMT) under the conditions of mechanical damage in
HaCaT cells. For confirmation of prolidadependent induction of EGF#ownstream
signaling and experimental wound healing, HaCaT cells were pretreate an EGFR

i nhi bitor, gefitinib (2 OM, 2 h). I n tur
was applied to prove the role of the PISK/Akt/mTOR axis in PiRidliated cell
proliferation and experimental wound healinfhe concentration of & inhibitors was
selected based on literature reports.

The effects of extracellular prolidase were investigated on cell viability, proliferation,
cell cycle, metalloproteinase activity, and expression of the selected proteins related to EGFR
NF-a B, -cygcle regulatory proteins, and protein markers of EMT under the conditions of
IL-1 Bnduced inflammation in HaCaT cells. To confirm the prolidasliated induction of
EGFRdownstream signaling in HL Bnduced inflammation, HaCaT cells were subjected to
pet reatment with gefitinib (2 OM, 2 h). L
effects of prolidase mutants on cell proliferation, cell cycle, and expression of the selected

proteins related to EGFR was performed.
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7.2. The evaluation of the effect of extracellular prolidase on cell proliferation, vitality, and
migration, PEPD activity, collagen biosynthesis, intracellular proline concentration, and
expression of the selected proteins related to EGFR, 1GfRtegrin,and epithelial

to-mesenchymal transition under the conditions of mechanical damage in HaCaT cells

After scratching the cell monolayer, it was found that the proliferation of keratinocytes
was noticeably increased in a tirdependent manngFigure 5A). Theinvestigation of the
migratory activity of HaCaT cells demonstrated that prolidase contributed to progressive
wound closure in a&oncentration and timedependent manner. Prolidase treatment of the
cells for 48 h resulted in almost complete closure ofitband, whereas the wounded area of
control cells (without prolidase) remained unchangeduf€i§B). The effect of prolidase on
cell vitality and intracellular prolidase activity was not changed in HaCaT cells in both

controls and scratched cell models.
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Figure 5.The effect of prolidase on (A) HaCaT cell proliferation; (B) HaCaT cell migration
after 24 and 48 h treatment. The data are
compared to the control group. Statistical significances are erprass *, # p< 0.05, **,

M H#P < 0.01, ***, MA ###p < 0.001 and ****, MM i < 0.0001.
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As shown inFigure 6A, in prolidasetreated cells the expressions of the total forms of
EGFR, PI3K (p85), Akt, and mTOR proteins were increased ¢oreentratiordependent
manner. Prolidastreated HaCaT cellaugmenteghosphorylation of EGFR (Tyr1068) and
downstream proteins includifgI3K p85 (Tyr458)/p55 (Tyr199), Akt (Ser473), and mTOR
(Ser2448). EGFR activation was accompanied byugiregulation of theb;-integrin receptor
and IGF1R expressions andhancrease in the downstream protein expression of FAK (total
and phosphorylated), Grb2, and Sobigyre 6B). The increase iltGFR and FAK protein
expression was confirmed using immunocytochemstalning and visualized with confocal

microscopy Figures6C, D).
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Figure 6.The effect of prolidase on the expression(&) EGFR-downstream signalingB)
b;-integrin and IGFLR-dependent signaling; (C) EGFR; (BAK in HaCaT cells The data
are presented as the mecompand t&Stheconttolgroup3 i n ¢

PEPD concentration (nM)
PEPD concentration (nM)
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A specific EGFR inhibitor, gefitinib,abolished PEPDrelated EGFR and Akt
phosphorylation and downregulated expressions of the total EGFR and Akt forms
(Figure7A). Gefitinib-pretreatedand then stimulated with prolidase HaCaT cells lost the
ability to migrate Figure 7B).
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Figure 7. The effect of prolidase gefitinib-pretreated HaCaT celts (A) EGFR activation;

(B) EGFRmediatedcell migration.The dataarpr esent ed as the mean
group anccompared to the control grouStatistical significanceareexpressed as *,* p <

0.05, **, M, %5 < 0,01, ¥, MA ¥ 5 < 0,001 and *+, MM 5 < 0,.0001.
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In PEPDdependent EGFRctivation PI3K/Akt/mTOR was involved. HaCaT cells were
pretreated with the specific PI3K inhibitor, LY294002 which downregulated the expression of
prolidaseinduced signaling proteins such as PI3K, Akt, and mT®Ryjufe 8A). The
functional effect of thd?I3K/Akt/mTOR block was tested in the context of cell proliferation
and migration. In prolidasgeated keratinocytes, cell proliferatiofigure 8B) and migration

(Figure8C) were slowed down when treated with the inhibitor.
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Figure 8. The effect of prolidase irLY294002pretreated HaCaT cells on (A) EGFR
activation (B) HaCaTcell proliferation; (C)HaCaTcell migration.The data are presented as

t he mean N SD, n = 3 in each gr Statpticaland
significancesareexpressed as ~,* p < 0.05, **, M # < 0.01, *** ~MA ##5 < 0,001 and

wewe AMAR - HEED < 0,0001.
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As shown inFigure 9A, prolidase stimwdted collagen biosynthesis incancentration
dependent mannar normalcells. In turn, in wounded HaCaT cells afterR#cubation with
prolidase, the rate of collagen biosynthesis wdsl@ higher than in normal keratinocytes.
Prolidase inhibited the expression of INEB , a known <coll agen in
mechanim for prolidasedependent collagebiosynthesis Kigure 9B). The LQ MS-based
analysis showed an increase in proline concentration in adégsndent manner both in

prolidasetreated normal and scratched cefgygre 9Q.
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Figure 9. The effect grolidase on (Acollagen biosynthesis after P4reatment(B) NFa B
expression; €) proline concentration incsatched and normal HaCaT cellBhe data are
presented as the mean N SD, n = 3 in ea
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In the scratching experiment, prolidase enhanced the migratory capacity of
keratinocytes. The levels of expression of key epith&dathesenchymal (EMT) protein
markers such as-&adherin and Madherinwere slightly downregulatednd upregulated,
respedwely (Figure 10). The levels of expression of TR and ERK1/2 were also

upregulated, compared to control cells indicating that EMT occurred through the non

canonical pathway.
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Figure 10 The effect of prolidase on EMT protein markers in the modehethanically

damaged HaCaT cel |l s. The data are present

compared to the control group.
The results of the conducted studies waiblishedn the original paper:

P2. Misiura M. , Baszanowska WagkaSdi §o wikiket yk.
Stimulates Proliferation and Migration through Activation of the PISK/Akt/mTOR
Signaling Pathway in Human Keratinocytdsternatioral Journal of Molecular
Sciences2020; 21, 9243. doi: 10.3390/ijjms21239243. IF: 5.923, ME®Q points
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7.3. The evaluation of the effect of extracellular prolidase on cell proliferation and viability,

cell cycle, metalloproteinase activity, and expression of the selected proteins related to

EGFR, NFa B,

-cycke,l &nd epithelialo-mesenchymal

conditions of Il-1 Bnduced inflammation in HaCaT cells

Under normal conditiondjuman recombinanwild-type prolidase(rhPEPD'") did not

affect HaCaT cell proliferation. However, in the presence ef Ih , r W in&daged the

proliferation of the studied cells in a concentratd@pendent manneFigure 11A).

1 band rhPEPY -treated keratinocytes, a significant decrease in the percentage of cells in

the G phase (growth) and an increase in the percerdagells in the GM phase (mitosis)

were observed in comparison to control ceRmres11B, C). Protein expression analysis

tresition under the

In IL-

showed upregulation of the expression of cyclin D, thymidine kinase 1, and PCNA in
rhPEPD'" - and IL-1 Bstimulated HaCaT cell${gure 11D).
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Figure 11. The effect of rhPEPD on (A) IL-1 BnducedHaCaTcell proliferation:(B); cell
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Go/G; phase; D) expression of the selected eejicle regulatory proteins. The data are
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It was found that rhPEPH in the presence of ML factivated EGFRlownstream
signaling kinases (Figure 12A). Interestingly, rhPEPInduced the expression of both total
and phosphorylated forms. Phosphorylation of EGFR (Tyr1068) occurred after treafthent
rhPEPD'T in aconcentratiordependent manner. The phosphorylation-#ip (Ser473) was
stimulated in prolidas&eated HaCaT cells in comparison to control treated cells.
Similarly, the activation of ERK1/2 (Thr202/Tyr204) and STAT3 (Tyr705) wasre

pronounced in the cells cultured in the presence of prolidase abhdIL t h a rtreatech
cells. These results were confirmed by a blockade of E@#R the specific inhibitor,
gefitinib, which effectively suppressed rhPE¥Ddependent phosphorylati of EGFR, Akt,
STATS3, and ERK1/2Kigure 12B).
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Figure. 12. The effect shPEPD' on (A) EGFRdownstream signaling pathway in HaCaT
cells; (B) EGFRdownstream signaling pathway in HaCaT cells pretreatedgeiitinib. The
data are presentedasthean N SD, n = 3 in each group
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Proliferating HaCaT cells entailed the ability to migrate via EMT phenotype. In PEPD

treated cells EEadherin was downregulated while HIE TGFb;R, Cox2, and Ncadherin

wereupregulated in the response of1h, suggesting a rhPEPD-dependent mechanism for

increased cell motility undergoing via T&R and Cox2 pathway Figure 13A). The cell

migration assay supported the statement on cell motility which was improved iret@nge

of IL-1b-treatment and interestingly rhPEPD augmented HaCaT cell migration

(Figurel3B).
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EMT was accompanied by matrix remodeling since rhP¥RB the presence of Hib
induced MMR9 activity in a concentratiredependent manner, while MMP remained
unchanged in both stimulated and rstimulated cells Kigure 13C). It is likely that, in the
induction of MMR9 activity, NFeB was involved. Upon rhPEPB stimulation occurred
phosphorylation ofdB kinases, IKKJ andb, at Ser176/180. Ther\F-aB was activated by
degradation ofdBUreleasing the p65 subunit from treBIYNF-aB complex. An increase in

the level of pleBU and plIKKUb was accompanied by cytosoli@BU degradation
(Figurel13D).

The results of theanducted studies were published in the original paper:

P3.Ni zi 0§ OBci gowska | : Baszanowska W.,
W.: Recombinant Prolidase Activates EGEBERpendent Cell Growth in an
Experimental Model of Inflammation in HaCaHeratinocytes. Implication for
Wound Healing. Frontiers in Molecular Biosciences. 2022; 9:876348. doi:

10.3389/fmolb.2022.876348-: 5.246 MEIN: 140 points
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7.4 The evaluation of the effect of prolidase mutants (rhPER2B8R, rhPEPE231delY,
and rhPEPDE412K) on cell proliferation, cell cycle, and expression of the selected
proteins related to EGFR under the conditions ef IEnduced inflammation in HaCaT

cells

Variant rhPEPBG448R did not induce the proliferation of HaCaT cells both in the
presence and absence of-1Lb Figgre 14A). However, rhPEPEE412K and rhPEPD
231delY mutants in the presence ofllb si gni fi cantly increase:q
in the absence of L b o n | y-E41Z2KRfle@dd the procesBigures14B, C). Thecells
cultured with wildtype PEPD in the presence oflLb s howed a drastic
namely significantly decreased the percentage of cells in §f@®, Ghase and increased the
percentage of cells in the;® phase, compared to control cetlultured in the absence ofIL
1 bFiggre 14D). However, treatment of the cells with PEPD mutants in the presence. db IL
decreased significantly the ratio op/ to Gi/Gowith a more pronounced effect in the case
of rhPEPDG448R.
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Figure 14.The effect of mutated variants of PEP&n cell proliferation (A) rhPEPES448R;
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< 0.001 and **** AMAN D < 0.0001.
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As shown in Figure 15, all studied PEPD mutants in the presence-iff ithduced
phosphorylation of EGFR and some dowrestnesignaling proteins (Akt, ERK1/2, STAT3) as
detected by Western immunoblot. rhPEBB48R as a ligand of EGFR was able to stimulate
downstream signaling proteins, however, cell cycle analysis showed that the response wa
weaker compared to other PEPD nmisa(rhPEPE231delY and rhPEPIE412K).
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Figure 15. The effect of rhPEPD and PEPD mutants (rhPER®448R, rhPEPE231delY,
and rhPEPEE412K) on EGFRdownstream signaling proteins in-llb-treated HaCaT cells.
The data are present meachagsouptahdecompared o the costdl,

group.
The results of the conducted studies were published in the original paper:

P3.Ni zi 0 OMci Jowska | ., Baszanowska W.,
W.: Recombinant Prolidase ActivateEGFRDependent Cell Growth in an
Experimental Model of Inflammation in HaCaT Keratinocytes. Implication for
Wound Healing. Frontiers in Molecular Biosciences. 2022; 9:876348. doi:
10.3389/fmolb.2022.876348&: 5.246 MEIN: 140 points
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8. Discussion

Impaired wound healing is observed in numerous conditions such as acute and chronic
diseases, aging, or pesirgery(90), thus understanding the complex regulatory mechanism
of the repair process and searching for new boosters for tissue regeneration are of gree
relevance. Since prolidase is the EGFR lig§2@) and EGFR signaling is involved in the
regulation of cell growth, proliferation, and migrati(®i), | hypothesized that PEPD can be
considered a stimulating factor for experimental wound healing. The series of research were
conducted aiming to evaluate the effect of extracellular prolidase and its moranrst dn
repair processes in experimental models of inflammation induced by intertedkin-1 b L
and mechanical damage to skin keratinocyteghe first step of the researchgconducted
aliterature review to gather the latest knowledge of the PEPD functions and designead two
vitro models to study the effects of extracellular PEPD o linduced inflammation and

scratched keratinocytes.

The review included in this dissertation covére latest knowledge dhe molecular
mechanisms and functions of prolidase in the regulatiokegf biomolecules in cellular
metabolismand focuses on the contribution of PER{2diated signaling in physiological and
pathological conditions. Based on expsntal evidencehe paper describes in detail several
mechani sms regul ating PEPD ac tjintegrib seceptor,n c |
IGF-1 receptor, and TGB, receptor (51, 66) Regulation of proline availability in the
mitochondrial proline cycle via PEPD seems to be a limiting factor for collagen resynthesis or
intracellular signal transduction. However, b®logical activity as a cellular regular is of
emerging research mtest. So far, it is known that prolidase serves as a regulator of p53
function (34, 35) affects interferofdb receptor maturatior36), and is a ligand of EGFR
(29) and epidermal growth factor receptor 2 (HERR)). These previously unknown findings
regarding the novel function of PEPD emphasize the importance of the protein at the level of
cell functionality and at the same time stress how the currently available knowledge is limited
in terms of the complex proteigignaling system involved in the regulation of cell

metabolism.

One of the study aims was to evaluate the effect of extracellular prolatase, EGFR
ligand, on HaCaT cell proliferation and migration in the experimental model of wound
healing to testhe reepithelialization capacity of keratinocyte®wn study revealed that
prolidase in a concentratioand timedependent manner induced proliferation and migration

of "wounded" cells, where the effects were more pronounced. PEPD significantly improved
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cell migration to close the scratch area in a model of wound healivgro. Under normal
conditions, during repithelialization, keratinocytes are attracted to the injury site to restore
tissue continuity(92). Here, it was found that PEPD promoted the migration of HaCaT cells
via EMT since the changes in expression of key EMT protein markers such as upregulation o
N-cacherin and downregulation of-€adherin were observed. The amount of TR and
ERK1/2 were also increased which suggests the EMT process in HaCaT cells facilitates
wound healing. Further study showed that when prolidase was present in the culture mediun
activation of EGFR downstream signaling through PI3K/Akt/mTOR axis occurred. To prove
that prolidase binds to EGFR on the surface of keratinocytes an EGFR inlgéftonjb was
employed. Inhibition of PEPInediated EGFR sigiiag by gefitinib resulted ira significant
decrease in active and total EGFR and Akt. It was demonstrated that protiddsted
wound closure rate was also abolished in the presence of gefitinib supploetiogservation

that PEPDRdriven activation of EGFR is a crucial event in G# cell migration.
Subsequently, to establish whether PI3K/Akt/mTOR is functionally linked to the proldfierati
and migration of HaCaT cells, anhibitor of PI3K, LY294002 was applied for testing
whether this axis was involved. Blockade of this signajwaghway resulted in noticeable
inhibition of the amount of phosphaand total forms of EGFRownstream proteins.
Functionally, decreased cell proliferation and migration were observed after pretreatment with
the inhibitor.

The study suggested that coaen between EGFR and adhesion receptors fbe-g.
integrin) is required to reach complete biological responses in tissue regeneration. Moreover
prolidase was found to activate the expressions ofbtkiategrin receptor and insulilike
growth factor 1receptor (IGFLR). The crossalk of these receptois of great importance in
wound healing since the role of both receptors in anabolic processes is well estddi3hed
Researchers indicated their essential role in collagen biosynthesis. Both-ititegrin and
IGF-1 receptors transmit signals that induce collagen biosynt#si®3) This process is of
critical importance in the last step of wound healing and scar form@ét@n The study
demonstrated that prolidasétmulated HaCaT cells enhe@ed collagen biosynthesis as
aresult of upregulation db;-integrin and IGFLR receptors inducing autophosphorylation of
FAK. Then, the signal is transmitted to Grb2otigh Src and Shc proteins and then Sos, Ras,
and Raf proteins are induced to finally reach ERK1/2 kingSds 95) Moreover, we
demonstrated that NFUB expression was d e c r tenens énd u
keratinocytes. Since NFUB i s known as an i nUliaidiRtsubunitso f
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of type | collagen(96-98), the results suggest that a drop in-NB-expression facilitated
collagen biosynthesis. Moreover, proline content increased in the cells treated with prolidase
providing a substrate for the synthesis of collag@f). The functional significance of
prolidase is reflected in the delivery of proline from imidodipeptides (mostly coHdgeawved
degradation products) for collagen resynthesis and ptloégins containing proline. Since the
intracellular activity of prolidase did not change in prolidaeated cells, it is likely that in

the experimental conditions proline came from the enzymatic reduction of pyfbeline

carboxylic acid derived from gtamate or ornithinés2).

As | observed PEPaugmented keratinocyte proliferati@nd migration upon scratch,
| raised the question of whether mediators of inflammation, released from mechanically
damaged cells, contribute to the réfgcant promotion of cell proliferation, growth, and
migration. Thus, further study was conducted to investigate the biological effects of human
recombinant PEPD (rhPEPD) on keratinocytes inimnvitro model of IL-1 Bnduced
inflammation. | found thatsimultaneousapplication of PEPD and L b ¢ o n ttortheb u t
significant increase ikeratinocyte proliferation, a process that could be of great importance
in wound healing. Indeed, PEPD significantly augmented this process through EGFR
signaling. The key finding of my study was that PEPD activates E@stream signaling
proteins incladling Akt, ERK1/2, and STAT3, which are implicated in keratinocyte migration,
proliferation, and epithelialization during the inflammatory phase of the wound healing
process. Inhibition of PEROependent EGFR activation by gefitinib led tdexrease in the
amount of phosphorylated and total forms of EGFR and Akt, ERK1/2, and STAT3
confirming that PEPD is kBgand of this receptor. The mechanism underlying the molecular
basis for PEPBnediated cell cycle progression in keratinocytes undergoes upregulating of
several celcycle regulating proteins including cyclin D, thymidine kinase 1, and PCNA. It
was found that during stimulation of EGFR in the presencedfi. t he EMT occ
detected by changes in the expression of EMT markers such as downregfl&icadherin
and upregulation of Madherin, To support the changes in EMT protein markers, cell
migration was analyzed. The results revealed that rhBERDd IL1 b contri but
increase in cell motility. Moreover, HIE U, -2C arxl TGFb,R were gnificantly
pronounced upon rhPEBD treatment. The phenomenon was accompanied by an increase in
the activity of MMR9. Experimental evidence indicated that total-NIB e X pr e s s i ¢
remarkablyincreased duetoL b t r eat ment and e PEPODaealmeny d

of keratinocytes, however, NFUB p hosphoryl ati on was reme
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phosphoryl ated forms of | B -&kBnsaisgsal(i KU
MMP-9 activation(100), the results suggest that in rhPEPBnediated MMP9 activation,
theNFe B pat hway may be involved. TE&SKRandIk oge
1b signaling synergistically promote ker a
cycle progression and the EMT event. Additionally, the activated MMPs support the
migratory phenotype of cells by digestion of the surrounding ECM.

Onthe whole, the observations from the conducted research point to raise the questior
of why under conditions of scratch and-1Lb st i mul i the effects
pronounced than in normal cells where cell proliferation and migration remain mostly
unchanged upon prolidase supplementation. Doesbh. st i mul at e the r el
HaCaT cells? It is well established that keratinocytes are the source and target for cytokines
A vast range of inflammatory mediators is expressed and secreted bpd®yi@s that have
multiple consequences not only for inflammatory cells through the promotion of leukocytes
migration, and amplification of inflammatory responses but also on keratinocytes to promote
their proliferation and differentiation process€)1) Thus, under experimental scratch
conditions,while the cell membrane is disrupted, it is probable that a variety of inflammatory
mediators are released from keratinocytes. The interplay between prolidase and secrete
mediators of inflammation contributes to the induction of cell proliferation, groeaiadl
migration. The research on the effect of prolidase i Iinduced inflammation supports the
hypothesis that prolidase in the presenceeflb st r engt hens the pro
capacity of Kkeratinocytes. The molecular mechanism underlypiPDinduced cell
proliferation and growth undergoes through EGFR signaling, cell cycle progression, EMT, as
well as matrix remodeling. It cannot be excluded thatlb st i mul at es t he
from keratinocytes, however, it needs further experisienpporting this hypothesis. Based
on my own experience, | found that prolidase is expressed by keratinocytes, although PEPL
activity is low. To date, the system for prolidase transport outside the cell remains unknown
unless the cell membrane is disdooed. Under chemicalinduced cell disruption PEPD
concentration significantly increasd29). Another possible souec of prolidase can be
platelets in the bloodstreaid9, 50) Platelets are essential players in the initial stage of
inflammation as they carry variousnflammatory mediators. Upon activation and
degranulation of platelets, growth factors and prolidas#aining load is released close to
the wounded area. It is known thBRPis used in regenerative medicine facilitating the

recovery from tissue injurigd02-105).
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Since wildtype PEPD was shown to induce EGFR signaling and accelerate cell
proliferation in IL-1 Bnduced HaCaT cells, it has dxe considered whether some mutated
PEPD (rhPEPBG448R, rhPEPE231delY, and rhPEPE412K) would evoke an opposite
effect on the process. All these variants ocaure identifiedin patients with prolidase
deficiency (PD, OMIM170100)(85). PD is a rare autosomal recessive disorder characterized
by massive imidodipeptiduria, skin lesions, and elevated probméaining dipeptides in
plasma(6). Currently, it is believed that several mutated alleles inRE®D gene(6) are
responsible for PD. However, no cluaisout the molecular mechanisms are so far available
since clinical phenotype does not always respond to geno(#ig®) Currently, PD is
diagnosed by low or a lack of PEPD activity, however, the clinical outcome may be related to
deprivation of extracellular function of PEPD. This hypothesis would be confirmed since PD
therapy was unsuccessful with the application ofipeobr prolineconvertible amino acids
(3). As PD remains incurable and the mechanism unknown, we sought to explore the effect o
the selected mutatedariants of PEPD on EGFBownstream proteins under-IL Enduced
inflammation. Interestingly, EGFRownstream protein analysis showed that some mutated
variants of PEPD (rhPERR31delY and rhPEPIE412K) were able to activate EGFR
dependent intracellular gnal and induce HaCaT cell proliferation stronger than another
mutated variant (rhPERDB448R). The intensity of the intracellular responses and cell
proliferation rate were weaker upon rhPEPD mutant treatment compared taoypald
rhPEPD. The observed diifences seem to match the clinical outcomes as PD patients
manifest a wide range of symptorf85). My study suggests that not only PEPD activity but
an extracellular function of PEPD may be involved in the mechanism underlying prolidase

deficiency.

The results of my research revealed for the first time BEPD activates EGFR
dependent cell growth dnproliferation in experimental models of inflammation and
mechanical damage iHaCaT keratinocytes. This indicates that PEPD as the EGFR ligand
may play a role as a stimulating factor in wound healing. Both enzymatically active and
inactive rhPEPD may nulate with different intensities of EGFR signaliriche knowledge
may be useful for further approaches to therapy of wound healing disorders. As the study
demonstrated promising effects of prolidase in cell proliferation, migration, and collagen
biosynthess, further investigations are necessary to explore its role in PD. It would be
beneficial to confirm these results in @m vivo model as thein vitro model has some

limitations.
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9. Conclusion

1. Prolidase as an EGFR ligand stimulates keratinocytes to proliferation and migration
via Akt/PIBK/mTOR pathway under the conditions of experimental wound healing.

2. Enzymatically active and inactive prolidase may modulate EGFR signaling with
different intengies.

3. Extracellular prolidase acting through EGFR induces growth, migration, collagen
biosynthesis, and ECM remodeling in cultured keratinocytes.

4. Prolidase augments the proliferation and migration of keratinocytes under
inflammatory conditions.

5. Endogenos polidase may represent a therapeatientfor treatng skin wounds.
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Abstract: Prolidase [EC 3.4.13.9], known as PEPD, cleaves di- and tripeptides containing
carboxyl-terminal proline or hydroxyproline. For decades, prolidase has been thoroughly investigated,
and several mechanisms regulating its activity are known, including the activation of the ;-integrin
receptor, insulin-like growth factor 1 receptor (IGF-1) receptor, and transforming growth factor
(TGF)-1 receptor. This process may result in increased availability of proline in the mitochondrial
proline cycle, thus making proline serve as a substrate for the resynthesis of collagen, an intracellular
signaling molecule. However, as a ligand, PEPD can bind directly to the epidermal growth factor
receptor (EGFR, epidermal growth factor receptor 2 (HER2)) and regulate cellular metabolism. Recent
reports have indicated that PEPD protects p53 from uncontrolled p53 subcellular activation and
its translocation between cellular compartments. PEPD also participates in the maturation of the
interferon o/ receptor by regulating its expression. In addition to the biological effects, prolidase
demonstrates clinical significance reflected in the disease known as prolidase deficiency. It is also
known that prolidase activity is affected in collagen metabolism disorders, metabolic, and oncological
conditions. In this article, we review the latest knowledge about prolidase and highlight its biological
function, and thus provide an in-depth understanding of prolidase as a dipeptidase and protein
regulating the function of key biomolecules in cellular metabolism.

Keywords: prolidase; PEPD; EGFR; cellular metabolism

1. Introduction

Proline has a unique pyrrolidine ring that protects the polypeptide structure from hydrolysis.
The presence of proline in numerous biomolecules (e.g., neuroactive peptides or growth factors)
prevents unexpected proteolysis in order to maintain their biological activity [1]. However, there
are factors responsible for the degradation of peptides containing proline at the C-terminus. One of
the enzymes involved in this process is prolidase [EC 3.4.13.9], which catalyzes the hydrolysis of
X-Pro or X-Hyp to proline or hydroxyproline and X amino acid [2]. Prolidase (PEPD) belongs to
the group of dipeptidases and cleaves di- and tripeptide containing carboxyl-terminal proline or
hydroxyproline. The most specific substrate for this enzyme activity is glycyl-proline (Gly-Pro) [2].
Its enzymatic properties link to the disease known as prolidase deficiency (PD), which is manifested by
massive imidodipeptiduria, hard-to-heal wounds, mental retardation, and impaired immune system.
To date, no effective PD treatment has been developed [3]. Moreover, there are reports indicating
the clinical relevance of prolidase in collagen metabolism malfunctions [4-13], metabolic [14-20],
and oncological disorders [21-25]. In addition to its catalytic activity, prolidase regulates numerous
biological processes. At the cellular level, PEPD acts as a regulator of epidermal growth factor receptor
(EGFR) and epidermal growth factor receptor 2 (HER2)-dependent signaling pathways [26-30], p53
activity [31], and expression of the interferon o/ receptor [32].
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The purpose of this review is to present the latest knowledge about prolidase as well as its
biological significance at the cellular level in the aspect of its catalytic-dependent and -independent
biological activity. The enzymatic-dependent function of prolidase concerning its clinical importance
in PD, collagen turnover, metabolic conditions, and cancers is discussed. We focus on in-depth
understanding of the biological properties of prolidase as a dipeptidase and a molecule regulating the
function of key biofactors in the cellular metabolism.

2. Regulatory Functions of Prolidase

In the 1950s, Adams et al. [33] published the first report on prolidase. For the next decades,
researchers focused solely on the enzymatic function of this enzyme. Most publications concern
prolidase deficiency—a genetic disease resulted from a decrease in or lack of PEPD activity. Disturbed
prolidase activity has been reported in various pathological conditions associated with collagen
metabolism and tumors. A breakthrough in the research on the biological role of prolidase was the
study conducted by Yang etal. [26], presenting a new unknown function of PEPD as an epidermal growth
factor receptor ligand. Since then, knowledge about the biological role of PEPD catalytic-independent
activity has been expanded. Apart from the said finding, the role of prolidase in regulating p53 and
interferon /B receptor has also been discovered. The paragraphs below in this section describe novel
functions of PEPD as a cellular regulator. Figure 1 presents biological activity of prolidase as an enzyme
as well as a regulatory protein in cellular metabolism.
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2 subunits, 2 x 493 AA, Mn*
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non-enzymatic
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HER2 EGFR IFNAR1

B-integrin receptor immature

IFNAR1

IGF-1R

= ©
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Figure 1. Enzymatic and non-enzymatic prolidase activity. Prolidase exhibits dual mechanism of
biological activity. As an enzyme, prolidase provides proline for collagen resynthesis. The amino
acid acts as a signaling molecule and a mediator in mitochondrial proline cycle. Extracellularly,
prolidase binds directly to EGFR and HER2, while intracellularly it regulates the function of p53
and IFNAR1. Red dots indicate prolidase. ER—estrogen receptor, IGF-1R—insulin-like growth
factor 1 receptor, HER2—epidermal growth factor receptor 2, EGFR—epidermal growth factor
receptor, IFINAR1—interferon o/ receptor, Pro—proline, Gly—glycine, Gly-Pro—glycyl-proline,
TGF-p1R—transforming growth factor B; receptor. Created with BioRender.com.

Enzyme-independent biological activity of PEPD includes its role in regulating the functions of
other molecules. Recentscientific reports have expanded the knowledge of prolidase and its interactions
with biomolecules at the cellular level. Researchers have demonstrated the role of prolidase as an EGFR
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and HER2 ligand regulating signaling pathways dependent on these receptors. PEPD also regulates
the function of p53 and plasma serine proteases as well as expression of interferon o/f receptor.

2.1. Prolidase as an Epidermal Growth Factor Receptor (ErbB1/EGFR) Ligand

Yang et al. shed new light on the function of prolidase by publishing several papers [26-30]
in which the authors demonstrated that PEPD is a ligand of receptors belonging to the family of
epidermal growth factor receptors (ErbB1/EGFR and ErbB2/HER2). They showed that the affinity of
prolidase to these receptors is lower than EGF, but the effects of EGFR-dependent signal induction
last longer. The activation of these signaling pathways does not require any enzymatic activity of
prolidase, which suggests the new role of PEPD in cellular metabolism. Structurally, EGFR is a
transmembrane receptor comprised of: the intracellular region at the carboxyl terminus, exhibiting
protein kinase activity and the extracellular region that binds to a ligand. In addition to PEPD,
several EGFR ligands have been identified, e.g., heparin-binding EGF-like growth factor (HB-EGF),
transforming growth factor (TGF), amphiregulin, epiregulin, and neuregulin [34]. However, prolidase,
as a homodimeric molecule, differs structurally from the group of EGFR ligands. PEPD does not
share the characteristic EGF motif with other ligands (CX;CXy_5CX10-13CXCXgGXRC—X represents
an amino acid) and its cytoplasmic location differs from that of typical EGFR ligands [35]. Still, it is
not known which domain or region of PEPD binds to the extracellular domain of EGFR. Binding
of prolidase to the EGER extracellular domain causes its dimerization. As a result, the intracellular
domain with protein kinase activity conducts a signal to downstream proteins in the phosphoinositide
3-kinase (PI3K)/protein kinase B (Akt)/mammalian target of rapamycin (mTOR), Ras/Raf/extracellular
signal-regulated kinase (ERK), and Janus kinase (JAK)/signal transducer and activator of transcription
3 (STAT3) pathways. Activated proteins stimulate transcription of genes associated with cell growth,
differentiation, and proliferation [36].

The first Yang's discovery [26] proved that prolidase binds directly to EGFR and activates
the receptor in a dose-dependent manner. Comparing the affinity of EGF and PEPD to the EGFR
extracellular domain, EGF is a more potent ligand than prolidase. In the study of the aforementioned
author, the dissociation constant (Kgy) was around 15nM for EGF, while Ky for PEPD established
at 5.3 uM, which indicated that EGF is an about 350 times stronger ligand for EGFR compared to
PEPD. Further studies confirmed the affinity of PEPD to EGFR with Kg equaling 17.7 nM [29]. It is
probable that these discrepancies in Ky resulted from differences in the experimental model. In the
first research [26], the model used for the study was the EGFR-Fc immunoglobulin G (IgG) 1 chimera,
while the second model [29] to assess Kq of PEPD-EGFR binding represented the full-length EGF
receptor. It is known that the extracellular fragment of EGFR comprises four domains. Prolidase binds
to domain 2 as opposed to EGF, which binds to domains 1 and 3 of EGFR. Prolidase is associated
with EGFR only on the cell surface as a homodimer, eventually forming a tetrameter (EGFR dimer
+ PEPD dimer) [29]. An EGE as a stronger EGFR ligand, displaces PEPD from its bond with EGFR.
Confocal images demonstrated that PEPD and EGFR colocalize the cell membrane, which supports
the hypothesis that PEPD binds to EGFR in the form of a ligand-receptor relationship. At low
concentration, prolidase (2.7 nM) can activate EGFR by phosphorylation of tyrosine at positions 1068
and 1173 followed by EGFR-downstream protein induction (Akt, STAT3, and ERK1/2). Figure 2A
demonstrates PEPD-dependent EGFR-downstream signaling pathways. This finding shows that PEPD
stimulates three different downstream signaling pathways of EGFR. The effects of equal EGF and
PEPD concentrations on the aforementioned pathways are similar. EGF activates EGFR-dependent
signaling faster than PEPD, while prolidase-dependent stimulation lasts longer. The most likely
explanation for this phenomenon is that EGFR is internalized and degraded more slowly under PEPD
treatment. Applying EGFR inhibitor resulted in a nearly complete blockade of ERK1/2 phosphorylation
upon PEPD treatment. EGFR-downstream signaling pathways lead to increased DNA synthesis
in a dose-dependent manner upon prolidase stimulation. These findings appear promising for the
improvement of regenerative therapy, aiming to promote cell proliferation and growth. Through
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EGFR-dependent stimulation, PEPD may be a beneficial factor in the treatment of diseases manifested
by ulceration or chronic inflammation [37].
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Figure 2. Prolidase-dependent EGFR- and HER2-downstream signaling. Prolidase binds to EGFR
and HER2, evoking intracellular responses. (A) Under physiological conditions, direct binding
of PEPD to EGF receptor results in the induction of pro-growth and pro-proliferation pathways
such as phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt)/mammalian target of rapamycin
(mTOR), extracellular signal-regulated kinase (ERK)1/2, and signal transducer and activator of
transcription 3 (STAT3). (B) Under overexpression of EGFR, prolidase silences Akt, ERK1/2, and STAT3
pathways followed by internalization and degradation of the receptor. (C) PEPD affects upregulated
HER?2 via dissociation of HER2-Src complex, inhibition of Akt, ERK1/2 and STAT3 pathways, and
induction of apoptosis. Red dots indicate prolidase and circled ‘P’ presents phosphorylation event.
HER2—epidermal growth factor receptor 2, EGFR—epidermal growth factor receptor. Created with
BioRender.com.

Yang et al. [26] discovered that the prolidase enzymatic activity is not required to activate the EGF
receptor and its downstream signaling proteins. The effect of active and enzymatically inactive forms
of prolidase confirms this statement. The phosphorylation level of EGFR and downstream kinases is
comparable between wild-type PEPD and its enzymatically inactive mutant (PEPDS?8P). However,
intracellular PEPD does not activate EGFR—the molecule has to be present in the extracellular space.
Therefore, a question arises of the source of prolidase stimulating this receptor. The most likely
sources of PEPD are damaged cells that release cellular content, including cytosolic prolidase. The
in vivo experiments showed significantly increased PEPD concentration in the bloodstream after
chemical damage to liver cells. PEPD concentration reached 3 nM compared to the control group in
which it did not exceed 1 nM. It is known that 2.7 nM of PEPD is sufficient to stimulate EGFR [26].
Under pathological conditions, PEPD level is higher than that concentration, which leads to another
question: does prolidase undergo extracellular degradation preventing it from unexpected EGFR
stimulation? The recent paper has revealed that serine proteases can inactivate prolidase in plasma via
intrinsic and extrinsic cascades of coagulation. The study has demonstrated that factor XII initiates
PEPD proteolysis by activating factor X and factor II, which stimulate factor VII. Activated factor
VII (FVIIa) degrades prolidase in vivo. FVIla exhibits trypsin-like serine protease activity by cleaving
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