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SUMMARY

Proline dehydrogenase (PRODH) is a mitochondrial inner-membrane and stress-
inducible flavoenzyme catalysing the first step in the proline degradation pathway.
Due to its distinctive chemical structure, in fact, proline is metabolized by a distinct
set of enzymes, compared to the other aminoacids. Proline metabolizing enzymes
constitute a “catalytic cycle”, transferring reducing potential into mitochondria and
connecting proline to several metabolic pathways involved in basal metabolism,
such as the tricarboxylic acids (TCA) cycle and the urea cycle. Thus, proline
metabolism entails several regulatory pathways that are important in both redox
regulation and bioenergetics.

Electrons deriving from PRODH activity can be transferred from the flavin adenine
dinucleotide (FAD) cofactor to the oxidative phosphorylation pathway, thus
inducing the formation of Reactive Oxygen Species or ATP. ROS generation by
PRODH has been proposed as the mechanism by which this enzyme displays pro-
apoptotic effects; nevertheless, PRODH was also described to induce cell protective
autophagy and to potentially promote survival during some types of stress by
inducing ATP production. Therefore, PRODH seems capable of influencing the
balance between survival and apoptosis, likely depending on the cell type and on
the type and severity of stress acting on those cells.

Mutations and alterations of PRODH activity are responsible for mendelian
conditions or contribute to complex diseases. Indeed, absence or reduced PRODH
activity (and proline accumulation) is responsible for “hyperprolinemia type 1”
(HP1), an autosomal recessive disorder, but a role has also been proposed in
behavioural disorders such as schizophrenia. Indeed, patients affected by HPI show
increased susceptibility to schizoaffective disorders, further supporting the role of
PRODH in these diseases. Noteworthy, at least 16 PRODH missense mutations have

been identified with moderate to severe effect on PRODH activity.




PRODH was also proposed to play a role in cancer. Indeed, its involvement in tumour
development and progression has been supported by studies concerning its
expression and biological functions in different types of tumour. In particular,
immunohistochemistry experiments have shown that the levels of proline
dehydrogenase are lower in tumour tissues than the corresponding healthy tissues
in different types of cancer, such as kidney, bladder, and digestive tract tissues
including colon, rectum, stomach, liver and pancreas.

More recently, however, PRODH was shown to have a role in tumour promotion and
progression in other types of tumours, favouring survival and invasion in breast and
pancreatic cancer and in melanoma.

In this PhD project, we focused on the characterization of PRODH expression,
regulation and functions in lung cancer, the most frequent and one of the deadliest
cancer types.

Lung cancer is a highly heterogeneous disease, comprising Small Cell Lung Cancer
(SCLC, comprising 15% of lung cancer cases) and Non Small Cell Lung Cancers
(NSCLC, 85% of lung cancer cases), in turn comprising two subtypes,
adenocarcinoma (ADC, =55% of cases) and squamous cell carcinoma (SCC, = 45%).
Immunohistochemical characterization of PRODH expression in NSCLC cases
showed that this protein is strongly expressed in a high proportion of early stage
lung ADCs compared to lung SCC, whereas no expression was detected in SCLC
cases. Moreover, PRODH expression seemed to correlate with a favourable
prognosis.

Then, we aimed to investigate what cellular processes are influenced by PRODH in
lung ADC. We tested the effect of modulation of PRODH expression in lung ADC
tumor cell lines by performing a panel of phenotypic assays.

We found that in 5 out of 7 lung adenocarcinoma cell lines tested in this work,
PRODH overexpression led to a decrease in cell survival, as determined by
clonogenic assays. However, in 2 cell lines, namely A549 and NCI-H1437 lung ADC

cell lines, modulation of PRODH expression suggested that PRODH favoured cell




survival, we hypothesized that the genetic background of these cell lines may
influence the outcome.

Moreover, in NCI-H1650 and NCI-H1299, PRODH overexpression led to an increase
in cell motility and a decrease in the ability of these cells to form spheroids when
grown in soft agar, indicating reduced anchorage independence, that represents a
hallmark of tumorigenesis.

In this project, we investigated if the PRODH gene is a target of TTF-1, also known
as NKX2-1, a homeodomain containing transcriptional factor that regulates normal
development and morphogenesis of the lung and adult lung physiology.

This hypothesis was formulated based on observations and analogies between
these two proteins and the dual function they can exert on lung cancer cell growth.
Indeed, they are expressed in the same cell types in normal lung tissue and in the
majority of lung ADC cases, and both can have either promoting or inhibiting effects
on tumours.

Transfection of a construct encoding TTF-1 in two adenocarcinoma cell lines (A549
and NCI-H1299) showed an increase in PRODH transcript compared to cells
transfected with empty vector. Moreover, luciferase assays showed that one (RE1)
of the four putative response elements (REs) for TTF-1 identified bioinformatically
in the PRODH gene was able to increase luciferase activity and that mutagenesis of
this RE abolished this induction, suggesting a direct binding of this sequence by TTF-
1.

The results obtained support the hypothesis that TTF-1 may be a direct - albeit weak
- transcriptional regulator of the PRODH gene and suggest that other cofactors may
collaborate in PRODH transactivation.

In conclusion, the data obtained in this PhD project suggest that PRODH can
influence several aspects of cell behaviour in lung cancer cell lines and identify TTF-

1 as a novel regulator of PRODH gene expression in the lung.




The results presented here encourage further work to elucidate PRODH roles and
regulation during lung tumorigenesis, aiming at a possible application of this protein

as a biomarker for prognosis and differential diagnosis of lung adenocarcinoma.




RIASSUNTO

La prolina deidrogenasi (PRODH) & un flavoenzima localizzato sulla membrana
mitocondriale interna, indotto da vari tipi di stress cellulare e che catalizza la prima
reazione della degradazione della prolina. Infatti la prolina, a causa della sua
peculiare struttura chimica rispetto agli altri aminoacidi, viene metabolizzata da
enzimi specifici. Tali enzimi costituiscono un "ciclo", in grado di trasferire il
potenziale riducente nei mitocondri e di convertire la prolina in altri composti,
connettendola a diverse vie metaboliche coinvolte nel metabolismo basale, tra cui
il ciclo degli acidi tricarbossilici (TCA) e il ciclo dell'urea. Pertanto, il metabolismo
della prolina influenza vari processi cellulari tra cui il mantenimento di un corretto
potenziale redox, il metabolismo bioenergetico, la crescita e il differenziamento
cellulare.

Gli elettroni derivanti dall'attivita della PRODH possono essere trasferiti dal
cofattore flavina adenina dinucleotide (FAD) alla via della fosforilazione ossidativa,
inducendo cosi la formazione di specie reattive dell'ossigeno o ATP. La generazione
di ROS da parte di PRODH e stata proposta come un meccanismo attraverso il quale
questo enzima esplica effetti pro-apoptotici; tuttavia, & stato anche descritto che
PRODH possa indurre un’autofagia cellulare protettiva e potenzialmente
promuovere la sopravvivenza cellulare durante alcuni tipi di stress, tramite la
produzione di ATP. Pertanto, PRODH sembra in grado di influenzare I'equilibrio tra
sopravvivenza e apoptosi, probabilmente a seconda del tipo cellulare e del tipo e
gravita dello stress che agisce sulle cellule.

Mutazioni e conseguente alterazione dell'attivita di PRODH causano patologie
mendeliane o contribuiscono all’insorgenza di malattie complesse. Infatti, I'assente
o ridotta attivita di PRODH (e I'accumulo di prolina) sono responsabili
dell’iperprolinemia di tipo 1 (HP1), un disturbo autosomico recessivo, ma & stato

anche proposto un coinvolgimento nei disturbi comportamentali come Ia




schizofrenia. | pazienti affetti da HPI mostrano una maggiore suscettibilita ai disturbi
schizoaffettivi, e cio supporta ulteriormente il ruolo di PRODH in queste malattie. In
particolare, sono state identificate almeno 16 mutazioni di senso per PRODH con un
effetto da moderato a grave sull'attivita di tale enzima.

Inoltre, & stato proposto un ruolo di PRODH nei tumori. Infatti, il suo coinvolgimento
nello sviluppo e nella progressione tumorale e supportato da studi sulla sua
espressione e sulle sue funzioni biologiche in diverse tipologie di tumore. In
particolare, esperimenti di immunoistochimica hanno dimostrato che i livelli di
prolina deidrogenasi sono piu bassi nei tessuti tumorali rispetto ai corrispettivi
tessuti sani in diversi tipi di tumore, come quelli dei tessuti del tratto digerente
inclusi colon, retto, stomaco, fegato e pancreas, oltre a rene e vescica.

Piu recentemente, tuttavia, PRODH ha dimostrato di avere un ruolo promuovente
nello sviluppo e nella progressione di altri tipi di tumore, favorendo la sopravvivenza
cellulare, l'invasione e la metastatizzazione nel tumore alla mammella, al pancreas
e nel melanoma.

In questo progetto di dottorato ci siamo concentrati sulla caratterizzazione
dell'espressione, della regolazione e delle funzioni di PRODH nel tumore al polmone,
che rappresenta uno dei tumori piu frequenti e con la pil alta mortalita in entrambi
i sessi nel mondo.

Il cancro del polmone & molto eterogeneo clinicamente e viene suddiviso in tumore
del polmone a piccole cellule (SCLC, che comprende il 15% dei casi di tumore del
polmone) e tumore del polmone non a piccole cellule (NSCLC, 85% dei casi), che a
sua volta comprende due istotipi principali: I'adenocarcinoma (ADC, =55% dei casi)
e il carcinoma squamocellulare (SCC, = 45%).

La caratterizzazione immunoistochimica dell'espressione di PRODH nei casi di NSCLC
ha mostrato che questa proteina & fortemente espressa in un’alta percentuale di
ADC a stadi precoci rispetto agli SCC, mentre nei casi di SCLC non e stata rilevata
alcuna espressione. Inoltre, I'espressione di PRODH sembra correlare con una

prognosi favorevole.



Abbiamo quindi deciso di indagare quali processi cellulari fossero influenzati da
PRODH negli ADC polmonari. Per tale motivo, abbiamo testato I'effetto della
regolazione dell'espressione di PRODH nelle linee cellulari di adenocarcinoma del
polmone, allestendo una serie di saggi fenotipici.

Su un totale di 7 linee cellulari analizzate, in 5 abbiamo riscontrato che
I'iperespressione di PRODH porta ad una diminuzione della sopravvivenza cellulare.
Tuttavia, in 2 linee cellulari, le A549 e le NCI-H1437, la modulazione dell’espressione
di PRODH ha favorito la sopravvivenza cellulare; abbiamo ipotizzato che il
background genetico delle cellule ne potesse influenzare I'esito.

Inoltre, nelle NCI-H1650 e NCI-H1299, I'iperespressione di PRODH ha portato ad un
aumento della motilita cellulare e ad una diminuzione della capacita di queste
cellule di formare sferoidi durante la crescita su soft agar, indicando una ridotta
capacita di crescita cellulare indipendente dall’ancoraggio al substrato, che
rappresenta un segno distintivo della tumorigenesi.

In questo progetto di dottorato, é stato inoltre indagato se il gene PRODH possa
essere un target di TTF-1, noto anche come NKX2-1, fattore di trascrizione con
omeodominio che regola il normale sviluppo e la morfogenesi del polmone e la sua
fisiologia nel tessuto adulto.

L’ipotesi di una possibile interazione tra questi due fattori & stata formulata sulla
base di osservazioni e analogie riscontrate tra queste due proteine e sulla duplice
funzione che possono svolgere nulla crescita delle cellule tumorali. Infatti, entrambi
questi fattori sono espressi negli stessi tipi di cellule nel tessuto polmonare sano e
nella maggior parte dei casi di ADC polmonari, inoltre entrambi possono svolgere un
ruolo come promotori o inibitori sulla crescita tumorale.

La trasfezione di un costrutto codificante per TTF-1 in due linee cellulari di
adenocarcinoma (A549 e NCI-H1299) ha portato ad un aumento del trascritto di
PRODH rispetto alle cellule trasfettate con il vettore vuoto di controllo. Inoltre,
tramite saggi di luciferasi, & stato osservato come in presenza di uno dei quattro

putativi response elements (RE) per TTF-1 (chiamato RE1) identificati




bioinformaticamente nel gene PRODH, l|'attivita della luciferasi aumentasse; la
mutagenesi di RE1 aboliva I'induzione, suggerendo cosi un legame diretto di TTF-1
a tale sequenza.

| risultati ottenuti supportano l'ipotesi che TTF-1 possa essere un regolatore
trascrizionale diretto, anche se debole, del gene di PRODH e suggeriscono che altri
cofattori possano collaborare alla sua transattivazione.

In conclusione, i dati ottenuti in questo progetto di dottorato suggeriscono che
PRODH possa influenzare diversi aspetti della crescita cellulare nelle linee cellulari
tumorali del polmone, e identificano TTF-1 come un nuovo regolatore
dell'espressione genica di PRODH nel tumore al polmone.

| risultati qui presentati incoraggiano ulteriori studi volti a chiarire i ruoli e la
regolazione di PRODH durante la tumorigenesi del polmone, mirando a una possibile
applicazione di questa proteina come biomarcatore per la prognosi e la diagnosi

differenziale dell'adenocarcinoma polmonare.




INTRODUCTION

Proline dehydrogenase

Since the description of the so called “Warburg effect”, an altered metabolism has
been increasingly recognised to play an important role in tumour promotion and
progression (Cairns et al., 2011; Galluzzi et al., 2013). Metabolism of nonessential
amino acids (NEAA), such as glutamine, has been shown to be important for cancer
cell survival in almost all types of cancer (Liu et al, 2015; Phang, 2019).

Also the non-essential aminoacid proline has been proposed to play a role in
tumorigenesis (Liu et al, 2015; Phang, 2019). L-proline is one of the most abundant
amino acids in the extracellular matrix, as it accounts, together with hydroxyproline,
for 25% of the aminoacids in collagen, its main component (Pandhare et al., 2009).
Proline is the only proteinogenic secondary amino acid with its a-amino group
within a pyrrolidine ring (Adams, 1980; Phang 2019). Because of its particular
structure, proline is not subjected to the activity of amino acid processing enzymes
such as aminotransferases, decarboxylases, and racemases (Adams, 1970; Phang,
1985). Instead, the initial step of proline catabolism is unique and occurs exclusively
through the activity of proline dehydrogenase (PRODH or POX, EC 1.5.5.2, formerly
EC 1.5.99.8), a mitochondrial inner membrane and stress-inducible enzyme,
containing a flavin adenine dinucleotide (FAD) cofactor (Phang et al., 2010; Liu and
Phang, 2012).

This enzyme is widely distributed in living organisms, and participates to a variety of
regulatory functions, such as redox homeostasis, osmotic adjustment and
protection against metabolic stress (Phang et al., 1982; Peng et al., 1996). It is also
involved in peculiar functions such as the use of proline as a fuel for initiation of

flight in several insect species (Sacktor, 1976; Scaraffia and Wells, 2003).




To date, PRODH structures from eukaryotes are not available yet, whereas the
structures of various bacterial hortologs have been widely characterized, allowing
to obtain a reliable template for modelling of human PRODH (Figure 1) (Tanner et
al., 2018).

Human PRODH is composed of 600 amminoacids and has a molecular mass of
approximately 68 kDa. Homology modelling, performed by Tanner et al., predicts a
(Ba)s-barrel fold within residues 121-579 (Figure 1). Two large inserts of uncertain
structure corresponding to residues 150-205 and 241-349 and two important a-
helices (a5a and a8) were predicted by the modelling. Moreover, the L447 residue
is predicted as an important residue that packs against the adenine of the FAD,
which is presumed to be important for establishing the correct cofactor

conformation (Figure 1) (Tanner et al., 2018).

579

Figure 1. PRODH (Ba)8-barrel fold was predicted by homology model of residues 121-579 of
human PRODH1 made with SWISS-MODEL (modified from Tanner et al., 2018). The template
chosen by SWISS-MODEL was PDB ID 5KF6.42. FAD (yellow); proline analogue L-THFA (cyan);

a5a helix (orange); a8 helix (red).

In order to elucidate the structure-function relationships of this enzyme, a crucial
step is the purification of a soluble, active human PRODH protein. The catalytic
domain of human PRODH, named PO-barrel N-His (residues 176-578) was first

identified by comparison with bacterial proteins and then successfully expressed in
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E. coli and purified in a work by Tallarita et al. (Tallarita et al., 2012) (Figure 2). This
variant (with a theoretical mass of 46,276 Da) possesses the typical properties and
flavin reactivity of flavoprotein oxidases and its specific activity is 3-fold lower than
the value previously estimated for the full length PRODH (0.032 and 0.1 U/mg,
respectively, in which one unit is defined as the amount of enzyme which transfer
electrons from 1 umol of L-Pro to DCPIP in 1 min at 25 °C) (Krishnan et al., 2008;
Tallarita et al., 2012).

Figure 2. Model of the three-

{ dimensional structure of PO Barrel_N-

ol

T‘ ’ RS64

\’1H s R5?567 Helix 5a al, 2012). The (aB)8-barrel region of
elix

( ‘1, l

Ma

{ His variant (modified from Tallarita et
)

Domain 2

the protein (catalytic domain, domain
3) is represented in green and purple; a-
helix 5a is in blue and a -helix 8 in cyan.

Helices are named according to the E.

Domain3

coli  PutA numbering. Conserved

residues proposed to be important for

D380 X440 catalysis are indicated (orange).

From the biochemical point of view, PRODH catalyses L-proline oxidation,
transferring two electrons from proline to FAD, thus generating 1-Pyrroline-5-
carboxylic acid (P5C) and reduced FAD (FADH,). Also thanks to the subcellular
localization, the electrons produced during proline oxidation can be transferred
from the FAD cofactor to the electron transport chain to produce either reactive

oxygen species (ROS) or adenosine triphosphate (ATP) (Figure 3).
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_ FAD FADH, _
(o) \ A (o)
> N
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(o} o
Proline Al-pyrroline-5-carboxylate (P5C)

Figure 3. Reaction catalysed by proline dehydrogenase. Proline is oxidized to A'-pyrroline-5-
carboxylate (P5C) by proline dehydrogenase (PRODH/POX) in the mitochondrion. PRODH
couples proline oxidation to the reduction of coenzyme Q (CoQ) in the electron transport

chain.

P5C undergoes spontaneous conversion into y-glutamyl semialdehyde (GSA), that is
oxidized to L-glutamate by P5C dehydrogenase (P5CDH, EC 1.5.1.12). Glutamate
generated by proline oxidation can be deaminated to a-ketoglutarate by glutamate
dehydrogenase and enter the tricarboxylic acid cycle, or -in some organs- it can
enter the urea cycle after conversioninto ornithine by ornithine-6-aminotransferase
(OAT) (Figure 4).

Moreover, P5C can be exported from mitochondria to the cytosol, where it is
converted back to proline by the cytosolic enzyme P5C reductase (PYCR, EC 1.5.1.2),
using NADPH or NADH as a cofactor (Figure 4). At this level, proline metabolism is
interconnected with the pentose phosphate pathway, as the reducing potential of
NADPH, produced by the pentose phosphate pathway, can be transferred to the
mitochondrial electron transport chain for ATP generation by a new proline
oxidation reaction (Liu and Phang, 2012; Phang et al., 2015) (Figure 4). PRODH and
PYCR, together, form the so called “proline cycle”, shuttling proline and P5C in and
out of the mitochondrion (Liu et al., 2012).

As mentioned before, the electrons deriving from oxidation of L-proline can be used
to produce ATP, a process that becomes particularly important for cell survival

during nutrient stress (Liang et al., 2013). In alternative, the oxidation of proline can

12



lead to the formation of reactive oxygen species (ROS), capable of activating
downstream events such as programmed cell death, but also pro-survival
autophagy, contributing to tumorigenesis and tumour progression (Liu and Phang,
2012; Phang et al., 2015). Thus, PRODH can represent a key protein in regulation of

tumour metabolism (Liu and Phang, 2012).

Cytosol

Mitochondrion P5CS

o~ o~ -H,0 i
\N+ —— \N+ e
H o H ) +H,0
P5C P5C

NADP*+  NADPH +
ADP+Pi  ATP+ H

) I +H;0
NADPH + HD" pscR | [Propr | C FADH, 0
— NADP* FAD 2 NADPH +

+ NH; +H*
o~ o~ + o~
N
N — H: *N
H, o] H, e} Hy [o]

Proline Proline Ornithine a-Ketoglutarate

l :
Pentose \

Phospate TCA
Pathway

Figure 4. Reaction and enzymes involved in proline metabolism (modified from Zhang and
Becker, 2015). The abbreviations are: P5C, A'-pyrroline-5-carboxylate; GSA, glutamic-y-
semialdehyde; PRODH, proline dehydrogenase; P5CR, PC5 reductase; P5CS, P5C synthetase;
P5CDH, P5C dehydrogenase; OAT, ornithine-5-aminotransferase; GDH, glutamate

dehydrogenase; TCA cycle, tricarboxylic acid cycle.

Organization of the PRODH gene and involvement in human diseases

The PRODH gene, encoding for proline dehydrogenase, is evolutionarily conserved
starting from prokaryotes, confirming the importance of its biochemical, if not

biological, role (Liu et al., 2009).

13



This gene is composed of 15 exons and encompasses 23.8 kb; it is located on
chromosome 22ql11.2, in a region that frequently undergoes chromosomal
rearrangements, in particular microdeletions and microduplications (Figure 5). A
possible reason for these rearrangements is the presence of a Low Copy Repeat

(LCR) in this region, including a PRODH pseudogene (W-PRODH).
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Figure 5. Organisation of the 22q11 chromosomal region, where PRODH is located (modified
from Karayiorgou and Gogos, 2004). The red rectangles indicate the low copy repeat (LCR)
sequences. Microsatellite markers are reported in blue, the PRODH gene and W-PRODH
pseudogene are written in red. Triangles indicate the transcriptional direction of the known

genes.

The LCRs have a significant pathogenetic role, as they can give rise to unequal
crossing-over events, causing microdeletions and microduplications in the 22q11.2
genomic region (Bender et al., 2005; Willis et al., 2008).

In particular, these microdeletions are the cause of DiGeorge syndrome, a condition
characterized by multiple malformations, heart diseases, mental retardation,
epilepsy and neuropsychiatric disorders, such as schizophrenia (McDermid et al.,
2002). Patients suffering from DiGeorge syndrome frequently show
hyperprolinemia, attributable to the reduced PRODH levels, due to the

microdeletion.
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The high prevalence of schizophrenia among DiGeorge syndrome patients supports
the hypothesis that in this genomic region lie one or more susceptibility genes for
schizophrenia, a complex and debilitating psychiatric disorder, which has an
incidence of about 1% in the world population (Baron, 2001; Jacquet et al., 2002).
PRODH could be involved in this disorder as proline dehydrogenase activity can
affect glutamatergic neurotransmission. However, data about the involvement of
the PRODH gene in schizophrenia are conflicting (Jacquet et al., 2002).

There are also two autosomal recessive Mendelian conditions related to proline
metabolism, namely hyperprolinemia type 1 (HP1), and hyperprolinemia type 2
(HP2), that are due to single nucleotide variants in the genes encoding proline
dehydrogenase and P5C dehydrogenase, respectively. They generally lead to a mild
increase in levels of plasmatic proline (3-10% for HP1; 10-15% for HP2) (Bender et
al., 2005; Mitsubuchi et al., 2008; Willis et al., 2008). Single nucleotide variants in
the PRODH gene cause partial or total loss of function and are present in patients
with type 1 hyperprolinemia and schizophrenia (Jacquet et al., 2002; Liu et al.,
2002). At least ten of the described variants have polymorphic frequencies that may
be due to gene conversion mechanisms caused by the presence of the PRODH
pseudogene.

In a work by Bender et al, PRODH variants were tested in order to understand the
functional effects they exerted on proline dehydrogenase activity. In particular, it
was shown that among the 16 different missense substitutions identified, four
(R185Q, L289M, A455S, A472T) resulted in a slight reduction (<30%) of the proline
dehydrogenase activity, six (Q19P, A167V, R185W, D426N , V427M and R431H)
were associated with a moderate reduction (30-70%) and, finally, five (P406L,
L441P, R453C, T466M and Q521E) were associated with a severe reduction in
PRODH activity (>70%), while only one of the mutations in question (Q521R)
increased its activity (Bender et al., 2005). Notably, the authors used as reference

sequence one of the first versions of NM_016335 RefSeq, that they deposited in
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GenBank themselves, and in which Q521 was present. In recent versions, R521 is
considered the wild-type sequence.

Analyses of plasma proline levels and PRODH genotypes showed that the most
serious cases of hyperprolinemia occurred in individuals with PRODH deletions
and/or missense mutations leading to high reduction in the catalytic activity of
proline dehydrogenase (such as L441P and R453C), while a modest hyperprolinemia
was associated with an equally modest reduction in PRODH activity. Of considerable
importance is the fact that three of the four allelic variants found in schizophrenic
subjects (V427M, L441P and R453C) result in a severe reduction in proline
dehydrogenase activity and in hyperprolinemia. These observations, overall,
support the hypothesis that a reduction in proline dehydrogenase activity
represents a risk factor for schizophrenia (Bender et al., 2005).

Finally, the 22g11.2 region may be also involved in cancer, as copy number
variations (CNV) in this region recur in various types of cancer (McDonald-Mc Ginn
et al., 2006). It has been suggested that patients with the 22q11.2 microdeletion
syndrome have a higher risk of developing neoplasms (McDonald-Mc Ginn et al.,

2006; Liu et al., 2009).

Role of proline dehydrogenase in cancer

Metabolism influences several aspects of tumour cell growth, including
proliferation, maintenance of redox homeostasis, epigenetic reprogramming of the
cell and also invasion and metastatisation (Pandhare et al., 2009).

The first pionieristic studies on the changes of metabolism in cancer focused on the
main metabolic pathways and in particular on glycolysis since cancer cells use
glucose and glutamine as primary source of energy for proliferation and growth and
as components for biosynthetic pathways (Warburg, 1956; Gottlieb et al., 2005;
Ristow et al., 2006; Hagland et al., 2007; DeBerardinis and Chandel, 2020). During

rapid growth, however, cancer cells can spatially or temporally find themselves in a
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condition of inadequate blood supply and a consequent exhaustion of oxygen and
paucity of nutrients (Liu and Phang, 2012). As a result, they are in a hostile
microenvironment due to hypoxia or glucose deficiency or both. Under these
conditions, cancer cells will need to find alternative energy sources to guarantee
their survival and proliferation (Liu and Phang, 2012).

In this context, the catabolism of proline represents an excellent alternative source
of energy for the cell, for at least two reasons: first, proline is abundant in the
cellular microenvironment; second, proline is metabolized by a specific group of
enzymes, thus it represents an independent pathway for energy provision during
the reprogramming of metabolic pathways by oncogenes or by dysfunctional or
non-functional tumour suppressor genes (Phang et al., 2015).

These considerations led scientists to investigate the role and significance of proline
catabolism in cancer cells. Many of these studies analysed the consequences of
expression of proline dehydrogenase, as it catalyses the first, limiting, step of proline
catabolism. These studies showed how this enzyme can fulfil different roles in the
fate of cancer cells, in some instances promoting their growth and in others
mediating their death, according to the mechanisms that will be described later on

(Liang et al., 2013).

Regulation of proline dehydrogenase expression

In normal tissues, PRODH expression occurs mainly in the liver, kidney, brain,
intestine and lung (Kazberuk et al., 2020). Expression can also vary throughout the
different stages of life and in the same cell and tissue type in presence of several
types of cellular stress (Rivera & Maxwell, 2005).

Several studies showed that PRODH expression is tightly regulated by various
transcription factors whose alteration plays an important role during tumour

development (Figure 6) (Phang et al., 2012).
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Figure 6. Schematic representation of the functions of PRODH in tumour suppression (top)

and survival (down) (from Phang et al., 2012).

One of the first transcription factors shown to regulate the expression of the PRODH
gene was p53, which is defined as the “guardian of the genome” (Levine et al.,
2006). In response to various stimuli or types of stress, p53 regulates a number of
pathways involved in cell cycle arrest, DNA repair, apoptosis, autophagy and others,
mainly by transcriptional regulation of target genes (Lane 1992; Vousden and Lu,
2002; Kruse and Gu, 2009; Vousden and Prives, 2009). The importance of p53 as
"guardian of the genome" is underlined by the fact that it is mutated in more than
half of human tumours (Rivlin et al., 2011). p53 protects the organism from tumour
development by allowing the repair of DNA damage or by eliminating too heavily

damaged cells (Liu and Phang, 2012; Moxley & Reisman, 2020).
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Among the target genes of this transcription factor PRODH was one of the most
strongly induced by p53 during apoptosis induction in response to the
chemotherapeutic agent doxorubicin and was therefore named as PIG6 (P53
inducible gene 6) (Polyak et al., 1997).

Subsequent studies investigating PRODH gene regulation by p53 showed the
presence of different p53 response elements in the PRODH gene sequence, among
which an intronic element was the most efficiently responding not only to p53 but
also to other members of the p53 family (Raimondi et al., 2013). Functional studies
have confirmed the contribution of PRODH in p53-mediated apoptosis (Liu and
Phang, 2012).

Another transcription factor that controls the expression of the PRODH gene is
PPAR-y (peroxisome proliferator activated receptor gamma), a nuclear hormone
receptor that regulates lipid and glucose metabolism. Following its activation, PPAR-
y transactivates target genes, including PRODH, with the consequent production of
intracellular ROS and therefore with the activation of apoptosis mechanisms
(Pandhare et al., 2006; Kazberuk et al., 2020).

The c-MYC transcription factor, a proto-oncogene whose expression is deregulated
in various types of cancer, instead, decreases PRODH expression through the
induction of a microRNA, miR23b*, that targets the 3'UTR of the PRODH transcript.
In fact, when c-MYC activity is suppressed, the levels of PRODH increase, inducing
the generation of ROS and the triggering of apoptosis, thus leading to a decrease in
growth and proliferation of cancer cells. This result suggested that c-MYC-induced
PRODH inhibition likely results in reduced apoptosis as well as metabolic
reprogramming. Overall, these elements would contribute to tumorigenesis and

tumour progression (Liu et al., 2012).
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Proline dehydrogenase, stress response and its contribution to tumorigenesis

Given the importance of proline and its possible involvement in tumour formation
and progression, several research groups have investigated the expression of
proline dehydrogenase, the key enzyme of this metabolic pathway, and its
regulation under stress conditions. Several lines of evidence show that PRODH
expression, activity and cellular outcome may vary according to the type of tissue
but also the type of stress to which cells are exposed.

In response to specific types of stress, such as genotoxic stress, PRODH has been
shown to play a role in apoptosis induction. Apoptosis is a process that allows the
removal of damaged or obsolete cells and plays a fundamental role in various
physiological processes and its dysregulation is involved in the development of
various pathologies, including tumour development. Several studies have shown
that expression of PRODH triggers apoptosis by activating both intrinsic (or
mitochondrial) and extrinsic (or mediated by death-receptor) pathways (Figure 7)
(Liu et al., 2006; Liu et al., 2012; Zareba and Palka, 2016). The intrinsic pathway is
activated by PRODH when the electrons produced during proline oxidation are used
for production of ROS species. ROS act at several levels: at the mitochondrial
membrane they induce an increase in permeability and cause the release of
cytochrome ¢, a fundamental event that triggers the activation of the effector
molecules of this process; regarding the extrinsic pathway, on the other hand, ROS
production by PRODH induces two important components of this pathway, namely
DR5 (Death Receptor 5) and TRAIL (TNF-related apoptosis-inducing ligand) which, in
turn, will activate the initiating components of this branch of the apoptotic process
(Liu et al., 2006).

The ability to activate the apoptotic process suggests a tumour suppressor role for
PRODH. However, the oncosuppressor role of PRODH also occurs by its modulation

of different regulatory pathways in the cell (Liu and Phang, 2012).
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For example, PRODH was shown to modulate HIF-1 (hypoxia inducible factor 1)
function (Liu and Phang, 2012). HIF-1 transcription factor regulates the expression
of different genes in response to hypoxic condition, and its stabilisation plays an
important role in tumour development by stimulating angiogenesis, growth and
tumour invasion. It was shown that PRODH activity, by stimulating the production
of a-ketoglutarate, increases the activity of prolyl hydroxylases. These enzymes
mediate the O, dependent degradation of HIF-1 in presence of oxygen, inducing
proteasomal degradation of the HIF-1a regulatory subunit (Liu and Phang, 2012).
Thus, PRODH can suppress HIF-1 function in those tumours that have this pathway
activated in spite of the presence of oxygen in the microenvironment (Liu and
Phang, 2012).

However, PRODH can also induce autophagy and survival in response to specific
conditions. Autophagy is a physiological process during which various cytoplasmic
components and intracellular organelles are degraded within the lysosomes thus
allowing the recycling of basic components, including amino acids. It can represent
a temporary survival process during nutrient stress, that is exploited by cancer cells

(Mizushima and Komatsu, 2011; Liu and Phang, 2012; Liu et al., 2012).
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In conditions of either low glucose alone, or concomitant glucose deficiency and
hypoxia, a rather common situation during tumour development, an induction in
the expression of PRODH was observed, due to the activation of the AMPK (protein
kinase AMP-activated) protein, that functions as a "sensor" of the cellular metabolic
state. AMPK represents a metabolic checkpoint and can block anabolic processes
that determine energy consumption in the cell, such as protein synthesis,
simultaneously stimulating catabolic pathways that allow the production of energy
(Pandhare et al., 2009).

The consequence of PRODH induction by AMPK in condition of concomitant glucose
deficiency and hypoxia is an increase in tumour cell survival. The degradation of
proline can represent one of the mechanisms used by cancer cells to maintain an
adequate level of ATP (Liu and Phang, 2012; Liu et al., 2015).

The condition of hypoxia alone, if associated with an adequate glucose level, also
induces an increase in PRODH expression within the cancer cell. However, despite
being mediated by the AMPK protein, in this condition PRODH does not induce ATP
production, but the generation of ROS species and the induction of protective
autophagy (Liu et al., 2012).

The proline necessary for promotion of cell survival by PRODH can be obtained by
increased degradation of the extracellular matrix, in particular collagen fibres that
are rich in this amino acid. This process is mediated by activated metalloproteinases
(MMPs), followed by the action of prolidase, that will release proline from proline
containing di- or tri-peptides, to fuel energy production (Pandhare et al., 2009;
Zareba and Palka, 2016; Karna et al., 2020).

Aminoacids derived from intracellular and extracellular protein degradation can be
used for protein synthesis or for ATP production, by entering the tricarboxylic acid
cycle (TCA cycle).

PRODH involvement in tumour development and progression has also been
supported by studies concerning its expression in tumour tissues.

Immunohistochemistry experiments have shown that the levels of proline
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dehydrogenase are lower in tumour tissues than the corresponding healthy tissues
in different types of cancer, such as kidney, bladder, and digestive tract tissues

including colon, rectum, stomach, liver and pancreas (Figure 8) (Liu et al., 2009; Liu

et al., 2010).
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In some of these tumour tissues, such as colorectal and renal cancer, PRODH was
shown to behave as a tumour suppressor, mainly by modulating the apoptotic

process (Maxwell and Rivera, 2003; Liu et al., 2009).
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In colon cancer cell lines it was also shown that, by its ability to increase ROS, PRODH
can down-regulate some cellular signalling pathways, including MAPK, COX-2 and
EGFR (Liu et al., 2006; Liu et al., 2008; Liu et al., 2009).

More recently, however, PRODH was shown to have a role in tumour promotion and
progression in other tissues, favouring survival and invasion in breast and pancreatic
cancer and in melanoma (Maxwell & Rivera, 2003; Liu et al., 2012; Elia et al., 2017;
Olivares et al., 2017; Liu et al., 2020).

In a study carried out in the MCF7 breast cancer cell line, Zareba et al. showed that
PRODH down-regulation may promote autophagy whereas its up-regulation would
promote apoptosis. The switch between survival and apoptotic mode seems to be
dependent on PRODH activity and the availability of proline, in particular connected
with the collagen biosynthetic pathway (Zareba et al., 2017; Zareba et al., 2018).
Moreover, PRODH expression can contribute to the metastatic process in breast
cancer. In particular, it was found that its expression was higher in metastases
compared to primary breast cancer in patients, and when its expression was
inhibited in MCF10A breast epithelial cell line transduced with H-Ras"*?or in a mouse
model, the formation of breast cancer-derived lung metastases was impaired (Elia
et al,, 2017).

In pancreatic ductal adenocarcinoma cell lines, under nutrient deprivation, PRODH
activity promotes survival by inducing autophagy and/or ATP production (Olivares
et al,, 2017).

In oral cancer tissues, PRODH expression is decreased compared to control tissues,
but celecoxib can still activate the apoptotic pathway via induction of PRODH in cell
lines derived from squamous cell carcinoma of the tongue (Toloczko-Iwaniuk et al.,
2020).

Recently, in a metabolomic study, it was shown that during lung tumorigenesis,
proline levels are significantly decreased by the chromatin remodelling factor LSH;
the Authors showed that an increase in PRODH expression by LSH and increased

proline catabolism promote epithelial to mesenchymal transition in PC9 and A549
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lung cancer cells and the activation of IKKa-dependent inflammatory genes, such as
CXCL1, LCN2 and IL17C (Liu et al., 2020).

These results, together with other evidence described above, suggests that in
specific types of tumour, PRODH may represent a target for cancer therapy.

Our interest focused on the study of PRODH expression and functions in lung cancer,

one of the deadliest cancer types in the world.

Lung cancer

With 1.8 million new cases and more than 1.5 million deaths annually worldwide in
both sexes (Figure 9), lung cancer is the most frequent and one of the deadliest
cancer types (Torre et al., 2016; Islami et al., 2015). In particular, it is the most
commonly diagnosed cancer (11.6% of the total cases) and the leading cause of

cancer death (18.4% of the total cancer deaths) (Bray et al., 2018).
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Figure 9. Pie charts represent the Distribution of Cases and Deaths for the 10 Most Common

Cancers in 2018 (modified from Bray et al, 2018).

If diagnosis occurs when the tumour is still at early stages, either surgical resection
or platinum-based doublet chemotherapy and radiation alone or in combination can

be effective, leading to an increase in survival of 50-70% in Non-Small Cell Lung
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Cancer (NSCLC); on the contrary, the survival rate drops to 2-5% for patients that
are diagnosed with lung tumours at advanced stages (Goldstraw et al., 2007),
because no therapy is effective for stage Ill-IV tumours.

The main problem is that diagnosis is mainly based on symptoms (e.g., cough, chest
pain, haemoptysis, shortness of breath) often when surgery or chemotherapy are
no more feasible. Accepted screening methods, such as low-dose computed
tomography are not devoid of drawbacks such as costs and rate of false positives,
so that they are not applied in large scale (The National Lung Screening Trial
Reaseach Team, 2011)

It is now well-established that lung cancer is the result of multiple and complex
combinations of morphological, molecular and genetic alterations. The deregulation
of onco-suppressor genes and oncogenes provides the cell with the potential to
become malignant, altering a number of characteristics of the normal cell and
determining the acquisition of cancer "hallmarks" (Hanahan and Weinberg, 2011;
Davidson et al, 2013).

Cigarette smoking is undoubtedly the most significant risk factor for the onset of
lung cancer: in fact, 85-90% of all lung tumours are attributable to smoking
(Humphrey et al., 1995). More than 60 carcinogens are contained in cigarette
smoke, among which more than 20 appear strongly associated with the
development of lung cancer. Although it is generally accepted that cigarette
smoking causes lung cancer, not all smokers develop this condition. Following this
reasoning, a series of epidemiological studies were conducted which led to suggest
the possibility that some genetic factors may also predispose an individual to the
development of a pulmonary neoplasm (Hecht, 2012).

Moreover, environmental exposure to radon, asbestos and heavy metals such as
chromium, cadmium and arsenic also significantly increase the risk of developing

lung cancer (Yokota et al., 2010).
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Further risk factors are represented by chronic inflammatory processes such as
tuberculosis or Chronic Obstructive Pulmonary Disease (COPD) (Amos et al., 1999;

Sato et al., 2007).

Classification of lung cancer

Primary lung tumours are traditionally divided into two main types, namely Non-
Small-Cell Lung Cancer (NSCLC) and Small-Cell Lung Cancer (SCLC). The first
represents about 85% of all lung cancers while the latter makes up to about 12-15%
(AJCC Cancer Staging Manual, Seventh Edition; Davidson et al, 2013).

Small cell lung carcinomas are malignant tumours characterized by small epithelial
cells displaying neuro-endocrine features, with small diameter and distinct
cytological features: ill-defined cell borders, scant cytoplasm and finely granular
nuclear chromatin without obvious nucleoli (Davidson et al., 2013; Travis et al.,
2015).

Non-small cell lung carcinomas can be divided into three main histological subtypes:
squamous cell carcinoma (SCC), adenocarcinoma (ADC) and large cell carcinoma
(LCC).

Lung cancer can originate either from the main bronchi, and in this case it is defined
as central cancer, or from the small bronchi, from the bronchioles or from the alveoli
located in the distal airways, and therefore it is defined as peripheral cancer. In
general, ADCs originate at the distal airways while SCCs occur in proximal airways
and are more strongly associated with smoking and chronic inflammation than
ADCs; indeed, adenocarcinomas are the most common type in patients who have
never smoked (Figure 10) (Wistuba et al., 2006; Herbst et al., 2008; Chen et al.,
2014).
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Figure 10. Representation of distal and proximal lung cells, putative lung ADC and SCC cells
of origin and their biomarkers. Lung ADCs seem to arise from two different bronchiolar cell
populations: the bronchiolar progenitor cells and the bronchioalveolar stem cells (BASCs).
The theory is supported by the expression of typical biomarkers, namely Surfactant Protein C
(SPC), Thyroid Transcription Factor 1 (TTF1) and Cytokeratin 7 (KRT7). Lung SCCs, instead
seem to arise from pseudostratified columnar epithelial cells, typical of the lining of trachea,
characterized by the expression of p63, SRY-box 2 (SOX2) and Cytokeratin 5 (KRT5)
biomarkers (from Chen et al., 2014).

In addition to the different localization at the lung level, ADCs and SCCs also differ
in the types of cell from which they originate: ADCs essentially derive from cells with
glandular or secretory properties, such as type Il pneumocytes and Clara cells, while
SCCs originate from cells of the multilayered squamous epithelium that are not
normally present but likely originate from metaplastic cells that develop as a result
of exposure to tobacco products, inflammation or irritation (Chen et al., 2014). This

different cell derivation is exploited for differential diagnosis, by evaluating the
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expression of biomarkers that are characteristic of one or the other population of
cells.

ADC biomarkers are TTF1 (Thyroid Trascription Factor 1) and CK7 (Cytokeratin 7),
while SCCs are identified in the clinical field using CK5/6 (Cytokeratin 5 and
Cytokeratin 6), p63 (in particular the p40 isoform, devoid of the transactivation
domain) and the transcription factor SOX2. Additional biomarkers can be studied,
which are however used to a lesser extent as they have a lower sensitivity than those
previously listed (Sun et al., 2007; Davidson et al., 2013; Chen et al., 2014).

Other differences between the two main NSCLC subtypes are found upon
histological analysis. Indeed, SCCs can be defined as malignant epithelial tumours
that present keratinization and/or the presence of intercellular bridges at the
bronchial epithelium level; ADCs, on the other hand, are also malignant epithelial
tumours, but histologically characterized by the presence of glandular
differentiation and/or mucus production (Travis et al., 2015).

Finally, comprised in NSCLCs are large cell carcinomas (LCC), which represent
approximately 3% of all lung tumours. LCCs are traditionally diagnosed by exclusion
when cancer cells neither show either the common morphological characteristics
nor express the characteristic biomarkers of the other two subtypes. LCCs tend to
be large and partially necrotic tumours formed by groups of cells with vesicular
nuclei and prominent nucleoli (Davidson et al., 2013; Chen et al., 2014; Travis et al.,

2015).

Molecular genetics of lung cancer

Lung cancer develops through a multi-stage process by which a normal lung
epithelial cell turns into a malignant cells.

Molecular genetic studies demonstrate the presence of multiple genetic and
epigenetic abnormalities - more than 20 per tumour - affecting lung tumours (Figure

11). These abnormalities include the alteration of specific DNA sequences, copy
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number variations, or an aberrant hypermethylation of promoter sequences and, in
general, lead to activation of oncogenes and inactivation of tumour suppressor
genes.

Overall, these alterations are fundamental to contribute to the initiation,

development and maintenance of lung cancer (Sato et al., 2007).
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Figure 11. Distribution of mutation frequencies across 12 cancer types (modified from

Kandoth et al., 2013). AML, acute myeloid leukaemia; BRCA, breast adenocarcinoma; OV,
ovarian serous carcinoma; KIRC, kidney renal clear cell carcinoma; UCED, uterine corpus
endometrial carcinoma; GMB, glioblastoma multiforme; COAD/READ, colon and rectal
carcinoma; HNSC, head and neck squamous cell carcinoma; BLCA, bladder urothelial
carcinoma; LUAD, lung adenocarcinoma: LUSC, lung squamous cell carcinoma.

Dashed grey and solid white lines denote average across cancer types and median for each

type, respectively.

Among the oncogenes that contribute most to the development of lung cancer
there are, for example, c-MYC (myelocitomatosis oncogene), KRAS (kirsten rat

sarcoma viral oncogene homolog), BCL2 (B-cell CLL/ lymphoma 2) or EGFR
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(epidermal growth factor), whose sequences can be mutated or changed in the
number of copies, as well as oncosuppressor genes, including TP53 (tumour protein
p53), RB (retinoblastoma), CDKN2A (encoding p16INK4a). Products of these genes
(or their lack) act at different levels within the tumour cell in order to promote the
development and acquisition of malignant features: some allow uncontrolled
growth of the cell or its escape from the apoptosis process, others induce higher
telomerase activity, which contributes to make the cancer cell immortal, even at
early stages (Wistuba et al., 2006; Sato et al., 2007).

The two main categories of lung carcinomas, namely SCLC and NSCLC, as well as the
two major histological subtypes of NSCLCs, show molecular patterns that are
different from each other; however, there is also a high heterogeneity within the
same lung cancer subtype.

For ADCs, recurrent mutations have been observed in HER2 (human epidermal
growth factor receptor 2), EGFR, MET (receptor tyrosine kinase), FGFR1/2 (fibroblast
growth factor receptor 1 and 2), ALK (anaplastic lymphoma kinase), ROS1 (receptor
tyrosine kinase 1), NRG1 (neuregulin 1), NTRK1 (neurotrophic tyrosine kinase
receptor type 1) and RET genes. As for the SCCs, there are less recurrent mutations
but some have been identified, for example in DDR2 (discoidin domain-containing
receptor 2), FGFR1, FGFR2, FGFR3 and genes of the PI3K pathway (Wistuba et al.,
2006; Chen et al., 2014).

Lung cancer heterogeneity very often represents the cause of the poor success in
the treatment of these pathologies. Not only genetic and epigenetic factors (as seen
above) but also the type of microenvironment with which the tumour interacts
contribute to this heterogeneity. Cancer cells, in fact, are closely associated with the
extracellular matrix, mesenchymal cells such as fibroblasts, macrophages and other
immune cells and the vascular components. In some cases, this microenvironment
is essential for initiation and progression of the tumour, while in other cases it can
prevent tumorigenesis or even promote the disappearance of the tumour itself

(Chen et al., 2014).
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Thyroid transcription factor-1

TTF-1 (Thyroid Transcription factor-1), also known as Nkx2.1 or T/EBP (thyroid-
specific-enhancer-binding protein), is a transcription factor that activates the
expression of a number of target genes in the thyroid, the lung and part of the brain
(Bingle, 1997). Transcription factors play a very important role in the early stages of
embryonic development and in subsequent differentiation (Gehring, 1987; Scott et
al., 1989). TTF-1 is strongly expressed both in the early stages of thyroid, lung and
brain formation, and during adulthood for the maintenance of tissue homeostasis
(Lazzaro et al., 1991; Stahlman et al., 1996; Zhou et al., 1996). Thyroid organogenesis
is in fact marked by the coexpression of TTF-1 and PAX8, while that of the lungs by
TTF-1 and FOXA2 (Bohinski et al., 1994; Di Palma et al., 2003): the lack of these
homeotic transcription factors, which normally act in cascade, causes the failure or
incorrect development of the organs in which they should be expressed. For
example, it has been observed that in mice the deletion of TTF-1 elicits
malformations of the organs previously mentioned (Kimura et al., 1996) and that
mutations in the human gene for Nkx2.1 are associated with hypothyroidism and
respiratory disease in children (Devriendt et al., 1998).

TTF-1 is a protein with a homeodomain, a sequence of 60 amino acids, encoded by
180 bp of DNA, which is capable of binding to a specific sequence in the DNA of
target genes. TTF-1 is a protein of about 38-42 kDa and the homeodomain sequence
contained therein is found only in the mammalian kingdom, although homology
(82% identity) is present with Drosophila NK-2 homeodomain (Guazzi et al., 1990).
The protein has 98% similarity between man (lkeda et al., 1995), rat (Mizuno et al.,
1991) and mouse (Oguchi et al., 1995), while the homeodomain sequence of 60
amino acids is perfectly preserved, underlining the importance of the functions
performed by the transcription factor.

The NKX2-1 gene is present in a single copy per haploid genome and maps to

chromosome 14 in humans (Guazzi et al., 1990); it is organized in 3 exons and 2
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introns (Hamdan et al., 1998). The encoded protein is composed of 372 amino acids
and contains two transactivating domains, one located at the N-terminus and one
at the C-terminus of the protein (De Felice et al., 1995). The protein undergoes
several post-translational modifications, such as the phosphorylation of 7 serines
(54,512,518, 523, 5254, 5327, S336) and the oxidation of Cys87, which is associated

to a reduction in the ability to bind its DNA consensus sequences (Figure 12) (Tell et

al., 2002).
c87 S254
S327
545 1218 | | 13338 363
| || 523 '
1 AD ID - AD 372 aa
N-terminal C-terminal

Figure 12. TTF-1 protein organization (modified from Boggaram, 2009). The abbreviations
are: AD, activation domain; HD, homeodomain; ID, inhibitor Domain; S, serine-

phosphorylation sites; C, redox-sensitive cysteine residues.

Moreover, an induction of the TTF-1 gene by glucocorticoids, cAMP (cyclic AMP) and
TGFB (Transforming Growth Factor B) has been demonstrated (Boggaram, 2009).
The transcriptional activity of TTF-1 is maintained by cooperation with other
transcription factors, such as HNF-3 (Hepatocyte Nuclear Factor-3, also known as
FOXA (Forkhead box A), Spl, Sp3 (specificity protein), GATA-6 and HOXB3
(homeobox B3).

The fine regulation of the transcription factor activity is in agreement with the
pleiotropic functions controlled by TTF-1: embryogenesis, morphogenesis and
organogenesis.

In fact, in the thyroid, TTF-1 regulates the expression of genes encoding for
thyroglobulin, thyroperoxidase and the thyrotropin receptor, thus playing an

important role in its functionality (Boggaram, 2009).

33



In the lung, on the other hand, TTF-1 regulates the expression of the genes encoding
SP-A (surfactant protein-A), SP-B, SP-C, CCSP (Clara Cell Secretory Protein), ABCA3
(ATP Binding-Cassette transporter A3). It has also been recently observed that TTF-
1 is fundamental for regulating the expression of some genes at the level of type Il
pneumocytes, including LAMP3 (Lysosomal-Associated Membrane Protein 3) and
CEACAMBG (Carcino Embryonic Antigen related Cell Adhesion Molecule 6). TTF-1 is
therefore essential for lung physiology and alterations in its expression and activity
are reflected in respiratory dysfunctions and a greater tendency to lung infections:
surfactant proteins, in particular, play a fundamental role in maintaining lung
stability and in protection from external agents (Boggaram, 2009).

During the post-natal phase, the expression of TTF-1 is found only in type Il alveolar
cells and non-ciliated bronchial epithelial cells. Alterations in TTF-1 levels are found

in type Il alveolar cells involved in inflammatory processes or in the case of edema.

TTF-1in lung cancer

The expression of TTF-1 is also maintained in 85-90% of lung adenocarcinomas, the
most frequent NSCLC subtype, allowing it to be used as a specific marker for
diagnosis. The availability of such specific marker allows diagnosis not only of
primary tumours but also to identify metastases of lung cancer to other organs
(Ordodiiez, 2000; Zamecnik et al., 2002; Moldvay et al., 2004). Its expression is usually
investigated by immunohistochemistry (Myong, 2003; Tan et al.,, 2003). Many
studies have also shown that TTF-1 staining can be used as a prognostic indicator,
as a high expression of the transcription factor correlates to a favourable prognosis
(Puglisi et al., 1999; Haque et al., 2002; Myong, 2003; Tan et al., 2003; Saad et al.,
2004; Anagnostou et al., 2009).

The characteristics of TTF-1 during lung tumorigenesis and progression suggest that
it can be considered a potential "lineage survival oncogene" in this tissue (Figure

13), because, albeit on one hand it is able to favour the survival and growth of the
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primary tumour, on the other hand it is able to suppress the metastatization process

(Tanaka et al., 2007; Boggaram 2009; Mu 2013; Yamaguchi et al., 2013).

® Lineage-survival oncogene in
lung adenocarcinoma

® Oncogenic rearrangement in
T-ALL

©® Germline mutation associated
with thyroid cancer

® Enhanced Egfr-driven lung
tumorigenesis

® Reduced invasion and

Suppressive metastasis
roles ® Reduced Kras-driven lung
tumorigenesis

Figure 13. Double-edged characteristic of NKX2-1/TTF-1 in cancer development and

progression (modified from Yamaguchi et al., 2013)

In some instances, increased levels of TTF-1 protein are associated with gene
amplification (Tanaka et al., 2007; Kwei et al., 2008). In addition, RNAi (RNA-
interference) experiments in different cell lines derived from lung cancer have
shown that a decrease in TTF-1 levels leads to a reduction in cell proliferation.
Moreover, low levels of TTF-1 can lead to alterations in the cell cycle and apoptosis
(Tanaka et al., 2007; Kwei et al., 2008). It is also interesting to see how, in situations
of haploinsufficiency or in mice knockout for TTF-1, an increase in invasiveness of
mucinous pulmonary adenocarcinomas, under the control of k-Ras, was observed
(Maeda et al.,, 2012; Snyder et al.,, 2013); finally, the expression of TTF-1 is
significantly associated with EGFR mutations (Yatabe et al., 2005; Takeuchi et al.,
2006).

However, TTF-1 can also play an oncosuppressive role (Figure 6), by activating the
expression of occludin (OCLN) and claudins 1 and 18 (CLDN1 and CLDN18), epithelial
tight-junction proteins and other TTF-1 targets that encode for cytoskeletal
regulatory proteins (Niimi et al., 2001; Runkle et al., 2012). In summary, many TTF-
1 targets negatively affect cell motility and invasion, thus preventing the

metastatization of lung tumours (Yamaguchi et al., 2013).
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However, TTF-1 cannot be used as a specific molecular target for the treatment of
lung cancer because it is indispensable for the normal physiology of the organ, for
example for the production of surfactant proteins (Yamaguchi et al., 2013). One of
more of its target genes may be use as therapeutic targets instead. In this thesis we
investigated if proline dehydrogenase could be one of its targets, based on several

analogies in their behaviour.
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AIM OF THE STUDY

Proline dehydrogenase (PRODH) is a mitochondrial inner-membrane and stress-
inducible flavoenzyme catalyzing the first step in the proline degradation pathway
(Phang et al., 2010), that is involved in the regulation of cell survival, autophagy and
apoptosis (Phang et al., 2015).

Indeed, proline oxidation produces electrons, that can be transferred from the
flavine adenine dinucleotide (FAD) cofactor to the electron transport chain to either
produce reactive oxygen species (ROS) or ATP. These molecules mediate PRODH-
dependent apoptosis (ROS) or autophagy (ROS or ATP) (Phang et al., 2015).

In line with these different biological functions, PRODH has a role as a tumour
suppressor in renal and colorectal cancer (Maxwell et al., 2003; Liu et al., 2009);
however, in breast and pancreatic cancers expression of this protein favours
invasion and metastatization (Elia et al., 2017).

This PhD project aims to investigate PRODH function in the context of lung
tumorigenesis and to obtain some hints into its regulation by lung specific
transcription factors. Lung tumours show high genetic and cellular heterogeneity
and ongoing research aims to find markers to improve diagnosis and tumour
classification, to predict prognosis and/or to find novel targets for therapy.
According to our preliminary results, PRODH may represent a new marker for
discriminating lung adenocarcinomas from other subtypes of lung cancer or
metastases from other organs. However, to envisage an application as diagnostic or
prognostic marker, a thorough understanding of the significance of PRODH
expression in lung cancer and its possible regulation by factors involved in lung
tumorigenesis.

This project is aimed to identify molecular factors associated with PRODH

expression in lung cancer. Then, in order to characterize the cellular processes
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affected by PRODH in lung cancer, appropriate cellular models to carry out stable
transfection or silencing experiments were selected.
Upon completion of this project, a more detailed comprehension of the role played

by PRODH in lung tumorigenesis will be obtained.

38



RESULTS

The results of my PhD work are included in the following manuscript drafts:

1. Proline dehydrogenase is expressed in lung adenocarcinoma and modulates cell
survival and 3D growth in a cell line-specific manner.
2. TTF-1 contributes to transcriptional regulation of the PRODH gene in lung

adenocarcinoma cells.
Moreover, during my PhD | contributed to the following papers:

= @Grossi S, Grimaldi A, Congiu T, Parnigoni A, Campanelli G, Campomenosi P.
Human Primary Dermal Fibroblasts Interacting with 3-Dimensional Matrices for
Surgical Application Show Specific Growth and Gene Expression Programs. Int J

Mol Sci. 2021 Jan 7;22(2):E526. doi: 10.3390/ijms22020526. PMID: 33430241.

= Claudio Procaccini, Silvia Garavelli, Fortunata Carbone, Dario Di Silvestre, Dario
Greco, Alessandra Colamatteo, Maria Teresa Lepore, Deriggio Faicchia,
Francesco Prattichizzo, Sarah Grossi, Paola Campomenosi, Fabio Buttari,
Pierluigi Mauri, Antonio Uccelli, Marco Salvetti, Vincenzo Brescia Morra, Mario
Galgani, Roberta Lanzillo, Giorgia Teresa Maniscalco, Diego Centonze, Paola de
Candia and Giuseppe Matarese. "Signhals of Pseudo-Starvation Unveil SLC7A11
as Key Molecular Determinant in the Control of Human Treg Cell Proliferative
Potential" Submitted to “Immunity” (IMMUNITY-D-20-00820).

Preparation of the revised manuscript is ongoing.
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ABSTRACT

Non-Small Cell Lung Cancer (NSCLC) ranks second among tumours for incidence and
first for mortality, regardless of gender and comprises two main histotypes,
adenocarcinoma (ADC) and squamocellular carcinoma (SCC). ldentification of
markers for early diagnosis, to predict prognosis and improve therapeutic options
of NSCLC is key to increase survival. This work aims to investigate whether proline
dehydrogenase (PRODH), a mitochondrial flavoenzyme catalyzing the key step in
proline degradation which is involved in the regulation of cell survival, autophagy
and apoptosis, may play a role in lung cancer. PRODH expression was investigated
in NSCLCs by immunohistochemistry and it was found to be present in the majority
of lung ADCs. Patients with PRODH positive tumours had better cancer-free specific
survival and overall survival compared to those with negative tumours. Protein
staining correlated with transcript levels, suggesting that regulation occurs at the
transcript level. Moreover, PRODH expression correlated with presence of EGFR
activating mutations.

In NCI-H1650 and other four lung ADC cell lines tested in this work, ectopic
modulation of PRODH expression seemed to decrease cell survival assayed by
clonogenic assay; conversely, in A549 and NCI-H1437 cell lines, PRODH
overexpression led instead to an increase in cell survival. Moreover, in NCI-H1650
cells PRODH overexpression also induced an increase in cell motility and a reduction
in the ability of these cells to grow in soft agar. These results were confirmed in the
NCI-H1299 adenocarcinoma cell line. This study supports a possible role of PRODH
in the pathogenesis of lung cancer and as a prognostic marker in lung

adenocarcinoma.
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INTRODUCTION

Lung cancer is the leading cause of cancer death worldwide (Siegel et al, 2019). This
is mainly due to the fact that diagnosis occurs at late stages, when tumours are
metastasized and surgery is no longer an option, nor is therapy effective (Jantus-
Lewintre et al, 2012). Lung cancer is clinically heterogeneous, comprising Small Cell
Lung Cancer (SCLC, accounting for about 15% of lung cancer cases) and Non-Small
Cell Lung Cancer (NSCLC, 85% of lung cancer cases), that in turn includes two major
histotypes, adenocarcinoma (ADC, =55% of cases) and squamous cell carcinoma
(SCC, = 45%) (Chen et al, 2014).

Given the poor survival rate of lung cancer at advanced stages, early diagnosis,
prognosis and therapy of NSCLC would greatly benefit from the identification of
novel biomarkers.

Since the description of the so called “Warburg effect” (Warburg, 1956), an altered
metabolism has been increasingly recognised to play an important role in tumour
promotion and progression. Metabolism of nonessential amino acids (NEAA), such
as glutamine, has been shown to be important for cancer cell survival in almost all
types of cancer (Pandhare et al., 2009; Possemato et al; 2011; Liu et al, 2015; Yang
and Vousden, 2016; Phang 2019).

Recently, proline has been proposed to play a role in tumorigenesis (Liu et al, 2015;
Phang 2019). Proline can be synthesized in two steps from glutamate by the activity
of A-1-pyrroline-5-carboxylate synthase (P5CS) and P5C reductase (PYCR, EC
1.5.1.2). This amino acid can also be obtained from ornithine by the sequential
action of ornithine-6-aminotransferase (OAT) and P5C reductase (Liang, 2013).

The catabolism of proline occurs exclusively through proline dehydrogenase
(PRODH, EC 1.5.5.2, formerly EC 1.5.99.8), a mitochondrial inner-membrane and
stress-inducible enzyme, containing a flavin adenine dinucleotide cofactor (FAD).
Proline dehydrogenase catalyses the first step in the proline degradation pathway

(Phang et al., 2010; Liu and Phang, 2012). The regulation of this enzyme is complex
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and involves several transcription factors with an important role in cancer
development and microRNAs (Phang et al, 2010).

PRODH can play a dual role in the tumorigenic process, either promoting cell survival
through the production of ATP or by inducing ROS-dependent protective autophagy,
as well as by inducing ROS-mediated apoptosis (Pandhare et al, 2006; Circu et al.,
2010; Liu and Phang, 2012; Phang et al., 2015; Zareba and Palka, 2016). Indeed,
PRODH is one of the main proapoptotic effectors of p53, when induced by genotoxic
stress (Polyak et al, 1997). PRODH plays also a role in response to other types of
stress, including nutrient stress (Pandhare et al., 2009; Olivares et al., 2017). In this
context, it must be underlined that its substrate, proline, can be easily retrieved by
degradation of the extracellular matrix, in particular collagen, where it accounts,
together with hydroxyproline, for 25% of the aminoacids (Pandhare et al., 2009).
Therefore, PRODH seems capable of influencing the balance between survival and
apoptosis, likely depending on the cell type and on the type and severity of stress
acting on those cells (Raimondi et al, 2013).

Several studies document that this protein is dysregulated in several types of cancer.
In particular, PRODH expression has been studied in kidney, bladder, stomach, colon
and rectum and liver, where it was shown to be down-regulated compared to
normal tissue (Maxwell and Rivera, 2003; Liu et al., 2009). This, together with
evidence that PRODH is a known p53 target gene involved in apoptosis (Maxwell
and Rivera, 2003; Raimondi et al., 2013; Monti et al., 2014) and can suppress
tumorigenesis in mouse models, led scientists to conclude that in these tumours
PRODH behaves as a tumour suppressor (Liu et al., 2009). More recently, however,
PRODH expression was shown to favour invasion and metastatization in breast
cancer (Elia et al., 2017) and to promote pancreatic tumour growth (Olivares et al,
2017). On the other hand, in the MCF7 breast cancer cell line, PRODH
downregulation was shown to promote autophagy whereas its up-regulation would

promote apoptosis (Zareba et al., 2017; Zareba et al., 2018).
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The aim of this study was to investigate if PRODH could play a role in lung
tumorigenesis.

To do so, PRODH expression in lung cancer was characterized by
immunohistochemistry; we tested if there was a correlation between the
expression of this protein and expression of known lung cancer markers. Moreover,
to elucidate the functions exerted by PRODH in lung cancer, we performed
proliferation, invasion and 3D growth experiments in adenocarcinoma cell lines,

after modulating its expression.

MATERIALS AND METHODS

Samples for immunohistochemical analysis

The study was performed on formalin-fixed paraffin-embedded samples of lung
cancer collected by the Pathology Department of the “Ospedale di Circolo” in Varese
from 1996 to 2015.

Hematoxylin-eosin staining of tumour sections were revised and all tumours were
classified according to the criteria of the WHO classification system (4th edition,
Travis et al, 2015). The tumour stage was assessed using the tumour node
metastases system (TNM 7th edition) defined by the International Union Against
(AJCC CANCER STAGING MANUAL seventh edition, 2010).

135 Non-small cell lung carcinomas (NSCLC) and 13 small-cell lung carcinomas
(SCLC) were included in this study. Among NSCLC, 70 were adenocarcinomas and 65
squamocellular lung carcinomas. Healthy lung tissue was used as control. The study

was carried out in accordance with the Declaration of Helsinki (1975).
Immunohistochemical analyses

Immunohistochemical analyses were performed on 3 um formalin-fixed, paraffin-

embedded sections, deparaffinised and rehydrated through Bioclear incubation and
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alcohol series to water. After washing in Tris buffered saline (TBS) pH 7,4,
endogenous peroxidase activity was blocked with 3% aqueous hydrogen peroxide
for 15 min, followed by washes in TBS+ 0,2% Triton (v/v). Antigen retrieval was
performed incubating slides in a solution of trypsin at a final concentration of 0,5
mg/mL (starting from a 50 mg/mL stock) in TBS for 20 minutes at 37°C. For detection
of immunohistochemical expression of PRODH protein, we initially tested a
commercial antibody anti-PRODH raised in rabbit (Prestige anti-PRODH antibody,
code HPA020361, Sigma-Aldrich, Milan, Italy) in parallel with a custom antibody,
raised in rabbit using PRODH recombinant protein encompassing aminoacids 176-
572 as immunogen (Tallarita et al., 2012) (Davids Biotechnologie, Dabio,
Regensburg, Germany, kind gift from Prof. Pollegioni). Subsequently, all the
immunohistochemical analyses were performed with the custom rabbit polyclonal
antibody (Davids Biotechnologie, Dabio, Regensburg, Germany), at a 1:100 dilution
in 1% normal goat serum in TBS, incubating overnight at 4°C. Negative controls were
performed by substituting primary antibody with non-immune serum or by
preabsorption of antibody with 20 nmol of the recombinant protein used for raising
the antibody (kind gift from Prof. Pollegioni). Sections were then washed in TBS +
0,2% Triton (v/v) and the signal was detected with the UltraVision Quanto detection
system HRP DAB (ThermoFisher Scientific, Milan, Italy) according to manufacturer’s
protocol. Nuclei were counterstained with Harris hematoxylin and after rinse in
running water, sections were dehydrated and embedded in Pertex (Kaltek Srl,
Padua, ltaly).

A case was considered as positive for PRODH staining when at least 25% of tumour

cells showed cytoplasmic immunoreactivity.
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Cells culture and vectors

The cell lines used in this study and their culture conditions are described in Table

1. All media and reagents for cell culture were from Carlo Erba Reagents, Milan Italy,

unless otherwise specified.

Table 1. Cell lines used in this work

Cell line Histology Growth medium
A549 NSCLC, adenocarcinoma RPMI1640 + 10% FBS +2 mM L-GIn
NCI-H1299 | NNSCLC, derived from lymph RPMI1640 + 10% FBS + 2 mM L-GIn
node metastatic site
NSCLC, broncho-alveolar
NCI-H1650 adenocarcinoma, pleural RPMI1640 + 10% FBS + 2 mM L-GlIn
Effusion
. " -
NCI-H1975 NSCLC, adenocarcinoma RPMI1640 + 10% FBS + 2 mM L-GIn + Sodium
Pyruvate
. ; -
NCI-H2228 NSCLC, adenocarcinoma RPMI1640 + 10% FBS + 2 mM L-GIn + Sodium
Pyruvate
. DMEM + 10% FBS +2 mM L-GIn + Sodium Pyruvate +
SKLU-L NSCLC, adenocarcinoma MEM non-essential amino acids (NEAA)
NCI-H441 NSCLC, papillary RPMI1640 + 10% FBS + 2 mM L-GIn + 10 mM Hepes +
adenocarcinoma Sodium Pyruvate + Glucose (final 4500 mg/L)
X1 NSCLC, squamous-cell DMEM + 10% FBS +2 mM L-Gln
carcinoma
NSCLC, squamous-cell
SKMES-1 carcinoma (derived from DMEM + 10% FBS +2 mM L-Gln
metastatic site: pleural
effusion)
HCC827 NSCLC, adenocarcinoma RPMI 1640 + FBS 10% + 2 mM L-GIn
NSCLC, adenocarcinoma o N
HCC827-GR5 (derived from HCC827) RPMI 1640 + FBS 10% + 2 mM L-GIn + 1 uM Gefitinib
DMEM:F12 Medium + heat inactivated FBS 5% + 4,5
. mM L-GIn + 0,0005 mg/ml Insulin + 0,01 mg/ml
NCI-H2342 NSCLC, adenocarcinoma Transferrin + 30 nM Sodium selenite + 10 nM
Hydrocortisone + 10 nM beta-estradiol
NSCLC, adenocarcinoma
NCI-H1437 (derived from metastatic RPMI 1640 + FBS 10% + 2 mM L-GIn
site: pleural effusion)
NCI-H727 Bronchial carcinoid RPMI 1640 + FBS 10% + 2 mM L-GIn
Ovarian endometrioid
IGROV-1 adenocarcinoma (positive RPMI 1640 + FBS 10% + 2 mM L-GIn + MEM non-
control for PRODH essential amino acids (NEAA)
expression)

Cultures were incubated at 37°C in 95% humidity and 5% CO, atmosphere. At

confluence, cells were removed from culture flasks by trypsinisation. A new batch




of frozen cells was thawed on average 2 weeks before each experiment to have
sufficient numbers of cells.

To evaluate the presence of mycoplasma, cells were routinely checked by using the
nested PCR method described in Tang et al. (Tang et al., 2000).

The PRODH overexpressing construct, carrying the wild-type PRODH coding
sequence under the early CMV promoter was created by cloning PRODH cDNA into
pcDNA3.1 vector. The silencing constructs were obtained by identifying suitable
PRODH specific and control (“scrambled”) shRNAs with the program pSicoligomaker
3.0 and cloning them into the pSico vector. Two different shRNA producing
constructs were prepared, targeting two different regions of the PRODH transcript
(named 505 and 1828 after the position targeted on the transcript).

For stable transfection, 4 x 10 cells (NCI-H1650), 8 x 10* cells (NCI-H1975), 9 x 10*
cells (NCI-H2228 and SK LU-1), 3,5 x 10* cells (NCI-H1299) or 5 x 10* cells (NCI-H1437)
were seeded in a 24-well multiwell plate, or 1,8 x 10° cells (A549) were seeded in a
6-well multiwell plate, to be 70% confluent on the following day, when transfection
was performed using 0,4 ug (24-well) or 1,2 ug (6-well) of DNA and Fugene HD
transfection Reagent (Promega, Milan, Italy), according to manufacturer’s
instructions. 24 hours later, cells were split into one or more petri dishes and after
further 24 hours the appropriate concentration of G418 (Aurogene, Rome, Italy) or
puromycin (Aurogene, Rome, Italy) was added for selection of cell clones integrating
pcDNA3.1 and pSico constructs, respectively. In particular, for G418 selection, 320
pg/mL (A549), 270 ug/mL (NCI-H1650), 250 pg/mL (NCI-H1299), 900 pg/mL (NCI-
H1975), 750 pg/mL (NCI-H2228) and 1000 pg/mL (SK-LU-1) were used, as
determined by preliminary cytotoxicity curves; for puromycin, 0,75 pg/ul were used
for selection of NCI-H1437 resistant clones. Selective growth medium was
substituted every 3-4 days, until clones were sufficiently grown to be isolated and
expanded. Single or pooled clones were frozen in liquid nitrogen and expression of

the transgene was checked by immunoblot analysis.
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RNA extraction from FFPE tumours and qPCR analyses

Total RNA from formalin-fixed and paraffin embedded tissues was extracted using
the RecoverAll Total Nucleic Acid Isolation Kit (Ambion by Life Technologies, Milan,
Italy) following manufacturer’s instructions. RNA samples were quantified with a
Qubit RNA assay kit (Life Technologies Italia, Milan, Italy) on a Qubit instrument (Life
Technologies Italia, Milan, Italy) and run on agarose gel for quality control.

cDNA was prepared from 500 ng of RNA using the iScript select cDNA synthesis kit
(Biorad, Milan, Italy), and a reverse primer specific for PRODH (5'-
TGGTATTGCTTGTCCCGCTT-3’) and for beta-2-Microglobulin  (B2M) (5'-
GTCCCGGCCAGCCAGGTCC-3').

For real-time quantitative PCR (qPCR) primer pairs specific for PRODH (forward: 5’-
GCAGAGCACAAGGAGATGGA-3’, reverse: 5-TGGTATTGCTTGTCCCGCTT-3’) and
beta-2-Microglobulin  (B2M) (forward: 5’-AGGCTATCCAGCGTACTCCA-3’ and
reverse: 5’-ATGGATGAAACCCAGACACA-3’) were used.

Gene expression analysis was performed in triplicate using a CFX96 thermal cycler
(Biorad, Milan, Italy) and the iTAQ Universal Sybr Green Supermix (Biorad, Milan,
Italy). No template controls (NTC), in which distilled water was used instead of
cDNA, were included in each analysis. Melting curve analysis was performed to
ensure that single amplicons were obtained for each target.

The difference (Delta C,) between the Cy obtained for PRODH (GOIl) and that for B2M
(REF) was calculated for each sample. The smaller the value of the Delta C, the

higher the expression levels of PRODH.

RNA extraction from cell lines and digital PCR analyses

Total RNA was extracted from cell lines with TriReagent (Sigma-Aldrich, Milan, Italy),

according to manufacturer’s instructions. RNA samples were quantified with a

48



NanoDrop 2000c (ThermofFisher, Life Technologies Italia, Milan, Italy) and run on an
agarose gel for quality control.

cDNA was obtained from 500 ng of RNA by using the iScript cDNA synthesis kit
(Biorad, Milan, Italy).

For droplet digital PCR (ddPCR), 15 ng cDNA were used in a 20 pL reaction, adding
10 pL of QX200 EvaGreen ddPCR Supermix (Biorad, Milan, Italy), primer pairs
specific for PRODH (forward: 5-GCAGAGCACAAGGAGATGGA-3’, reverse: 5’-
TGGTATTGCTTGTCCCGCTT-3’) and beta-2-Microglobulin (B2M; forward: 5’'-
AGGCTATCCAGCGTACTCCA-3’, reverse: 5’-ATGGATGAAACCCAGACACA-3’) and
nuclease-free water to volume. Two no template controls (NTC), in which distilled
water was used instead of cDNA, were included in each analysis.

Each 20 pl reaction was loaded into a well of a droplet generation cartridge (Biorad,
Milan, Italy) and 70 pl of QX200 Droplet generation oil (Biorad, Milan, Italy) were
added into the appropriate wells. The cartridge was loaded into the QX200 Droplet
Generator (Biorad, Milan, Italy) to generate the droplets, that were transferred to a
96-well plate with a Rainin multichannel pipette. The plate was sealed with
Pierceable foil (Biorad Milan, Italy) and put in a T100 thermal cycler (Biorad, Milan,
Italy).

Cycling conditions were: 95 °C for 5 min, followed by 40 cycles of 95 °C for 30 s and
60 °C for 1 min, then signal stabilization steps (4 °C for 5 min, 90 °C for 5 min) and
final hold at 4 °C. The ramp rate was 2 °C/s. After PCR, plates were loaded into the
QX200™ Droplet Reader (Biorad, Milan, Italy) for detection.

Immunoblotting

Protein extracts were obtained by mechanically scraping the cells from 100 mm
plates in PBS supplemented with 5 mM EDTA (Euroclone, Milan, Italy). Cells were
counted and resuspended in RIPA Buffer (150 mM NaCl, 50 mM Tris-HCI pH 7.5, 1%

Igepal CA630, 0,1% SDS, 0,5% Sodium deoxycholate) supplemented with protease
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inhibitors (PMSF, benzamidine, aprotinin and leupeptin). Samples were incubated
on a rotating wheel at 4°C for 50 min, then the insoluble fraction was removed by
centrifugation. Protein concentration was evaluated using the Quick Start Bradford
1X Dye Reagent (Biorad, Milan, Italy) following manufacturer’s instructions, using
bovine serum albumin to build a standard curve.

Alternatively, cells lysates were obtained after cell detachment from cell culture
vessels. Cells were counted and resuspended in Laemmli Sample Buffer 2X, using
1ul of buffer every 2 x 10* cells. The samples were lysed by incubation at 95°C for 3
min followed by vortexing, repeating these steps for three times.

For SDS-PAGE 50 pg of extract or 12 ul of cell lysate were used. Proteins were
transferred onto nitrocellulose membranes (Amersham Hybond ECL, GE Healthcare
Life Sciences, by Euroclone, Milan, ltaly) using the Mini-PROTEAN Tetra System
(Biorad, Milan, Italy) and, after blocking in 4% non-fat milk in PBS-T (0.1% Tween20
in PBS) and incubation with the appropriate primary and secondary antibodies,
signals were detected with the Amersham ECL Prime Western Blotting Detection
Reagent (GE Healthcare, Milan, Italy), using an Odyssey LI-COR FC imaging system
(Carlo Erba Reagents, Milan, ltaly).

Primary antibodies were rabbit polyclonal anti-PRODH (1:550, SAB1303113, Sigma-
Aldrich, Milan, Italy), and mouse monoclonal anti alpha-tubulin (1:1500, MAB-
94264, Immunological Sciences, Rome, Italy) for normalization.

Secondary antibodies were: stabilized goat anti-rabbit HRP-conjugated monoclonal
antibody (1:900, ThermoFisher Scientific, Milan, Italy) or IR-Blot 800 Goat anti-
Rabbit (1:25000, Cyanagen, Bologna, Italy) and stabilized goat anti-mouse HRP-
conjugated monoclonal antibody (1:900, ThermoFisher Scientific, Milan, Italy) or IR-
Blot 700 Goat anti-Mouse (1:25000, Cyanagen, Bologna, Italy). All antibodies were
diluted in 2% non-fat milk in PBS-T.
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Colony formation assay

Transfection was performed as described above. After 15 days of selection, clones
were stained with 0,1% crystal violet (Sigma, Milan, Italy) in 35% ethanol solution
for 30 minutes directly in the culture dishes. Alternatively, clones were stained with
1% methylene blue (Sigma, Milan, Italy) in 50% ethanol solution for 30 minutes.

Three replicates were prepared for each cell line.
Cell proliferation assays

Cells from single PRODH or control transfected NCI-H1650 clones were plated onto
96-well plates at a density of 2x10° cells/well. MTT assay was used to monitor cell
proliferation in different growth conditions (Table 2). Briefly, the medium was
discarded and cells were washed with PBS. 100 uL MTT (0,5 mg/mL in PBS; Across
Organics, Carlo Erba, Milan, Italy) was added and incubated for 2 hrs at 37°C. After
a wash with PBS, 80 pl of DMSO (dimethyl sulfoxide; Euroclone, Milan, Italy) were
added in each well. After 30 minutes of incubation with gentle shaking at room
temperature to dissolve MTT crystals, the absorbance at 590 nm was read with an

Infinite 200 plate reader (Tecan, Cernusco sul Naviglio, Italy).

Table 2. Composition of media used for proliferation assays.

Conditions Medium FBS | L-Glutamine | L-Proline G418
Standard RPMI 1640 | 10% 1% - 270 pg/mL
Serum starvation RPMI 1640 | 0,1% 1% - 270 pg/mL
L-glutamine starvation | RPMI 1640 | 10% - - 270 pg/mL
L-glutamine starvation | rp\v| 1640 | 10% - 50mg/L | 270 pg/mL
+ L-proline

Wound healing assay

Cells from single PRODH or control transfected clones or pools were plated at high

density [150000 cell/well (NCI-H1650), 160000 cell/well (NCI-H1975) and 60000
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cell/well (NCI-H1299)] in a 12-well multiwell plate and cultured overnight. The
following day, a “wound” was created with a 200 pL pipette tip; closure of the
wounds by surrounding cells was monitored 0, 1, 2, 4, 6 and 24 hrs after performing
the scratch. The results are presented as percentage of wound closure obtained
with TScratch software (CSElab, Computational Science & Engineering Laboratory,

version 1.0).
Soft agar assay

Cells from single PRODH or control transfected clones were suspended in 0.3% agar
(stock solution 2% agar in H,0, sterilised by autoclaving) in RPMI 1640 cell culture
medium containing 20% FBS at a density of 1x10? cells/well, and plated on solidified
agar (0.6% agar in RPMI 1640 culture medium containing 20% FBS) in 12-well dishes.
Three replicates were prepared for each condition and each cell line. The plates
were incubated for 16 days at 37°C in 5% CO,. Growth of colonies was monitored
using a light microscope (TIEsseLab, Milan, Italy) and their number and size was

evaluated. Results presented are the average of 3 independent experiments.
Statistical Analysis

The difference in PRODH staining in the samples analysed by immunohistochemistry
was evaluated by Fisher’s exact test; the difference in PRODH expression among
ADC and SCC samples was compared using t-test. The correlation between PRODH
expression levels and the presence of EGFR activating mutations or p53 mutations
was evaluated using t-test.

The failure time according to PRODH in ADC Kaplan Maier curves was evaluated by
chi-squared test.

The difference in the distribution of ACt (GOI-REF) values between IHC positive and

negative cases was evaluated by Anova test.
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The difference in % of wound healing and the results obtained by soft agar assays
were compared using t-test. All statistical analyses were done with GraphPad Prism

statistical software, 4.02 version.

RESULTS

PRODH expression in lung cancer samples

To investigate PRODH expression in lung cancer, we performed
immunohistochemical analyses on 135 lung cancer samples. The clinico-
pathological data of the analysed tumors and the results of PRODH expression are
presented in Table 3. PRODH was observed as granular immunoreactive deposits in
the cytoplasm of tumour cells, with an intensity and a percentage of
immunoreactive cells variable from case to case. Representative images of PRODH
expression are reported in Figure 1. No immunoreactivity was observed when
primary antibody was substituted with non-immune serum or after preabsorption
of antibody with 20 nmol of the recombinant protein used to raise the antibody (not
shown).

Considering a threshold at > 25% stained cancer cells, PRODH expression was
elevated in NSCLC (36,3%) and was never observed in SCLC. In particular, an intense
and diffuse staining was frequently observed in ADC (57,14%) and in a small
proportion of SCCs (13,85%) (Table 3). The difference in PRODH staining between
ADC and SCC cases was statistically significant (p<0,0001, Fisher’s exact Test) (Table
3). Moreover, the staining was significantly stronger and involved a higher
percentage of cells in ADC, compared to SCC. In fact, the mean percentage of
immunoreactive cells was 35% (range 0-90%) in ADC and 9% (range 0-75) in SCC
(p<0.0001, t-test) (Table 3).
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Figure 1. Representative results of PRODH immunostaining. Lung adenocarcinoma (ADC): A)

Acinar ADC (hematoxylin-eosin, 200X) with B) abundant and intense cytoplasmic granular
PRODH immunoreactivity (DAB-hematoxylin 100X, particular 400X); C) Acinar ADC
(hematoxylin-eosin, 200X) with D) weak cytoplasmic PRODH immunoreactivity (DAB-
hematoxylin, 400X); E) Predominantly solid lung ADC (hematoxylin-eosin, 200X) with F) no
PRODH immunoreactivity (DAB-hematoxylin, 200X). Lung squamocellular carcinoma (SCC):
G) SCC (hematoxylin-eosin, 200X) displaying H) showing weak, diffuse cytoplasmic PRODH
staining (DAB-hematoxylin, 200X, inset 400X); 1) SCC devoid of PRODH immunoreactivity
(DAB-hematoxylin, 200X). L) Healthy lung parenchyma, showing rare PRODH positive cells,

corresponding to type Il pneumocytes and Clara cells, (DAB-hematoxylin, 400X).
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Table 3. Correlation between PRODH expression and clinico-pathological data in

adenocarcinomas and squamous cell carcinomas.

ADC (70 cases) SCC (65 cases) Total cases (135)
PRODI(-:;)cs/tot PRODI(-'IJ/-‘I,-)cs/tot Total cases (135)
N. of cases 40/70 (57,14) 9/65 (13,85) 49/135 (36,3)
Grade 1 5/6 (83,33) 0/2 (0) 5/8 (62,5)
2 24/50 (48) 8/40 (20) 32/90 (35,56)
3 10/14 (71,43) 1/23 (4,35) 11/37 (29,73)
pT 1 22/32 (66,67) 5/26 (19,23) 27/59 (45,76)
2 18/31 (58,06) 3/31(9,68) 21/62 (33,87)
3 0/5 (0) 1/4 (25) 1/9 (11,11)
4 0/1 (0) 0/2 (0) 0/3 (0)
X 0 0/2 (0) 0/2 (0)
pN 0 35/53 (66,04) 8/54 (14,81) 43/107 (40,19)
1 0/2 (0) 1/2 (50) 1/4 (25)
2 3/8(37) 0/3 (0) 3/11(27,27)
X 2/7 (28,57) 0/6 (0) 2/13 (15,38)
Stage I 37/55 (67,27) 8/55 (14,55) 45/110 (40,9)
] 0/1 (0) 0/1 (0) 0/2 (0)
n 3/8 (37,5) 1/6 (16,67) 4/14 (28,57)
v 0/5 (0) 0/3 (0) 0/8 (0)
X 0/1 (0) 0 0/1 (0)

In addition, PRODH expression in adenocarcinoma samples correlated with the
stage of the tumours. In particular, PRODH was more expressed in tumours at early
stages (pTNM | and Il; 66%), compare to tumours at late stages (pTNM Ill and 1V;
23%) (p=0,0104, Fisher’s exact Test) and it was also more expressed in small
tumours (pT1 and pT2; 63,5%) compared to tumours bigger than 7 cm or tumours
invading other tissues (pT3 and pT4; 0%) (p=0,0040, Fisher’s exact Test). Moreover,
the positivity for PRODH was higher in cases without metastasis (pNO; 66%),
compared to metastatic cases (pN1 and pN2; 30%) (p=0,0420, Fisher’s exact Test)
(Table 3).




Data on a relatively small number of cancer-specific survival of patients bearing
PRODH positive tumours suggested that PRODH is a favourable prognostic factor in
lung adenocarcinoma, although statistical significance was not achieved (Figure 2A).
Our results were confirmed by Kaplan-Meier overall survival curves obtained from
KMplotter database (https://kmplot.com/), based on a larger cohort (719 Cases),
where we observed a significant difference in survival of patients bearing high or
low levels of PRODH expression (p=0.0004) (Figure 2B).

HR = 0.66 (0.52 - 0.83)
A B logrank P = 0.00048

1,2
I =s=Expression low g
1= 9‘ - - =Expression high
B
¥

08

0.6

Probability

! .
06 % -

04 .

Probability of failure
|
1
'

0.2

0,2 s
Expression

low
0 o high

Time (months) 0 50 100 150 200

Time (months)
Figure 2. Kaplan-Meier curves. A. cancer-specific survival for adenocarcinoma samples with
high or low PRODH expression levels from this study (cutoff value was 25%) (p=0,0595, chi-
squared test); B. Overall survival curves obtained from KMplotter database for

adenocarcinoma samples (p=0.00048, chi-squared test) (Gyérffy et al., 2013).

RT-gPCR analyses on a subset of samples showed that high levels of protein
expression in positive cases was accompanied by an increase in transcript levels. The
difference in ACt (CtGOI-CtREF) median values between PRODH protein positive and
negative cases was highly significant (p= 0.0099, Anova test), suggesting

concordance between protein and transcript levels (Figure 3).
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Figure 3. The increase in PRODH protein levels in IHC is paralleled by an increase in transcript
levels in gPCR. Positive: lung adenocarcinomas with elevated expression of PRODH protein;
negative: lung adenocarcinomas with low or no expression of PRODH protein. A small ACt
value indicates high transcript levels (Ct for PRODH similar to that of the reference gene).
Horizontal lines indicate the mean value. Asterisks indicate that there is a significant

difference (** p=0.0099, Anova test).

The association of PRODH expression with EGFR and p53 mutations was also
evaluated. In 103 cases, we found that PRODH expression correlated with the
presence of EGFR activating mutations (p=0,0044, t-test) but not with p53

mutations (p=0.2707 t-test, n=108).

PRODH expression in adenocarcinoma cell lines

As we found high level of PRODH expression in adenocarcinoma samples during
immunohistochemical characterisation, we then focused on the effects of its
expression in adenocarcinoma cell lines.

First, by bioinformatic analysis (Cancer Cell Line Encyclopedia:
https://portals.broadinstitute.org/ccle) we identified some lung cancer cell lines

with low (A549, NCI-H1299, NCI-H1650, NCI-H1975, NCI-H2228, NCI-H441, LX-1,
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SKMES and SK LU-1) or relatively high (including HCC827, its derivative HCC 827-
GR5, NCI-H1437, H727 and NCI-H2342) endogenous expression of PRODH.

Actual PRODH expression levels in the cell lines were measured by droplet digital
PCR and western blot analyses (Figure 4) and overall confirmed bioinformatic data,

meaning that cell lines with higher levels in CCLE were also positive to our analyses.
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Figure 4. PRODH expression in the cell lines under investigation, as measured by ddPCR (A)
and Western blot (B). A. Expression analyses by ddPCR was done on with the QuantaSoft
software and yielded absolute expression as copies of transcript/ microliter of PCR reaction.
As we used the same RNA and cDNA volumes for all cell lines, these data are directly
comparable. B. Western blot analyses of extracts from the indicated cell lines, detected for
PRODH; alpha-tubulin was detected for normalization purposes. C. The graph represents the
relative expression in percentage of PRODH protein after normalisation (ratio of PRODH and

alpha-tubulin x 100).
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As a first test, clonogenic assays, testing the ability of cells to survive under stressful
conditions, were performed on selected cell lines. Cell lines that showed low
endogenous levels of PRODH were transfected with an expression construct
encoding wild-type PRODH, as well as with the empty vector as control. The NCI-
H1437 cell line, where endogenous PRODH expression was observed, was
transfected two PRODH silencing constructs and a scrambled construct used as a
control condition.

In 5 of the 7 cell lines tested, namely NCI-H1650, NCI-H1975, NCI-H2228, SKLU-1 and
NCI-H1299, PRODH overexpression led to a decrease in cell viability (Figure 5). In
contrast, in the A549 cell line, PRODH overexpression led to an increase of cells
viability. A decrease in cell viability was observed in the NCI-H1437 cell line silenced

for PRODH expression, confirming the data obtained in A549 cells (Figure 5).
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Figure 5. Representative clonogenic assays in NCI-H1650, NCI-H1975, NCI-H2228, NCI-
H2228, SK LU-1, NCI-H1299, A549 and NCI-H1437 cell lines. Control: cells were transfected
with pcDNA3.1 vector (control condition); PRODH: pcDNA3.1-PRODH (PRODH
overexpression); Scrambled: pSico-scambled sequence (control condition); sh505 and
sh1828: pSico-PRODH constructs expressing two short hairpins directed towards two

different PRODH transcript sequences. Bars indicate 1 cm.
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Then the effects of PRODH ectopic expression on proliferation of the NCI-H1650 cell
line was evaluated, using 7 control clones and 7 PRODH expressing clones, as

assessed by western blot analysis (Figure 6).
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Figure 6. PRODH expression in NCI-H1650 transfected clones. Immunoblot of lysates from
single NCI-H1650 clones or pools stably transfected with empty pcDNA3.1 vector or
pcDNA3.1-PRODH construct was detected with anti-PRODH polyclonal antibody (green
signal); a monoclonal against alpha-tubulin was used for normalization (red signal). Mk

indicates the protein ladder; C+ indicates the Igrov-1 lysate used as positive control.

Proliferation assays were performed in standard growth conditions and in presence
of stressful conditions, such as serum starvation, L-glutamine starvation, L-
glutamine starvation + L-proline supplementation, by means of the MTT assay.

A high variability within each type of clones (PRODH expressing or control clones)
was observed. Consequently, although PRODH expressing clones showed on
average a lower absorbance at 590 nm compared to control clones, the difference
was not significant. Moreover, the same trend was apparent in all the tested
conditions (Figure 7). We conclude that PRODH does not significantly affect
proliferation in the NCI-H1650 lung ADC cell line.
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Figure 7. Effects of PRODH overexpression on NCI-H1650 cell proliferation. A. The graph
reports the mean of the growth curves of control (black) or PRODH expressing clones (blue),
evaluated by the MTT assay. B. Mean of the growth curves of control (black line) or PRODH
expressing clones (blue) in four different conditions: standard culture conditions, serum
starvation (0.1% FBS), L-glutamine starvation (no L-glutamine), L-glutamine starvation +

supplementation with 50 mg/L L-proline (no L-glutamine + L-proline).

The migratory ability of NCI-H1650 cells in presence or absence of PRODH
expression, was evaluated by wound healing experiments. Notably, all 7 tested
PRODH expressing clones closed the wound faster than the 7 control clones and, at
24 hours, 6 out of 7 (85,7%) analysed PRODH expressing clones showed complete
closure of the wound (Figure 8A). The difference of the means of all control and
PRODH expressing clones was significant at both 6 and 24 hours after the wound

(two-tailed t-test).
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Figure 8. Effects of PRODH overexpression in the NCI-H1650 cell line. A. Wound healing assay.
The graphs indicate the percentage of wound healing in clones transfected with a PRODH
expressing construct or empty vector 6 and 24 hours after wound. 7 control clones and 7
PRODH expressing clones were used for this experiment. Results are the mean of three
replicates + SD. Asterisks indicate significant differences (* p < 0.05; ** p < 0,01; two-tailed
t-test). B. Soft agar assay. For each clone tested, cells were plated at very low seeding density
(5x10°cells/ml) and grown in soft agar for 16 days. The colonies were counted and the
average number obtained for the mean of all clones was plotted. The data represent the
mean of triplicates + SE of two independent experiments, using 7 PRODH expressing clones
and 7 control clones. Results were analysed by two-tailed t-test. Asterisks indicate significant
differences (*** p < 0,001). C. Representative colonies formed by empty vector or PRODH

vector. Bar indicates 150 um.

Finally, we performed the soft agar colony formation assay to assess the ability of
NCI-H1650 cells to grow independently by the presence of a solid surface, which
represents a hallmark of tumorigenesis. PRODH expressing clones formed less
colonies in soft agar compared to control cells (Figure 8B). Moreover, the colonies

formed by PRODH expressing clones were smaller than control clones (Figure 8C).
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In order to confirm the results obtained with the NCI-H1650 cell line, we tested the
effects of PRODH overexpression in other lung adenocarcinoma cell lines. To this
purpose, the following cell lines, all showing low endogenous PRODH levels were
stably transfected: A549, NCI-H1975, NCI-H2228, NCI-H1299 and SK LU-1.

Very few of the clones expressed the transgene: none of 20 isolated clones and none
of six clone pools from the A549 cell line maintained PRODH expression, in spite of
G418 resistance. Also from the NCI-H2228 none of 16 isolated clones and none of
three clone pools was positive for PRODH expression. For the SK LU-1 cell line, only
one pool out of 18 clones and 2 pools were weakly positive for PRODH expression.
In the NCI-H1975 cell line, only one out of 18 clones and three out of 3 pools
expressed the PRODH transgene. Finally, only 2 clone pools from NCI-H1299 were
positive for PRODH expression. In the NCI-H1437 cell line, in which silencing was
performed, 11 clones stably transfected with pSicoR-Oligo505 construct and 11
clones for pSicoR-0ligo1828 initially showed a reduction in PRODH expression, but
for all clones silencing was lost after repeated freezing and thawing cycles.
Moreover, sequencing of PRODH cDNA revealed a heterozygous mutation, giving
rise to the amino acid substitution p.Val427Met, that has been shown to reduce
PRODH activity by 60% (Bender et al., 2005).

The clone pools from NCI-H1975 and NCI-H1299 cell lines stably transfected with
PRODH expression construct that initially screened positive for PRODH expression,
continued to express the transgene after repeated freezing and thawing cycles
(Figure 9), so these clone pools were used to confirm the results obtained with the

NCI-H1650 cell line.
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Figure 9. PRODH expression in NCI-H1299 and NCI-H1975 transfected pools. Inmunoblot of
lysates from NCI-H1299 and NCI-H1975 pools stably transfected with empty pcDNA3.1 vector
or pcDNA3.1-PRODH construct was detected with anti-PRODH polyclonal antibody (green
signal); a monoclonal against alpha-tubulin was used for normalization (red signal). Mk

indicates the protein ladder; C+ indicates the Igrov-1 lysate used as positive control.

In the wound healing assay, NCI-H1299 PRODH expressing pools showed a complete
closure of the wound at 24 hours (Figure 10) that was instead slower in control

pools; the difference between the mean of control and PRODH expressing pools was

significant.
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Figure 10. Wound healing assay. The graphs indicate the percentage of wound healing of
control or PRODH expressing clone pools 6 hours and 24 hours after wound. Results are the
average of three replicates + SD. Results were analysed by two-tailed t test. Asterisks indicate

significant differences (* p < 0.05).
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In general, the NCI-H1975 cell line did not show an elevated migratory ability.
Moreover, a difference in wound healing in control versus PRODH expressing clone
pools was not observed (Figure 10).

In the soft agar colony formation assay, PRODH expressing clones formed smaller
colonies than control clones in both cell lines (Figure 11, A). Moreover, NCI-H1299
PRODH expressing clone pools formed significantly less colonies in soft agar
compared to control clone polls (Figure 11, B), confirming the results obtained with
the NCI-H1650 cell line. In the NCI-H1975 cell line, no difference was found in the

number of clones formed by PRODH expressing clone pools compared to control

clone pools.
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Figure 11. Soft agar assay. Cells were plated at very low seeding density (5x10°cells/ml) and
grown in soft agar for 16 days. A. Representative colonies formed by NCI-H1299 and NCI-
H1975 cell lines transfected with empty vector or a PRODH expression construct. Bar
indicates 150 um. B. The colonies were counted and the mean of all clones was plotted. The
data represent the mean of triplicates + SE of two independent experiments, performed with
2 PRODH expressing and 2 control pools from NCI-H1299 cells and 2 PRODH expressing and
2 control pools from NCI-H1975 cells. Results were analysed by two-tailed t test. Asterisks

indicate significant differences (*** p < 0,001).
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In conclusion, these results suggest that PRODH can influence several aspects of cell

behaviour in lung adenocarcinoma cell lines. Table 4 summarizes the findings in the

investigated cell lines.

Table 4. Summary of the results obtained from PRODH expressing clones compared to control

clones for different cell lines in different tests.

Clonogenic Wound healing | Colony formation assay (anchorage
assay assay (motility) independence)
(survival)
NCI-H1650 J survival D motility n2 and size of colonies
NCI-H1299 J survival A motility { n? and size of colonies
NCI-H1975 J survival No difference { size, no difference in n2 of colonies
NCI-H2228 J survival
SK LU-1 d survival
A549 A survival
NCI-H1437 /N survival
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DISCUSSION

Investigating the molecular bases of lung cancer, the leading cause of cancer death
worldwide (Siegel et al., 2019), is key to find useful markers for different
applications, such as early diagnosis, differential diagnosis, prognosis and to guide
therapeutic options. This work focused on proline dehydrogenase (PRODH), a
mitochondrial enzyme, key to proline metabolism, that plays an important role in
induction of apoptosis and autophagy, influencing cellular outcomes. PRODH
expression is dysregulated in several types of cancer, including colorectal, renal,
mammary and pancreatic carcinomas (Maxwell & Rivera, 2003; Liu et al., 2009; Liu
et al., 2012; Elia et al., 2017; Olivares et al., 2017; Zareba et al., 2017; Zareba et al.,
2018; Liu et al., 2020; Toloczko-lwaniuk et al., 2020).

Immunohistochemistry data suggest that PRODH plays a role in lung tumorigenesis,
in particular in the ADC subtype, where it seems to improve prognosis in terms of
cancer-specific survival and overall survival (Figures 1 and 2), and that there is a
correlation between PRODH expression and EGFR mutations.

In this work, several lung ADC cell lines were analysed for PRODH expression, in
order to find suitable cellular models to study the effects of PRODH expression
modulation.

Comparison of the transcript levels described in silico (Cancer Cell Line
Encyclopedia) with experimental data showed good correlation, but, most
importantly, we found a correlation between protein and transcript levels,
suggesting that PRODH is mainly regulated at the transcriptional level.

Some ADC cell lines with low endogenous PRODH expression levels were used to
test the clonogenic ability after transfection with an expression construct encoding
wild-type PRODH or empty vector as control. In A549 cells, PRODH overexpression
favoured survival, observed as an increase in clonogenic ability in PRODH
transfected compared to control cells, whereas in all the other cell lines the

transfection with PRODH expression construct led to a decrease in clonogenic
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ability. NCI-H1437 cell line, with relatively high PRODH expression levels, showed a
decrease in clonogenic ability after silencing, thus showing a behaviour similar to
the A549 cell line. This suggests that PRODH affects survival of lung cancer cells, but
the outcome depends on additional and specific features of the cell lines. A possible
explanation is that the difference in the observed behaviour among the tested cell

lines may be caused by differences in their genetic background (Table 5).

Table 5. Characterized mutations of cells under study.

Cell lines | Characterized mutations

wt TP53 and EGFR, mutations in KRAS (p.G12S), CDKN2A, STK11 and
SMARCA4

A549

Deletion in the PTEN gene (c.1027-?_1213+?del), mutations in CDKN2A,
EGFR and TP53

NCI-H1650

NCI-H1437 | wt EGFR; mutations in TP53 and CDKN2A

NCI-H1975 | mutations in EGFR

NCI-H2228 | ALK-PTPN3 and EML4-ALK gene fusion

SK LU-1 mutations in KRAS

NCI-H1299 | Deletion of the TP53 gene

The attempt to obtain single clones stably expressing PRODH from the same cell
lines tested in clonogenic assays was unsuccessful, since most of the clones that
were resistant to the selective agent (G418) lost expression of the transgene. In the
vector where PRODH was cloned (pcDNA3.1), transgene expression is under control
of the strong Citomegalovirus (CMV) early promoter, that has been shown to often
lead to unstable transgene expression (Wang et al., 2017). Other vectors with a
different promoter will be tested.

Several PRODH expressing clones from the NCI-H1650 cell line were obtained. These
clones were used for a panel of assays, such as proliferation curves, wound healing
and colony formation assays. No significant difference in growth was observed in
proliferation curves, neither when performed at standard culture conditions nor

under specific stress conditions, between PRODH expressing and control clones.
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The wound healing assay represents a simple way to analyse cell migrating abilities.
The reason for performing this assay was that recently an association was found
between PRODH expression and metastatization in breast cancer cells (Elia et al.,
2017). However, it must be stressed that, in spite of the fact that in both lung
adenocarcinoma and ductal infiltrating breast adenocarcinoma PRODH is highly
expressed, the consequences of this expression may be different. In NCI-H1650
cells, PRODH expressing clones showed a greater motility than control clones. The
results of the soft agar assay showed that PRODH expression decreases the ability
of cells to form spheroids. This aspect, needs to further investigation focusing on 3D
cells growth, for example using hydrogel coated plates.

The results with the NCI-H1650 cell line were confirmed in the NCI-H1299 cell line.
A significant increase in motility and a reduced ability to grow in soft agar in PRODH
expressing compared to control clones was found, while the NCI-H1975 cell line did
not show cell migrating abilities neither in control and PRODH expressing clones,
and also did not show differences in the ability to form spheroids. Thus, although
PRODH is expressed both in lung adenocarcinoma and in ductal infiltrating breast
adenocarcinoma, the outcomes of this expression appear to be different (Elia et al.,
2017). In a recent work, lung adenocarcinoma cell lines were shown to recapitulate
what was found in breast cancer cell lines (Liu et al., 2020). However, only the A549
cell lines was tested both in their work and in the present study and we show here
that it behaved differently from other lung adenocarcinoma cell lines.

In conclusion, these results in lung adenocarcinoma cell lines suggest that PRODH
can play a role in several aspects of tumour initiation and progression in lung cancer
tumorigenesis. These results are supported by the results obtained by
immunohistochemistry analysis. Actually, in the tumour samples analysed, we
observed that PRODH expression diminishes with increasing stage or grading of the
adenocarcinoma samples, suggesting that the function of PRODH in these cancer
cells may be related to maintenance of differentiation and normal physiology of

tumour cells. To further elucidate PRODH function in lung tumorigenesis, additional
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cellular models in which PRODH expression is modulated by using an inducible
promoter will be generated. These models could also be used for in vivo
experiments in mice. Moreover, we aim to identify possible genetic modifiers of
PRODH expression and/or function, starting with the most likely candidate, EGFR,
taking into account the correlation that we found between PRODH expression and

the presence of EGFR mutations in our samples.
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ABSTRACT

Lung cancer is one of the most frequent and deadly cancers worldwide. It is a highly
heterogeneous disease, comprising Small Cell Lung Cancer (SCLC) and Non-Small
Cell Lung Cancer (NSCLC), which in turn is composed of two main histotypes,
adenocarcinoma (ADC) and squamous cell carcinoma (SCC). Hence, identification of
markers to improve diagnosis, prognosis and to guide therapeutic options for NSCLC
is needed. Proline dehydrogenase (PRODH) is a mitochondrial inner-membrane and
stress-inducible flavoenzyme catalyzing the first step in the proline degradation
pathway, that is involved in the regulation of cell survival, autophagy and apoptosis.
In line with these different biological functions, PRODH also showed different roles
in tumorigenesis, as it behaves as a tumour suppressor in renal and colorectal cancer
and as an oncogene, promoting invasion and metastatization, in breast and
pancreatic cancer. In lung cancer, immunohistochemical analyses showed that
PRODH is expressed in a high proportion of early stage lung ADCs but is rarely (SCC)
or not expressed (SCLC) in other types of lung cancer. Expression decreases in high
grade tumours and at high stages, suggesting it behaves as a differentiation marker.
PRODH expression recapitulated expression of the main ADC marker, TTF-1, in
normal lung tissues and in NSCLCs. Based on similar expression, involvement in the
same tumours or genetic pathologies, and the presence of putative TTF-1 response
elements in PRODH promoter, we hypothesized that the PRODH gene may be a
transcriptional target of TTF-1.

Transfection of a TTF-1 expression construct into two lung ADC cell lines (A549 and
NCI-H1299) led to an increase in PRODH transcript in both cell lines, suggesting that
we may have identified a novel regulator of the PRODH gene. One of the predicted
response element indeed was shown to be specifically activated by TTF-1. In
conclusion, our data support a possible application of PRODH immunostaining as a
marker to differentiate between lung ADC and SCC and opens up new research

perspectives aimed to investigate the role of PRODH in NSCLC biology.
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INTRODUCTION

Proline Dehydrogenase (PRODH) is the enzyme key to proline metabolism, that
interconnects it with fundamental metabolic pathways, such as the tricarboxylic
acid cycle or the urea cycle. Moreover, electrons derived from proline oxidation can
be transferred from the FAD cofactor to the electron transport chain to produce
ATP, favouring survival during nutrient stress. Alternatively, electrons are used to
generate reactive oxygen species (ROS) that can regulate important processes, such
as autophagy or apoptosis (Liang et al., 2013; Phang et al., 2015). Thus, PRODH has
the potential to induce both cell survival and apoptosis. PRODH has been linked to
several pathological conditions, such as type | hyperprolinemia, neuropsychiatric
disorders (schizophrenia and schizoaffective disorders), epilepsy, mental
retardation and cancer (Jacquet et al., 2002; Bender et al., 2005; Jacquet et al., 2005;
Di Rosa et al., 2008; Mitsubuchi et al., 2008; Guilmatre et al., 2010; Clelland et al.,
2011; Liu & Phang, 2012). PRODH expression and function has been studied in
breast, renal, liver, colon, pancreas and stomach cancers (Maxwell and Rivera, 2003;
Liu et al., 2012; Elia et al., 2017; Olivares et al., 2017; Liu et al., 2020) and, although
initially described as a tumour suppressor, it is actually a dual role protein, capable
on one side to suppress tumorigenesis by induction of apoptosis, but also to
promote survival of cancer cells, invasion and metastatization (Maxwell et al., 2008;
Liu et al., 2009; Liu and Phang, 2012; Raimondi et al., 2013; Monti et al., 2014).
Moreover, previous studies by Angulo et al. showed that PRODH is expressed in a
subset of lung adenocarcinomas as part of a 13 gene signature that they suggested
was due to EGFR mutations (Angulo et al., 2008). In our previous experiments, we
confirmed that ADCs express PRODH and that expression correlates with the
presence of EGFR mutations (Grossi et al., manuscript in preparation).

Indeed, immunohistochemical analyses on NSCLC and SCLC samples showed that
the expression of PRODH is elevated in about 60% of adenocarcinomas (considering

as positive tumours showing staining in more than 25% of tumour cells), whereas
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expression is present in a significantly lower percentage of SCC cases, where staining
is also less intense, and totally absent in SCLC. We also showed that in
adenocarcinomas PRODH expression is elevated not only at the protein level but
also at the transcript level, suggesting a transcriptional or post-transcriptional
regulation.

Furthermore, in normal lung tissue, used as a control, PRODH is expressed in type Il
pneumocytes and Clara cells, that are considered the cells of origin of ADC (Chen et
al., 2014). The expression pattern overlaps quite well with that of TTF-1, which is
expressed in the same PRODH positive cells in normal lung tissue and is a marker of
lung adenocarcinoma.

TTF-1 (Thyroid Transcription factor-1), also known as Nkx2.1 or T/EBP (thyroid-
specific-enhancer-binding protein), is a homeodomain-containing transcription
factor, involved in the development and differentiation of the lung, thyroid and part
of the brain (Bingle, 1997; Boggaram, 2009). In the lung it is expressed in particular
in Clara cells and type Il pneumocytes, where it transcriptionally regulates the
expression of target genes, including those encoding for surfactant proteins and
proteins involved in cell adhesion, such as occludin and claudins (Runkle et al.,
2012). It is used as a molecular marker for adenocarcinomas, aiding differential
diagnosis. Unfortunately, TTF-1 cannot be used as a target for therapy of such
tumours, as its function is also essential for normal lung physiology.

The observations described above led us to hypothesize that there could be a
correlation between PRODH and TTF-1 expression. In particular, we aimed to test

the hypothesis that TTF-1 could transcriptionally regulate PRODH gene expression.
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MATERIALS AND METHODS

Cell culture

A549 and NCI-H1299 human lung adenocarcinoma cell lines were used in this work.
Cells were maintained in RPMI 1640 supplemented with 10% FBS and 1% glutamine.
All cell culture media and supplements were from CARLO ERBA Reagents (Milan,
Italy).

Cultures were incubated at 37°C in 95% humidity and 5% CO. atmosphere. At
confluence, cells were detached from culture flasks by trypsinisation. A new batch
of frozen cells was thawed on average 1-2 weeks before each experiment to have
sufficient numbers of cells.

To evaluate the presence of mycoplasm, cells were routinely checked by using the
nested PCR method described in Tang et al. (Tang et al., 2000).

For transient transfections, 1,8x10° cells were seeded in a 6-well multiwell plate, to
be 70% confluent on the following day, when transfection was performed using 2
pug of DNA/well and Fugene HD transfection Reagent (Promega, Milan, Italy),
according to manufacturer’s instructions. A pPRcCMV construct carrying the wild-
type TTF1 coding sequence and pcDNA3.1 empty vector as control condition were
transfected into cells. 48 hours later, cells were collected for total RNA extraction

and preparation of cells lysates.

Immunoblotting

Cell lysates were obtained after manual scraping of cells from cell culture vessels
using PBS. Cells were counted and, after centrifugation, they were resuspended in
Laemmli Sample Buffer 2X (125 mM Tris-HCI, 4% SDS, 20% glycerol, 10% p-
mercaptoethanol, 2mM EDTA, pH 6.8), using 1 pl every 2x10* cells. The samples

were lysed by incubation at 95°C for 3 min followed by vortexing, repeating these
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steps for three times and stored at -802C until use. For SDS-PAGE 17 pl of cell lysate
were used.

Proteins were transferred onto a nitrocellulose membrane (Amersham Hybond ECL,
GE Healthcare Life Sciences, by Euroclone, Milan, Italy) using the Mini-PROTEAN
Tetra System (Biorad, Milan, ltaly); after blocking in 4% non-fat milk in PBS-T (0.1%
Tween20 in PBS) and incubation with the appropriate primary and secondary
antibodies, signals were detected with the Amersham ECL Prime Western Blotting
Detection Reagent (GE Healthcare Life Sciences by Euroclone, Milan, Italy), using an
Odyssey LI-COR FC imaging system (Carlo Erba Reagents, Milan, Italy).

Primary antibodies were a mouse monoclonal antibody against Anti-TTF-1, clone
8G7G3/1 (790-4398, Roche diagnostics, Monza, Italy, working dilution 1:10) and a
mouse monoclonal antibody against a-tubulin, clone B-5-1-2 (T6074, Merck, Milan,
Italy, working dilution 1:8000) for normalization. Stabilized HRP-conjugated goat
anti-mouse Ig was used as secondary antibody (1:900, ThermoFisher Scientific,

Milan, Italy). Antibodies were diluted in 2% non-fat milk in PBS-T.

RNA extraction and gene expression

Total RNA was extracted from cells using TriReagent (Sigma-Aldrich, Milan, Italy)
according to manufacturer’s instructions. RNA samples were quantified with a
NanoDrop 2000c (ThermoFisher, Life Technologies Italia, Milan, Italy) and run on an
agarose gel for quality control.

For real-time quantitative PCR (qPCR), cDNA was obtained from 500 ng of RNA by
using the iScript cDNA synthesis kit (Biorad, Milan, Italy). Gene expression analysis
was performed in triplicate using a CFX96 thermal cycler (Biorad, Milan, Italy) and
the iTAQ Universal Sybr Green Supermix (Biorad, Milan, Italy), using primer pairs
specific for PRODH (forward primer: 5-GCAGAGCACAAGGAGATGGA-3’; reverse
primer: 5 -TGGTATTGCTTGTCCCGCTT-3’), SpB  (forward primer:  5'-
GGCCTCACACACAGGATCTC-3’; reverse primer: 5-CTAGCGCACCCTTGGGAAT-3’),
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OCLN (forward primer: 5-ACATTTATGATGAGCAGCCCCC-3’; reverse primer: 5'-
GTGAAGGCACGTCCTGTGT-3’), CLDN1 (forward primer: 5-
CCAGTCAATGCCAGGTACGA-3’; reverse primer: 5-CAAAGTAGGGCACCTCCCAG-3’)
and B2M (forward primer: 5’-AGGCTATCCAGCGTACTCCA-3’; reverse primer: 5'-
ATGGATGAAACCCAGACACA-3’). Relative mRNA quantification was obtained by
applying the 27-DeltaDeltaCq method, using B2M as reference gene, to normalize
data (Livak and Schmittgen, 2001).

Melting curve analysis was performed to ensure that single amplicons were

obtained for each target.

Plasmid constructs

pPRCCMV-TTF1 construct was obtained from Dr. Stefania Guazzi (IIT, Genova)
(Zannini et al., 1996); pGL4.26 vector was obtained from the laboratory of Prof.
Alberto Inga (University of Trento). pCDNA3.1 vector was already available in the
laboratory and was used as a control, because it shares the same characteristics as
the pRC-CMV-TTF1 construct.

pGL4.26 was used to clone the sequences of four putative TTF-1 response elements
(named RE1, RE2, RE3 and RE4) identified with the rVISTA software in the PRODH
genomic region encompassing -5000 bp and +1000 bp with respect to the
Transcriptional Start Site [numbering is based on alignment of RefSeq NM_016335
on the hg38 genomic assembly in the Blat search engine
(https://genome.ucsc.edu/cgi-bin/hgBlat)]. The same plasmid was also used to
clone the mutagenized sequence of RE1.

Primers were ordered from Metabion International AG (CARLO ERBA Reagents,
Milan, Italy). To facilitate cloning, the sequences recognized by specific restriction
enzymes and additional nucleotides to obtain a high cutting efficiency were added

to the oligonucleotides. Oligonucleotide sequences are shown in Table 1.
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Table 1: Characteristics of the synthetic oligonucleotides used for cloning of the single REs in
pGL4.26. The sequences of the individual REs are shown in bold and underlined. Restriction

sites are indicated in blue (Xhol), red (Bglll) and green (Ndel).

Name nt SEQUENCE (5’ = 3’) Tm (°C)

RE1 f 24 TCCGCTCGAGCATATGGCAGTTTTTGTGTCCCTGGGTACTTGA 89
W
GATTAGGGAGTGGTGATGACTAGATCTTCCA

RE1 - TGGAAGATCTAGTCATCACCACTCCCTAATCTCAAGTACCCAG 89
rv
GGACACAAAAACTGCCATATGCTCGAGCGGA

RE2 f 80 TCCGCTCGAGCATATGGTCCAGCCTGTAGTCCCAGCTACTTGG 92
w
GAGGTTGAGGCAGGGGGATCACTTGAGAGATCTTCCA

RE2 80 TGGAAGATCTCTCAAGTGATCCCCCTGCCTCAACCTCCCAAGTA 92
rv
GCTGGGACTACAGGCTGGACCATATGCTCGAGCGGA

RE3 f 24 TCCGCTCGAGCATATGTTTCAGGCCAGCCTTGTTCCCACAGGT 9
w
GCCCTCACAGGTGGGCTCTCCAGATCTTCCA

RE3 24 TGGAAGATCTGGAGAGCCCACCTGTGAGGGCACCTGTGGGAA 92
rv
CAAGGCTGGCCTGAAACATATGCTCGAGCGGA

RE4 f 24 TCCGCTCGAGCATATGTTCATATTTACGATATATACCACTTGTG 84
W
GGAATACAGAGTTATCACTTAGATCTTCCA

TGGAAGATCTAAGTGATAACTCTGTATTCCCACAAGTGGTATA

RE4 rv 74 - 84
TATCGTAAATATGAACATATGCTCGAGCGGA
RE1mut 24 TCCGCTCGAGCATATGGCAGTTTTTGTGTCCCTGGTTAACTCAT 87
fw ATTAGGGAGTGGTGATGACTAGATCTTCCA
RE1mut TGGAAGATCTAGTCATCACCACTCCCTAATATGAGTTAACCAG
rv 7 GGACACAAAAACTGCCATATGCTCGAGCGGA 87

5 ul of forward and 5 pl of reverse primers (all resuspended at 100 uM final
concentration) were mixed with 2X Annealing Buffer (20 mM Tris-HCI, 100 mM Nacl,
2 mM EDTA, pH 8.0) and the reactions were incubated into a T100 Thermal Cycler
(Biorad, Milan Italy) at 95 °C for 5 min, followed by a gradual decrease of the
temperature of 1 °C/cycle for 1 minute, until 202C were reached and a final hold at
4°C.

The double stranded DNAs were then digested with Xhol and Bglll and cloned into
the pGL4.26 vector. The presence of the insert in the vector was verified through
digestion with Ndel. The constructs were sequenced to verify the absence of

undesired mutations (GATC-Biotech, Germany).




Luciferase assays

For each cell line, 3x10* cells were seeded in a 24-well multiwell plate. The following
day, transfection was performed with Fugene HD transfection Reagent (Promega,
Milan, Italy), according to manufacturer’s instructions. Each well was transfected
with either 480 ng of the pRcCMV-TTF1 construct or 370 ng of the control pcDNA3.1
empty vector, 400 ng of one of the pGL4.26 constructs containing the single REs or
empty vector, 260 ng of the pRL-SV40 plasmid harbouring the luciferase gene from
Renilla reniformis controlled by a constitutive promoter, for normalisation purposes
(Promega, Milan, Italy). 48 hours after transfection, cell cultures were harvested and
luciferase activity was measured using the Dual-Luciferase Reporter Assay System
(Promega, Milan, Italy) according to manufacturer’s protocol. Chemiluminescence
was measured with an Infinite F200 microplate reader (Tecan, Cernusco sul Naviglio,
Italy), then, for each sample, firefly luciferase activity was normalized with Renilla

luciferase activity.

Statistical Analysis

Data from gene expression analyses following transfection of the TTF-1 expressing
construct or empty vector in the cell lines under study were compared using t-test
(GraphPad Prism statistical software program 4.02 version); five independent
experiments were done for each cell line. Data from four independent luciferase
assay experiments were compared using analysis of variance (ANOVA) with post hoc

Dunnett’s test (Statistica data analysis and visualization program, version 8.0).
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RESULTS

To investigate whether the TTF-1 transcription factor regulates PRODH expression,
we performed transient transfection of A549 and NCI-H1299 cells with a TTF-1
expression construct and with empty vector as the control condition. After 48 hours,
we observed a strong increase in TTF-1 protein expression, compared to cells
transfected with empty vector (Figure 1A), by immunoblotting, that was paralleled
by a small but significant (p=0,0047) 2,2 fold increase in PRODH transcript A549 cells
and a 11,5 fold increase in NCI-H1299 transfected with pRcCMV-TTF-1, compared to
control condition (Figure 1B), evaluated by gPCR. The increase in PRODH transcript
in the A549 cell line was similar to the fold induction observed for two known TTF-
1 target genes, namely occludin (OCLN, 1,764 fold, p = 0.050) and claudin 1 (CLDN1,
2,052 fold, p = 0.0109); in the NCI-H1299 we did not observe a significant induction
of the two positive control genes (Figure 1B). However, analysis of SFTPB, another
well known TTF-1 target gene encoding Surfactant protein B (SpB), was induced in
both cell lines transfected with the TTF-1 expression construct (1700 fold in A549
cells, p = 0.0003; 50 fold in NCI-H1299, p = 0.0001) (Figure 1B).
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Figure 1. Transient transfection of a TTF-1 expression construct in the A549 and NCI-H1299
cell lines leads to an increase in PRODH expression. A. Inmunoblotting of TTF-1 and a-Tubulin
on cell lysates obtained 48 hours after transfection with pcDNA3.1 and pRcCMV-TTF-1. MKk,
Protein Ladder (ThermoFisher Scientific, Milan, Italy). B. Graph reporting the mean of qPCR
results obtained in 5 experiments for each cell line. The constructs used for transfection are
shown along the x axis, while the fold change of PRODH, OCLN, CLDN1 or SFTPB expression
in cells transfected with the TTF-1 expressing construct compared to empty vector is shown
in the y axis. Bars represent the standard error. * p <0.05; ** p <0.01; *** p <0.001 (Student's

t-test).

We looked for putative TTF-1 binding sites in the PRODH gene. A genomic region
encompassing -5000 to +1000 bp (from the transcriptional start site of the PRODH
gene) was subjected to bioinformatic analysis with the program "Regulatory Vista"
(http://genome.lbl.gov/vista/rvista/submit.shtml). Four putative TTF-1 “Response
Elements” (RE) were identified in the PRODH gene between 2400 bp upstream and

1000 bp downstream of the transcriptional start site (Figure 2).
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Figure 2. Position and sequence of the four TTF-1 putative “Response Elements”,
bioinformatically identified by rVISTA in the PRODH gene. The numbering refers to their

position respect to the transcriptional start site (TSS).

Luciferase assays were used to verify whether these sites are indeed TTF1
responsive sequences. A549 and NCI-H1299 cell lines were transiently co-
transfected with pRcCMV-TTF-1 or pcDNAS3 as control, pGL4.26 vector or one of the
constructs carrying the 4 different Response Elements and finally pRL-SV40, for
normalization. Four independent experiments were performed for each cell line. In
both cell lines, only the pGL4.26 construct containing the RE1 determined a
significant increase in luciferase activity when co-transfected with TTF-1 expressing
construct but not with empty vector (A549, p=0.00002; NCI-H1299, p=0.0447;
Anova test) (Figure 3). These results suggest that TTF-1 can bind this sequence and

transactivate it.
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Figure 3: Luciferase assays show transactivation from RE1 in presence of TTF-1. Graphs
representing the mean and standard error of the 4 Luciferase assay experiments performed
on the A549 and NCI-H1299 cell lines. The analysed REs are indicated along the X axis, while
the Y axis shows the luciferase activity in the presence of the various REs (Luciferase Activity,
Relative Lights Units). The values obtained in presence of pcDNA3 vector (control) and those
in presence of the TTF-1 expression construct (pRcCMV-TTF-1) are shown in light and dark
grey, respectively. Asterisks on RE1 with pRcCMV-TTF-1 indicate that the difference in activity

is significant compared to controls, * p <0.05; **** p <0.0001 (Anova, Dunnett's test).

To confirm that the increase in PRODH expression was due to binding of TTF-1 to
RE1 sequence, the sequence of Response Element 1 was modified. The bases to be
mutagenized were selected by comparison of RE1 with the consensus sequence
published in a work by Guazzi et al., obtained from alignment of 8 sequences from
thyroid specific TTF-1 responsive genes (Guazzi et al., 1990). We also compared the
sequences of the three response elements identified bioinformatically in the PRODH
gene but not confirmed in luciferase assays.

The four bases of the CTTG core (positions 5-8) were always present, except the so
called RE3. For this reason, 3 of the 4 core bases, as well as 2 further bases which
were considered important for binding (position 2, not described in Guazzi et al, that
was unique to RE1, and position 10 that is a G in all sequences including the
consensus), were mutagenized. The RE1 mutated sequence (RE1mut) is shown in

Table 2.
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Table 2: Comparison of putative response elements for TTF-1 identified in the PRODH gene
and the consensus sequence published in the work by Guazzi et al. (Guazzi et al., 1990). The
subscript numbers in the Guazzi sequence indicate the frequency at which those specific
bases were found in the 8 aligned sequences in their work. The conserved core in the
sequence is highlighted in red. The bases that were mutagenized in RE1 are underlined. The

final sequence of the mutated RE1 (RE1 mut) is represented in blue.

RE Putative Response Elements sequences

1 23| 4 5 6 7 8 9 10 | 11 | 12 | 13 | 14 15
Guazzi Co | Te | Te | Gs | A7 | G7 | Ts | Gs N N Ce
et al
PRODH- G|G|T|A]|C T T G A G A T G
RE1 - - | - - -
PRODH- | ol clrlalc|T|T]cle|c|aloc T
RE2
PRODH- C C|C|A|C|A|G G T G C C C
RE3
PRODH-
RE4 A|C|C|A|C T T G T G G G T
PRODH-| ol rlalalc|tlclalT|alT G
RE1mut - - | = - -

The RE1mut sequence was cloned into pGL4.26 and used for luciferase assays,
comparing the luciferase activity from this construct and from empty pLG4.26 to
that of wild-type RE1.

Luciferase activity in presence of the REImut construct was reduced respect to the
wild-type RE1 sequence in both cell lines, with values comparable to those obtained
with the empty vector (Figure 4). The data suggest that RE1 is effectively bound by
TTF-1 and is responsible for the induction observed when the transcription factor is

ectopically expressed in adenocarcinoma cell lines.
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Figure 4: Graph representing the results of luciferase assays performed in A549 and NCI-
H1299 cell lines using RE1 wt or RE1 mut sequences in pGL4.26 constructs or empty vector
(0), co-transfected with the TTF-1 expression construct and pRL-SV40 for normalisation. The
mean and standard error of two experiments are shown. The different constructs expressing
Firefly luciferase are shown along the x axis, while in the Y axis the activity of the various
constructs related to the activity obtained by the wild-type RE1 construct, after normalization
with Renilla luciferase, is reported. ** indicate significant difference, with p <0.01 (Anova,

Dunnett's test).

DISCUSSION

Lung cancer is one of the most common types of cancer and the leading cause of
cancer-related mortality worldwide. Therefore, to improve diagnosis, prognosis and
therapy it is key to understand its biology and to identify novel players in lung
tumorigenesis.

In a recent work, we showed that proline dehydrogenase (PRODH) is expressed in
the adenocarcinoma subtype of lung cancer, where it appears to be a favourable
prognostic factor. In lung adenocarcinoma cell lines its expression influences
survival, invasion and the ability to grow in soft agar (Grossi et al., manuscript in
preparation). Although we show that PRODH is expressed in lung adenocarcinomas,
especially at an early stage and at low grade, neither the factors that control its

expression, nor its physiological significance in normal lung cells -type Il
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pneumocytes and Clara cells — and in the deriving tumours is known (Grossi et al.,
manuscript in preparation; Angulo et al., 2008).

We were intrigued by the fact that the expression pattern and the effects of PRODH
in adenocarcinoma cells recapitulate the behaviour of the TTF-1 homeodomain
containing and lineage-specific transcription factor, which is a well known marker
of lung ADC (Boggaram. 2009; Mu, 2013; Yamaguchi et al., 2013). Its dual role as
tumour suppressor or oncogene can be modulated by different factors, including
p53 status (Chen et al.,, 2015) and interaction with other transcription factors
(Isogaya et al., 2014).

TTF-1 has clinical application as a marker for the diagnosis of adenocarcinomas,
where its expression is detected in 85-90% of cases. This specificity is very important
because it allows to identify the origin of metastases when the primary tumour has
not been identified (Orddénez, 2000; Zamecnik and Kodet 2002; Moldvay et al.,
2004). Although TTF-1 is an excellent marker for differential diagnosis, it cannot be
used as a molecular target for the treatment of this pathology as it performs
fundamental functions for the normal physiology of the lung and thyroid.

Several TTF-1 targets have been identified, suggesting its involvement in different
biological processes, including cell-cell communication and adhesion, cell survival
and invasion, among others (Hosono et al., 2012; Runkle et al., 2012; Yamaguchi et
al., 2012). In this work we explored the possible transcriptional regulation of the
PRODH gene expression by TTF-1. We show that ectopic expression of TTF-1 led to
an increase in PRODH transcript. RE1, one of the putative response elements
identified in PRODH regulatory regions by the rVista prediction program, induced an
increase of luciferase activity when co-transfected with the TTF-1 expressing
construct in the A549 and the NCI-H1299 lung adenocarcinoma cell lines. The
presence of RE1 and TTF-1 together significantly increased luciferase activity by a
factor of 2.5 in A549 cells (p = 0.0047, Anova test) while in the NCI-H1299, a small
increase (1.5 fold) was observed compared to cells transfected with empty vector.

The other Response Elements determined luciferase activity comparable to the
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empty vector, demonstrating that they are not functional. Of note, RE1, located
2366 bp upstream of the Transcriptional Start Site in the human gene, is the only
one preserved between man and mouse both in sequence and position.

Although the induction factor is not high, it is similar to that of other TTF-1 targets,
such as Claudin-1 (Runkle et al., 2012 and our results). It must be underlined that
there is no complete agreement on the actual consensus sequence recognised by
TTF-1, compared with other transcriptional factors, such as p53. The two wild-type
REs described in the work by Runkle et al for occludin and claudin-1 genes (Runkle
et al., 2012) show almost no sequence conservation compared to the REs reported
for eight genes in the work by Guazzi et al., 1990. The consensus sequence reported
by Guazzi et al. is the one used by the rVISTA program.

In support of a direct binding of PRODH RE1 by TTF-1, RE1 mutagenesis led to a
reduction in luciferase activity to the levels found when the empty pGL4.26 vector
was used. The RE1 sequence was mutagenized in four different positions to
differentiate it from the wild-type sequence; in particular, three bases were
changed in the core and another base at position 10 (Table 2 in the Results), all
considered important for binding to the TTF-1 transcription factor.

TTF-1 can play a double-edged role in cancer (Yamaguchi et al., 2013): on one hand
it can play a suppressive role by reducing invasion and metastasis, on the other
hand, it can play an oncogenic role, for example by enhancing EGFR-driven lung
tumorigenesis (Maeda et al., 2012; Yamaguchi et al., 2013).

Evidence suggests that the double role of TTF-1 in lung tumorigenesis may be
influenced by interaction with other genetic factors. In particular, p53 status
influences TTF-1 induced outcome during lung tumorigenesis (Chen et al., 2015).
This is of particular importance considering that PRODH is also a target of the p53
family (Raimondi et al., 2013; Monti et al., 2014). Other factors influencing TTF-1
function include the transcription factor Foxp2, which interacts with TTF-1 and
provokes its dissociation from DNA and down-regulation of Surfactant Protein C (SP-

C) (Zhou et al., 2008), Forkhead Box A2 (FOXA2; Minoo et al., 2007), retinoic acid
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receptors (RAR; Yan et al., 2001), GATA6, a member of the GATA family of zinc finger
domain containing transcription factors (Liu et al., 2002) and Signal transducer and
activator of transcription 3 (STAT3; Yan et al., 2002). The latter is also involved in
EGFR signal transduction pathway, thus representing another possible modifier of
PRODH expression and function in lung adenocarcinomas. Moreover, the receptor-
regulated Smad proteins (Smad2 and Smad3) negatively modulate the
transcriptional activity of TTF-1 (Li et al., 2002; Isogaya et al., 2014), whereas the
transcriptional co-activator with PDZ-binding motif (TAZ) modulates TTF-1 in
positive manner (Park et al., 2004).

This would explain why PRODH, as well as other TTF-1 targets, are expressed at
different levels in different cell lines. For these reasons, further experiments are
needed in order to define the cofactor(s) that cooperate with TTF-1 to regulate the
expression of PRODH in lung adenocarcinoma cell lines.

A limitation of this study is that we investigated the transcriptional control exerted
on PRODH expression only following transfection of a TTF-1 encoding construct.
TTF-1 activity is induced by glucocorticoids -such as dexamethasone- and cAMP
treatment (Li et al., 1998; Gonzales et al., 2002; Kolla et al., 2007). Interestingly,
glucocorticoid response elements are also present in the PRODH gene, suggesting
that PRODH upregulation by glucocorticoids may occur both directy and indirectly,
through TTF-1 (Sasse et al., 2015).

In conclusion, our data suggest that PRODH is a favourable prognostic factor in lung
adenocarcinoma and its expression is at least partially controlled by TTF-1, one of
the most important transcription factor and markers of adenocarcinoma. It will be
important to collect as much information as possible about PRODH regulation and
biological functions to be able to understand how it could be exploited as a marker

and if in some instances it could also be used for targeted therapy.
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CONCLUSIONS AND FUTURE PERSPECTIVES

The aim of this PhD project was to investigate proline dehydrogenase (PRODH)
expression and function in lung cancer and to investigate regulation of its gene by
the TTF-1 transcription factor.

PRODH expression, characterized by immunohistochemical analysis in NSCLC and
SCLC cases, was shown to be present in the majority of ADCs, rare in SCCs and absent
in SCLC. Moreover, PRODH expression was higher in tumours at an early stage,
characterized by small size and absence of metastases, and low grade. PRODH
expression appeared to improve cancer-specific survival and overall survival by
Kaplan-Meyer curves.

Investigation of the effects of PRODH expression in adenocarcinoma cell lines did
not lead to univocal results, although the majority of the cell lines had the same
behaviour, in particular in terms of cell survival. We hypothesized that the different
genetic background of the cell lines under analysis could play a role.

Among the possible modifiers to be investigated in order to analyse in more detail
the effects that an overexpression of PRODH has on cell growth, it is worth
mentioning p53, because PRODH gene is a target of the p53 family (Raimondi et al.,
2013), and PRODH was shown to contribute to p53-induced apoptosis (Liu and
Phang, 2012).

Another factor that could act as modifier of PRODH effects is EGFR. Indeed, a study
by Angulo et al. showed that PRODH is expressed in a subset of lung
adenocarcinomas as part of a 13 genes signature induced by EGFR mutations
(Angulo et al., 2008). These results are in agreement with our findings in ADC
samples, obtained by immunohistochemical analysis, in which PRODH expression
correlated with the presence of EGFR activating mutations. However, EGFR status
alone does not completely explain our findings regarding survival in the cell lines

under study.
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In considering the role that a different genetic background plays in tumorigenesis,
the importance of chromatin-modifying enzymes must also be highlighted (Jones et
al.,, 2016). Indeed, it was demonstrated that the chromatin remodelling factor
lymphoid-specific helicase (LSH) regulated PRODH expression through the
recruitment of p53 to PRODH promoter (Liu et al., 2020).

The same authors found a correlation between PRODH and inflammation. In
particular, they showed that, by the induction of ROS, PRODH could induce three
inflammatory genes (CXCL1, LCN2 and /L17C) in a manner dependent on IKKa and
IkB phosphorylation (Liu et al., 2020).

In this PhD project | also suggest that the Thyroid Transcription Factor-1 (TTF-1)
activates PRODH gene expression. However, | used ectopic expression of TTF-1 for
these experiments. Studies on PRODH regulation following induction of TTF-1
transactivating activity with glucocorticoids / cAMP will confirm my preliminary
findings. It must be considered that the picture about PRODH regulation that | am
presenting is likely to be more complex. TTF-1, p53 and NfkB were shown to be
interconnected and the effects of TTF-1 on cellular phenotypes (seen by invasion,
soft agar growth, xenograft models) was shown to be different depending on p53
status (Chen et al., 2015). Additionally, the EGFR pathway is connected to TTF-1 by
the orphan tyrosine kinase-like receptor ROR1, that is a transcriptional target of TTF-
1 and sustains cell survival mediated by EGFR (Yamaguchi et al., 2012).

Further studies are therefore needed to investigate how the crosstalk among these
different pathways could influence PRODH induced cellular outcomes.

In this study, PRODH overexpression increased cell motility of tested lung ADC cell
lines, but decreased anchorage independence during soft agar growth. In a recent
work, Liu et al. described that PRODH increases invasion, epithelial to mesenchymal
transition and production of inflammatory cytokines via ROS production in lung ADC
cell lines; moreover, in vivo, PRODH expressing tumours were bigger than control
tumours in nude mice (Liu et al., 2020), confirming its function as an oncogene, that

had already been proposed for PRODH in breast cancer cells (Elia et al., 2017). The
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authors used the A549 cell model, that also in our clonogenic assay behaved
differently from other cell lines. The other two cell lines used by Liu et al., PC9 and
95D, are not among the cell lines we analysed in our study (Liu et al., 2020).
Therefore, further experiments need to be performed, focusing on 3D cells growth,
invasion and the characterisation of epithelial to mesenchymal transition also in our
models, to draw a clear picture of PRODH effects in these cell lines.

Another aspect to take into consideration is the type of construct used to drive
PRODH expression. | used a pcDNA3.1 vector, in which transgene expression is
controlled by the strong CMV viral promoter. Transgene expression could be too
high (resulting in toxicity of specific proteins) or unstable with this promoter, due to
silencing, as it has been shown for ectopic expression of transgenes under control
of the CMV promoter in CHO cells (Yang et al., 2010; Wang et al., 2017).

Indeed, new cellular models in which PRODH expression is modulated by an
inducible promoter are desirable to apply these models also for in vivo
tumorigenesis experiments in nude mice.

It is well known that metabolic reprogramming is an important hallmark of cancer
(Hanahan and Weinberg, 2011). For this reason, the search for metabolic pathways
that are altered in various types of tumours, and therefore the development of new
metabolic inhibitors as novel cancer therapy has developed in recent years.
Modulation of PRODH activity seems very promising, as evidence for an altered
proline metabolism during tumourigenesis accumulates (Frank et al., 2010; Sasada
et al., 2013; Elia et al., 2017; Panosyan et al., 2017; Olivares et al., 2017; Zareba et
al., 2017; Tanner et al., 2018; Fang et al., 2019; Huynh et al., 2020).

Among the most promising chemical compounds, L-tetrahydro-2-furoic acid (L-
THFA) was demonstrated to inhibit PRODH activity in HEK 293 and MCF7 cell lines
(Krishnan et al., 2008; Elia et al., 2017). Moreover, treatment with this compound
did not show adverse effects on normal cells in in vitro and in vivo experiments (Elia
et al., 2017). Other compounds with anticancer activity are contained in propolis

(chrysin, caffeic acid, p-coumaric acid, and ferulic acid) and were shown to
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contribute to the induction of PRODH dependent apoptosis in the Cal-27 tongue
squamous cell line (Celinska-Janowicz et al., 2018).

N-propargylglycine (N-PPPG) is another promising compound, capable of inhibiting
PRODH specifically and irreversibly, and apparently well tolerated in mice at
effective doses (Scott et al., 2019).

It is important to underline that the switching mechanism of PRODH-dependent
apoptosis/survival in lung cancer was unknown so far. The data reported in this PhD
thesis suggest that the differential expression and/or mutations of PRODH and its
regulation by TTF-1 and possibly EGFR may play a role in this type of tumour.

In conclusion, PRODH is demonstrating to be a challenging protein, whose effects
can be different in different cell types and tissues, likely depending also on the
genetic background. Further and more in-depth studies need to be performed in
order to better characterize the role this protein plays in lung tumourigenesis, and

to identify possible genetic modifiers of PRODH function.
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Abstract: Several types of 3-dimensional (3D) biological matrices are employed for clinical and
surgical applications, but few indications are available to guide surgeons in the choice among
these materials. Here we compare the in vitro growth of human primary fibroblasts on different
biological matrices commonly used for clinical and surgical applications and the activation of
specific molecular pathways over 30 days of growth. Morphological analyses by Scanning Electron
Microscopy and proliferation curves showed that fibroblasts have different ability to attach and
proliferate on the different biological matrices. They activated similar gene expression programs,
reducing the expression of collagen genes and myofibroblast differentiation markers compared to
fibroblasts grown in 2D. However, differences among 3D matrices were observed in the expression
of specific metalloproteinases and interleukin-6. Indeed, cell proliferation and expression of matrix
degrading enzymes occur in the initial steps of interaction between fibroblast and the investigated
meshes, whereas collagen and interleukin-6 expression appear to start later. The data reported here
highlight features of fibroblasts grown on different 3D biological matrices and warrant further studies
to understand how these findings may be used to help the clinicians choose the correct material for
specific applications.

Keywords: 3D-biomaterials; human primary fibroblasts; gene expression; cell growth; surgery

1. Introduction

Prosthetic abdominal wall surgical repair is a common procedure for the treatment of
several types of hernias or lesions of the muscular inner body walls. About one million
prostheses for abdominal wall repair per year are used worldwide, and, since the first
description of the use of a synthetic mesh for this surgery, plenty of new materials have
been introduced as repairing options, leading to a considerable reduction in recurrence
rates [1]. Moreover, prosthetic materials are increasingly used for other applications, such
as mammary plastic surgery [2].

These materials can be synthetic or of biological derivation. Synthetic meshes are
generally made of polypropylene, polyethylene-terephthalate, polytetrafluoroethylene,
polyester, or polyvinylidene-fluoride, and their features depend on the material weight
and size of pores [3,4]. They confer strength and stability to the abdominal wall. However,
synthetic meshes can give rise to fibrotic responses and adherence. Moreover, their use in
surgery at risk for infection (classified by the Centers for Disease Control and Prevention
as “clean-contaminated”) is debated [5]. Biological 3D matrices are derived from the extra-
cellular matrix (ECM) of a variety of tissues and species. They undergo sterilization, albeit
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different procedures can be used to this aim, and can be further processed by crosslinking.
All these processes can lead to alterations of the matrix and, therefore, once implanted in the
patient, affect the pathways inducing foreign body response (FBR) [6]. Other characteristics
considered specifically in the instance of biological meshes include resistance to microbial
infection, the ability to provide a barrier to visceral adhesion formation, and the capacity to
respond in a fashion similar to native tissue [7,8].

A proper body-mesh response is fundamental for successful abdominal wall repair,
but the mechanisms underlying the interactions between the 3D matrices and patient cells
and tissues are still not clear and need to be further investigated [3,9,10]. A hypothesis is
that operational outcome during the use of biological prostheses depends on the growth
of patient cells. The balance between ECM synthesis and degradation may ultimately
contribute to the success of hernia repair.

However, the number of studies dealing with the biology of these materials and
their interaction with host tissues is not as wide as one could expect. Moreover, scarce
information is available on the application of one or the other biological matrices in relation
to specific clinical indications [11,12].

To identify possible differences among specific 3D matrices commonly used in abdom-
inal wall repair that may guide the choice of the best one suited for specific applications,
thus improving clinical outcomes, in this study, we investigated fibroblast-matrix interac-
tions by morphological analysis and by monitoring cell proliferation. We also aimed to
identify the molecular pathways activated by fibroblasts during the first phases of their
interaction with the different types of 3D biological matrices. In particular, we investigated
the expression of genes involved in the degradation or biosynthesis of collagen, as well
as some cytokines and markers of differentiation into myofibroblasts. Human primary
fibroblasts have been used for this study because of their central role in foreign body
reaction and wound healing process [3,10].

2. Results
2.1. Growth of Fibroblasts on the Different 3D Matrices
2.1.1. Morphological Examination by SEM

The morphology of fibroblasts grown on different types of 3D matrices was analyzed
by scanning electron microscopy (SEM) 10, 20, and 30 days after their seeding. Three inde-
pendent experiments were carried out, and exemplificative pictures are shown in Figure 1.

The surface of the Strattice biomaterial appeared non-homogeneous: irregular areas
alternated with smoother ones, suggesting a multidirectional organization of collagen
fibers in the scaffold (Figure 1a’). Ten days after seeding, few cells were visible on the
Strattice mesh surface, and they were not uniformly distributed (Figure 1b’). The number of
cells progressively increased at 20 and 30 days; however, a non-homogeneous distribution
was also observed at these time points (Figure 1c,d). Cells appeared to be healthy and
seemed to firmly adhere to the matrix, as shown in Figure 1b’-d’".

The surface of the Permacol scaffold appeared similar to Strattice, alternating rough
and smooth areas (Figure le’). The number of cells at 10 days was higher on Permacol than
on Strattice and progressively increased at 20 and 30 days. However, a non-homogeneous
distribution was also observed, with groups of healthy cells scattered on the scaffold
surface (Figure 1f-h,f-h’).

The surface of the Biodesign scaffold appeared smoother than Strattice and Permacol
(Figure 1i’). This matrix presented the greatest number of cells among all matrices at all
analyzed times. After 10 days from seeding, cells covered the surface of the biomaterial
homogeneously (Figure 1j). At 20 days, cells appeared in close contact with each other,
forming a monolayer (Figure 1k). However, they did not seem to firmly adhere to the
scaffold, since at 30 days, the monolayer seemed to bend out and to detach from the matrix
(Figure 11). Details at higher magnification are provided in Figure 1j'-1".
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Unseeded

10 days 20 days 30 days

Biodesign Permacol Strattice

Prolene

Figure 1. Scanning Electron Microscopy (SEM) images of human dermal fibroblasts cultured on tested matrices for 10,
20, or 30 days and corresponding unseeded controls, as indicated above the panels. Inserts represent images at higher
magnification. Strattice (a-d,a’-d’), Permacol (e-h,e"-h’), Biodesign (i-1,i"-I'), Prolene (m-p,m’—p’). Bars indicate 100 um.
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Finally, we observed very few cells adhering to the Prolene small pore synthetic matrix
at all times. Cells did not seem to easily attach and grow on this material. At 30 days, only
a few cells were present on the scaffold (Figure In-p,n’—p’).

High magnification images are also shown in Supplementary Figure S1.

2.1.2. Cell Growth Curves

The growth of cells on the different 3D matrices was monitored at the three chosen
time points by two different methods, as detailed in Materials and Methods. Data presented
are the averages of three independent experiments taking into account the values obtained
by the two methods used for cell counting for each matrix at each time point (Figure 2).

AVSY wxx

@ VS A wx ovsH + @ VSV wx

Wvs A * HWvs y w* B Vs Y
2.5%10%1 BMyvsy * AVS Y xer A VS Y wxn

2.0%10%4

1.5%10%4

cell number/cm?

1.0x10%

days

-+ Biodesign -a- Permacol =-e- Strattice -¥- Prolene

Figure 2. Growth of human dermal fibroblasts on tested matrices at 10, 20, and 30 days. Biodesign:
line with upwards pointing triangles; Permacol: dashed line with squares; Strattice: dash-dot line
with circles; Prolene: dotted line with downwards pointing triangles. Average number of cells
(= SE) obtained at each time point with two methods (Cell Titer Glo Promega kit and manual count
after detachment with an enzymatic cocktail) in three independent experiments were analyzed
with analysis of variance (ANOVA) using a post-hoc Bonferroni test. Asterisks indicate significant
differences (* p < 0.05; ** p < 0.01; *** p < 0.001).

At 10 days from seeding, the Biodesign mesh showed the highest number of cells
among all tested scaffolds. At 20 days, a slight, temporary decrease in cell number com-
pared to 10 days was observed on this matrix, whereas at 30 days, the number of cells was
similar to that observed at 10 days (line with upwards pointing triangles). On Permacol
scaffolds, cells increased in numbers from seeding to 30 days (dashed line with squares).
On Strattice, the number of cells at 10 days was the same seeded at the beginning of the
experiment; then it increased until it reached the number present on the other biological
matrices at 30 days (dash-dot line with circles).

Indeed, whereas at 10 days, the number of cells was higher on Biodesign, followed
by Permacol and Strattice, at 30 days, the number of cells grown on biological scaffolds
was comparable. Very few cells were recovered in the Prolene samples, in keeping with
morphological observation of a lower number of cells attaching to this synthetic mesh.
However, the cell number showed a modest increase over time (dotted line with down-
wards pointing triangles).
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2.2. Gene and Protein Expression

Although in our study we included for comparison a synthetic mesh together with
biological matrices, gene and protein expression analyses from fibroblasts grown on Prolene
were impaired by the small number of cells recovered from this type of mesh.

For all 3D matrices, no difference was observed in the results obtained with fibroblasts
from the two donors; therefore, the results were pooled together.

2.2.1. Expression of Collagen Genes

Fibroblasts grown on the different types of mesh may activate either new matrix
deposition or degradation of the scaffold as a first transcriptional program. Therefore,
we examined collagen I and collagen III production, the types of collagen produced by
primary dermal fibroblasts used in this study. At 10 days, fibroblasts showed a significant
decrease in all collagen transcripts when grown on all meshes compared to those grown on
plastics (p < 0.005, ANOVA using a post-hoc Duncan’s test) (Figure 3, left panel). At30 days,
collagen transcript levels in cells grown on meshes were still reduced compared to control
cells, although the difference was less pronounced (Figure 3, right panel).

10 days 30 days
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Figure 3. Changes in the levels of collagen transcripts following fibroblast growth on the different types of matrices for 10
or 30 days compared to the control condition—expression from fibroblasts grown on plastics (control), Strattice, Permacol,
and Biodesign. Values are the means of four independent experiments =+ standard error (SE). The results were analyzed
with ANOVA. Asterisks indicate significant differences (* p < 0.05; ** p < 0.01; *** p < 0.001).
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No significant difference between the examined biological matrices was observed. Our
data suggest that new collagen deposition seems unlikely during the analyzed timeframe.

22.2. Expression and Activity of Extracellular Matrix Degrading Enzymes

Then we investigated if, in the same timeframe, specific matrix metalloproteinase
levels were modified.

We observed an increase in MMP-1 transcripts in fibroblasts grown on all 3D biological
matrices compared to cells grown in 2D on plastics (Figure 4A). Due to the high variability
in the biological replicates, after 10 days, the increase was not significant (Figure 4A); at
30 days, fibroblasts cultured on Strattice showed a significant increase in MMP-1, compared
not only with control cells but also to cells grown on the other two biological matrices
(Figure 4A, right panel). Moreover, at 30 days, MMP-1 expression by fibroblasts grown
on Permacol and Biodesign scaffolds was also increased compared to that of control
cells (Figure 4A). Measurement of MMP-1 protein in cell supernatants by enzyme-linked
immunosorbent assay (ELISA) confirmed the results of MMP-1 transcript levels (Figure 4A).
Fibroblasts grown on Strattice had the highest levels of this protease at both time points,
whereas cells grown on Biodesign had the lowest increase among those grown on the three
3D matrices, but still higher than control cells (Figure 4A). We did not observe significant
changes in MMP-13 transcripts (Figure 4A).

To investigate if, in the presence of 3D biological matrices, the proportion of active
collagenases was also increased, we performed collagen zymography. Supernatants from
fibroblasts grown in 2D on plastics expressed only pro-MMP1, whereas those from fi-
broblasts grown on biological matrices showed an equal proportion of pro- and active
MMP-1, or even a preponderance of active form in the case of cells grown on Strattice
at 30 days (Figure 4B). No evidence of MMP-13 activity was observed in these zymo-
grams (Figure 4B). It must be said that the Cq values in qPCR were above 30 for this
metalloproteinase even when induced, suggesting that levels of expression remained low
(Supplementary Table S1). Our results suggest that MMP-13 expression and activity were
negligible in the conditions tested.

MMP-2 transcript levels showed small but significant changes not only between con-
trols and fibroblasts grown on biological meshes but also among the different matrices.
Transcript levels were modestly but consistently increased in the Strattice samples com-
pared to control at 30 days, and the increase was confirmed by quantification of protein
levels (Figure 4C). On the contrary, cells grown on Biodesign showed a 50% decrease in
the transcript when compared to control at both times. Interestingly, while no increase in
MMP-2 protein was observed at 10 days compared to control cells, an eight-fold increase
was measured in supernatants from cells cultured on the Biodesign sample for 30 days
(Figure 4C). However, the difference described in MMP-2 protein levels was statistically
significant only for Strattice. MMP-2 expression in cells grown on Permacol was more
variable in time, and transcript and protein levels did not correlate (Figure 4C).

MMP-9 transcript levels were increased in cells grown on all biological matrices
compared to control conditions, albeit not significantly, due to high variability among
experiments. For cells grown on Strattice for 10 days, the number of cells did not allow to
extract sufficient amounts of RNA to analyze all genes of interest (Figure 4C).

We then performed gelatin zymography to assay for the presence of pro- and active
forms of MMP-2 and MMP-9 gelatinases. Supernatants from fibroblasts grown on plastics
showed only pro-MMP-2, whereas fibroblasts grown on biological matrices showed either
a shift towards the active form or an increase in the total activity of MMP-2, variably
distributed between the two forms (Figure 4D). MMP-9 activity was not detected in our
gels. Indeed, as for MMP-13, also for MMP-9, the levels of transcript were low, even after
induction: the Cq from fibroblasts grown on plastics was above 35 and was no more than
30 when cells grown on biological matrices were analyzed (Supplementary Table S1). In
conclusion, fibroblasts grown on biological matrices showed an increase in the expression
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and activity of only specific metalloproteinases (MMP-1 and MMP-2) during the first weeks
of growth. For both enzymes, the expression was Strattice > Permacol > Biodesign.
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Figure 4. Changes in the levels of metalloproteinases transcripts, proteins, and in their activity following growth on
the different types of matrices for 10 or 30 days, compared to control condition. (A) Expression of MMP-1 and MMP-13
collagenases from fibroblasts grown on plastics (control), Strattice, Permacol, Biodesign at transcript (a) and protein (b) levels.
(B) Representative image of collagen zymography using supernatants from fibroblasts grown on plastics (C), Strattice (S),
Permacol (P), and Biodesign (B) for 10 and 30 days. Complete medium (M) was used as a negative control. (C) Expression
of MMP-2 and MMP-9 gelatinases from fibroblasts grown on plastics (control), Strattice, Permacol, Biodesign at transcript
(a) and protein (b) levels. (D) Representative image of gelatin zymography using supernatants from fibroblasts grown
on plastics (C), Strattice (S), Permacol (P), and Biodesign (B) for 10 and 30 days. Complete medium (M) was used as a
negative control. Values in (A,C) are means of four independent experiments =+ SE. The results were analyzed with ANOVA.
Asterisks indicate significant differences (* p < 0.05; ** p < 0.01). N.A. indicates that the sample was not analyzed since the
amount of RNA extracted from the sample was not sufficient to analyze all genes of interest.

2.2.3. Expression of Metalloproteinase Inhibitors

Next, we investigated whether TIMP-1, MMP-1 specific inhibitor, was expressed by
fibroblasts grown on meshes. Although a slight increase in TIMP-1 was observed at 30 days
after cell seeding in all biological matrices compared to control cells, the difference was
not significant (Figure 5). TIMP-2, analyzed as a control, did not show any change in the
conditions tested (Figure 5).
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Figure 5. Changes in the transcript levels of metalloproteinase inhibitors following growth on the different types of matrices
for 10 or 30 days compared to the control condition—expression from fibroblasts grown on plastics (control), Strattice,
Permacol, and Biodesign. Values are the means of four independent experiments + SE. The results were analyzed with
ANOVA. N.A. indicates that the sample was not analyzed since the amount of RNA extracted from the sample was not
sufficient to analyze all genes of interest.

2.2.4. Expression of Cytokines and Alpha-Smooth Muscle Actin (x-SMA)

Finally, we investigated if specific cytokines, namely Interleukin-6 (IL-6) and Con-
nective Tissue Growth Factor (CTGF), were differentially expressed by fibroblasts grown
on the different types of matrices. IL-6 transcript levels were increased, in particular
in fibroblasts grown on the Biodesign samples at both 10 and 30 days. At 30 days, the
difference was significant not only compared to control conditions but also compared
to cells grown on the other types of matrices (Figure 6). Levels of interleukin-6 protein
were not affected at 10 days by any of the matrices; however, an increase was observed
at 30 days in supernatants from cells grown on all biological meshes compared to control
(Figure 6, right panel).

CTGF is considered a marker of myofibroblast differentiation together with alpha-
smooth muscle actin (x-SMA), the product of the ACTA2 gene. Expression of both genes
was examined to investigate the possible differentiation of fibroblasts, cultured on the
different scaffolds, into myofibroblasts, responsible for the induction of the fibrotic reaction.
A highly significant and consistent reduction in CTGF transcript was observed in fibroblasts
grown on all types of biological matrices compared to cells grown on plastics for the whole
duration of the experiment (Figure 6).

Also, ACTA2 transcript levels were reduced in fibroblasts grown on biological matrices
compared to cells grown on plastics, in particular after 30 days of growth (Figure 6).

Cumulatively, these results suggest that fibroblasts do not undergo differentiation into
myofibroblasts when grown on 3D biological matrices in the studied timeframe.
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Figure 6. Changes in the levels of IL-6, CTGF, and a-smooth muscle actin following growth on the different types of
matrices for 10 or 30 days, compared to the control condition. Expression from fibroblasts grown on plastics (control),
Strattice, Permacol, Biodesign at transcript (a) and protein (b) levels. Values are the means of four independent experiments
+ SE. The results were analyzed with ANOVA. Asterisks indicate significant differences (* p < 0.05; ** p < 0.01; *** p < 0.001).
N.A. in transcript graphs (a) indicates that expression was not analyzed since the amount of RNA extracted from the sample
was not sufficient to analyze all genes of interest.

3. Discussion

Surgical repair of the abdominal wall with the insertion of prosthetic materials has
become a common procedure for the treatment of hernias or lesions of the muscular inner
body walls. Recently, the same matrices have also been applied in breast reconstructive
surgery [2]. Several materials are available to date, making the choice difficult. As several
factors intervene to influence the outcome (the type of surgery needed, original lesion, the
lifestyle of the patient, and comorbidities), it is very difficult to summarize indications even
with extensive metanalysis studies [4,13,14].

Biological matrices are derived from the extracellular matrix of a variety of tissues
and species and undergo extensive processing to make them suitable for implantation; this
processing can affect matrix properties and induce foreign body response (FBR) [6,15,16].
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It has been proposed that biological matrices are more resistant than synthetic meshes to
microbial infection, have the ability to provide a barrier to visceral adhesion formation,
and to respond in a fashion similar to native tissue [7,8]. However, these desired features
have not been investigated in detail.

In this work, we aimed to investigate the behavior of human fibroblasts, the most
abundant cell type in connective tissues, when cultured in vitro in the presence of biological
3D matrices. Several aspects of the interaction of human primary fibroblasts from derma of
healthy adult individuals with biological scaffolds in vitro were studied by means of cell
counting, SEM, and gene expression analyses. We tested three types of biological mesh
commonly used for hernia repair that differed in the tissue of origin and/or presence of
crosslinking, together with a synthetic mesh, used for comparison. The physicochemical
properties of the materials have been previously described by Deeken et al. [17]. Insertion
of prosthetic materials can occur at different anatomical positions depending on the type of
surgery. Thus, different fibroblast subtypes may be involved in the interaction. However,
given the scarce knowledge about the different behavior of these cell subtypes, mainly
obtained in model animals, the availability of cells, and the need to obtain several replicates,
we focused our work on human dermal fibroblasts [18,19].

In our study, fibroblasts showed different ability to attach and grow on the different
materials, with the following order: Biodesign > Permacol > Strattice > Prolene. Although
on the Biodesign samples, the number of cells was initially higher, at 30 days, it was
comparable to that of the other matrices. This number may represent the maximum
number of cells that could grow on these matrices; however, we did not observe confluence
on the other types of matrices. An alternative explanation is that on the Biodesign matrix,
cells loosely interacting with the surface were lost during the processing of Biodesign
samples. Indeed, at increasing cell density, fibroblasts formed a cell monolayer, and the
interaction with this matrix appeared weakened (Figure 11). Cells firmly adhered and
proliferated on Strattice and Permacol but showed a non-homogeneous distribution. Our
morphological analysis under the scanning electron microscope seems to confirm that the
strongly oriented collagen of the submucosal scaffold (Biodesign) may be the reason for a
greater elongation and alignment of the fibroblasts if compared to the multi-directionally
oriented collagen on dermal Permacol and Strattice scaffolds. The fact that collagen
fibers” direction may influence cell growth has already been reported [20-23]. In addition,
the differences in cell numbers that we observed between the two meshes derived from
porcine derma may be due to the different procedures used for the preparation of matrices
before commercialization.

The observation that human dermal fibroblasts bound less efficiently than rat kidney
fibroblasts or mesenchymal stem cells (MSC) to Strattice has been reported previously [19].
In the same work, fibroblasts failed to coat Marlex, a small pore, monofilament, polypropy-
lene mesh, confirming the results we obtained with Prolene, a similar material [19]. Also,
in vivo in animal models, Strattice was described to undergo poor incorporation; however,
no adhesion formation was observed [5].

Our study highlighted similarities and differences in the gene expression programs
activated by fibroblasts grown on the different matrices. The first similarity was observed
in the reduction of collagen transcripts in cells grown on all biological matrices compared
to control cells in the investigated timeframe. However, the observation that at 30 days,
the reduction in expression was less marked than at 10 days suggests that expression may
increase later in time. Interestingly, collagen deposition seems to be a late event, also in an
in vivo mouse model [24].

Fibroblasts grown on biological matrices showed a decreased expression of markers
of fibrosis, such as Connective Tissue Growth Factor (CTGF), alpha-SMA, and collagen I,
compared to control cells [3]. «-SMA—product of the ACTA2 gene—is known to increase
during tissue remodeling and fibrosis, when fibroblasts differentiate into myofibroblast,
and its expression is associated with up-regulation of collagen I and fibronectin biosynthesis
and down-regulation of matrix remodeling enzymes [25-28]. CTGF is involved in adhesion,
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migration, and proliferation of fibroblasts, but also in myofibroblast differentiation and
fibrotic disease [29,30]. Since myofibroblast differentiation occurs during the fibrotic
processes and is strictly related to the amount of foreign body reaction (FBR) induced
at the biomaterial /host-tissue interface, the lack of expression of these markers in cells
grown on 3D matrices compared to control cells suggests that this type of differentiation
does not occur in the timeframe we analyzed. It would have been interesting to compare
the expression of the same genes in cells grown on the synthetic mesh; unfortunately, we
did not retrieve sufficient cells for molecular analyses from this mesh. Prolene is a small
pore polypropylene scaffold and, although this material is commonly used in surgery, it is
increasingly recognized that it can increase recurrence rates and comorbidities, including
fibrosis, compared to large pore meshes [31].

Our study also highlighted differences among matrices in the expression of specific
genes. We found increased expression of MMP-1 in fibroblasts grown on all biological
matrices both at the transcript and protein levels. Moreover, zymography showed that
supernatants from fibroblasts grown on meshes are enriched in the active form of this
collagenase. Also, MMP-2 was slightly increased at the protein level, as evident by ELISA
and zymography. Although we found an increase in MMP-9 and MMP-13 at the transcript
level, we did not find evidence of their activity in zymograms. Indeed, this is in keeping
with the low starting level of these metalloproteinases when one considers the raw qPCR
data in terms of cycle threshold (Supplementary Table S1). Published data confirm our
findings, reporting that fibroblasts grown on 3D collagen express MMP-1 and MMP-2, but
not MMP-9 [26]. High levels of MMP-2 expression and activity are known to promote
fibroblast migration and increase angiogenesis during the proliferative phase of wound
healing [32]. Since the expression of TIMP-1, targeting MMP-1, increased only slightly at
30 days in fibroblasts grown on all investigated 3D biological scaffolds, we hypothesized
that matrix degradation exceeded collagen biosynthesis and degradation was not (yet)
inhibited by TIMP production in the considered time frame. The activity of metallopro-
teinases could be involved in the degradation of the old collagen of the 3D matrices to be
replaced with the newly synthesized matrix and to favor the colonization of fibroblasts.

Among the various cytokines regulating the expression of MMPs and TIMPs during
wound healing [33,34], IL-6 is involved in fibroblast proliferation and fibroproliferative
disorders [35]. Although cytokines are primarily produced by monocytes/macrophages at
the wound site [36,37], there is evidence of an autocrine production by fibroblasts [38,39].
We found an increase in IL-6 protein in fibroblasts grown in the presence of all biological
matrices, although the increase in the relative transcript was observed only in the Biodesign
3D scaffold after 30 days of culture.

Our data show that fibroblasts can grow on biological matrices used for surgical
applications and adapt their transcriptional program to the presence of these materials.
We found that they induce first matrix degrading enzymes, independently of the tissue of
origin of the biomaterials or the presence of crosslinking; however, cells grown on Strattice
expressed the highest levels of these enzymes. On the contrary, cells grown on Biodesign
showed the highest levels of IL-6. Although it has been suggested that crosslinking may
interfere with mesh incorporation in vivo [40-42], we did not find evidence of different
cell growth or gene expression of the crosslinked matrix (Permacol) compared to the other
materials in vitro. In order to mimic an in vivo interaction of fibroblasts with other cell
types, such as macrophages, coculture experiments should also be performed.

The main limitation of this work is that it was an in vitro study. In vivo, the outcome
of the insertion of prosthetic material is likely the result of the interaction of several cell
types, including fibroblasts and monocytes/macrophages, which stimulate each other
to produce and secrete cytokines and are capable to attract endothelial cells, stimulating
angiogenesis and incorporation of meshes into host tissue [36,37]. Integration of data from
in vitro and in vivo work (both in animal models and from human explants) will allow
further understanding of the interaction between host cells and different types of matrix,
to be able to choose the right material for each patient in clinical applications.
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4. Materials and Methods
4.1. Cell Culture

Human dermal fibroblasts from healthy adult donors (aged 35-45) were obtained from
the “Cell Line and DNA Biobank from Patients Affected by Genetic Diseases—NETWORK
OF GENETIC BIOBANKS TELETHON” [43]. Fibroblasts were used for the experiments
between passages 11 and 13. The experiments were performed using fibroblasts from two
different donors.

Fibroblasts were grown in RPMI-1640 (Carlo Erba Reagents, Milan, Italy) supple-
mented with 10% Fetal Bovine Serum (FBS, Carlo Erba Reagents, Milan, Italy) and 2 mM
L-Glutamine (Carlo Erba Reagents, Milan, Italy). Cultures were incubated at 37 °C in 95%
humidity and 5% CO, atmosphere. At confluence, fibroblasts were detached from culture
flasks by treatment with trypsin (Carlo Erba Reagents, Milan, Italy). Cells were thawed on
an average of two weeks before each experiment to have sufficient numbers of cells. Cells
were routinely checked for the presence of mycoplasma by using the nested PCR method
described in Tang et al. [44].

4.2. Type and Preparation of Matrices

The matrices used in this study are described in Table 1 and were obtained from the
manufacturing companies. The Prolene synthetic mesh was included for comparison.

The matrices were cut into small pieces (1 cm x 1 cm): Strattice and Permacol were
washed with PBS (Phosphate Buffered Saline, Carlo Erba Reagents, Milan, Italy) for eight
hours at room temperature with gentle shaking, changing the washing every 2 h, whereas
Biodesign and Prolene were washed at room temperature for 25 min with gentle shaking,
changing the washing every 5 min. The matrices were placed in 12 well tissue culture
plates containing complete medium and were incubated for 12 h at 37 °C in 95% humidity
and 5% CO, atmosphere.

Table 1. Description of matrices used in this study.

Trade Name Manufacturer Species Tissue Type Crosslinked Sterilization
Strattice LifeCell-Acelity Porcine Dermis No E-beam
Permacol Covidien Porcine Dermis Yes‘;'lfexamelhylene Gamma irradiation
iisocyanate)
Surgisis-Biodesign Cook-Medical Porcine Small intestine No Ethylene oxide
submucosa
Prolene . 2 Polypropylene high @ y
Polypropylene Mesh Ethicon Synthetic weight, monofilament N.A. Ethylene oxide

(9 N.A. Not applicable.

4.3. Experimental Setup

Twelve hours after preparation of the matrices, 5 x 10* fibroblasts were seeded on
matrices’ surface in each well and then incubated for two days at 37 °C in 95% humidity
and 5% in a CO, atmosphere. Then, the matrices were transferred to a new tissue culture
plate, and fibroblasts were allowed to grow for 10, 20, and 30 days.

Three days before the end of the treatment, the serum-containing culture medium was
replaced with RPMI-1640 supplemented with 2 mM L-Glutamine and Lyset Kit 5% (Sclavo
Diagnostic International by Carlo Erba Reagents, Milan, Italy) using a ratio of 1:4 among
the Lyset PL: AD reagents (PL: human platelet lysate from platelet-rich plasma; AD: human
platelet-poor plasma), to have more controlled growth factor and cytokine composition.

For metalloproteinase zymography, the growth medium was replaced with serum-
free medium (RPMI-1640 supplemented with 2 mM L-glutamine) two days before the
end of treatment. For zymography experiments, the serum-free conditioned medium
was collected.
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The supernatants for ELISA and metalloproteinase zymography were collected at the
end of the treatments and stored at —80 “C. The matrices were used for RNA extraction,
scanning electron microscopy, and cell counting.

The control condition was represented by fibroblasts grown in “2D” on plastics, with
the same media described above. Since the cells on plastics proliferate faster and have to
be passed while the cells on the biomaterials grow more slowly, we processed control cells
when 80% confluent after the start of each experiment.

Three independent experiments were performed for scanning electron microscopy
analysis and for cell counting; four independent experiments were performed for gene
expression analyses/zymography.

4.4. Scanning Electron Microscopy (SEM)

Samples were washed in PBS and fixed for 1 h in Karnovsky fixative (2% paraformalde-
hyde and 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2)), washed in 0.1 M
cacodylate buffer (pH 7.2) and subsequently postfixed for 2 h in 1% osmium tetroxide and
potassium ferrocyanide in 0.1 M cacodylate buffer (pH 7.2). After a series of washes with
PBS (pH 7.2), the samples were immersed for 1 h in osmium tetroxide (0.1% in PBS). After
being dehydrated in an increasing series of ethanol (70%, 90%, and 100%), the samples were
dried with hexamethyldisilazane at the critical point. Once mounted on stubs, the samples
were coated in gold with a Sputter K250 (Emitech, Baltimore, MD, USA) and subsequently
observed with a SEM-FEG XL-30 microscope (Philips, Eindhoven, The Netherlands).

4.5. Cell Counting

The number of cells grown on the different scaffolds was determined by two methods:
the first, CellTiter-Glo kit (Promega, Milan, Italy), is based on ATP quantification and was
performed following manufacturer instructions after direct lysis of cells on matrices. A
calibration curve was prepared with known amounts of cells to estimate the number of
cells retrieved from each matrix; the second method consisted of enzymatic detachment of
cells from the matrices, followed by manual cell counting. Cell containing matrices were
incubated for 25 min at 37 °C with an enzymatic cocktail, composed of Collagenase from
Clostridium Histolyticum, Type IA (Sigma-Aldrich, Milan, Italy), at a final concentration of
5mg/mL, directly diluted in Accutase solution (Carlo Erba Reagents, Milan, Italy). Then
100 pL of trypsin was added for 5 min at 37 °C. Cells were counted with a hemocytometer
after adding a volume of trypan blue.

4.6. RNA Extraction and gPCR Analysis

3D matrices were manually scraped in 300 uL of TriReagent (Sigma-Aldrich, Milan,
Italy) on ice to retrieve fibroblasts; then lysates were collected in tubes and stored at —80 °C.
Fibroblasts grown on tissue culture plates were used as the control condition. Total RNA
was extracted using a Direct-zol RNA MiniPrep (Zymo Research, EuroClone, Milan, Italy)
following manufacturer instructions. RNA samples were quantified with a NanoDrop
2000c (ThermoFisher, Life Technologies Italia, Milan, Italy) and run on an agarose gel. For
real-time quantitative PCR (qQPCR), cDNA was obtained from 750 ng of RNA by using the
iScript cDNA synthesis kit (Biorad, Milan, Italy). Gene expression analyses were performed
in triplicate using a CFX96 thermal cycler (Biorad, Milan, Italy) and the iTAQ Universal
Sybr Green Supermix (Biorad, Milan, Italy). Relative mRNA quantification was obtained by
applying the 2~24€4 method [45], using the geometric average of the Cgs of two reference
genes, namely beta-2-Microglobulin and GAPDH, for normalization purposes. Melting
curve analysis was performed to ensure that single amplicons were obtained for each target.
Primers for the genes under investigation were designed to have at least one of the primers
in the pair designed on an exon-exon junction or to encompass at least one intron. Primer
sequences are reported in Supplementary Table S2.
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4.7. Quantification of Secreted Proteins by ELISA

The concentrations of human MMP1, MMP2, and IL-6 in cell culture supernatants
from fibroblasts grown on the different types of matrices were measured using Human
MMP1 (ThermoFisher Scientific, Milan, Italy), Human MMP2 (Novex, Life Technologies
Italia, Milan, Italy) and Human IL-6 (ThermoFisher Scientific, Milan, Italy) colorimetric
ELISA kits, following manufacturer’s instructions. The obtained ELISA measurements
were normalized by cell number. The two ELISA kits for MMP-1 and MMP-2 recognize
both the pro- and the active forms of each metalloproteinase.

4.8. Zymography Analysis

To evaluate the enzymatic activity of metalloproteinases, zymography was performed.
Supernatants from cells cultured as described before preparation for electrophoresis by
adding one volume of non-reducing sample buffer (250 mM Tris HCI pH 6.8, 40% glycerol,
8% SDS, 0.01% bromophenol blue) every three volumes of supernatant. The appropriate
volumes of supernatant were calculated after normalization by cell number. Samples were
loaded on eight percent polyacrylamide gels containing 5 mg/mL of gelatin from bovine
skin (Sigma, Milan Italy) or 1 mg/mL of collagen type I from rat tail (Sigma, Milan, Italy).
After electrophoresis, gels were washed for 1 h in 2.5% Triton X-100 at room temperature
and then incubated at 37 °C in 10 mM CaCl, 150 mM NaCl and 50 mM Tris HCI pH 7.5
overnight for gelatinases and for 48 h for collagenases. At the end of incubation, gels
were stained with 0.25% Coomassie brilliant blue G-250 in 50% methanol, 10% acetic
acid, and then destained with a solution of 10% isopropanol and 10% acid acetic until
metalloproteinase activity was detected as white bands in the gel.

4.9. Statistical Analysis

The numbers of cells grown on the different matrices were compared using analysis
of variance (ANOVA) with post-hoc Bonferroni test (GraphPad Prism statistical software
program, version 4.02, San Diego, CA, USA). Data from gene expression analysis and from
quantification of secreted proteins from four independent experiments were compared
using analysis of variance (ANOVA) with post-hoc Duncan’s test (Statistica data analysis and
visualization program, version 8.0, Hamburg, Germany). The differences in cell numbers
grown on the different matrices at different times and the differences in protein secretion
evaluated by ELISA were compared using analysis of variance (ANOVA) (GraphPad Prism
statistical software program, version 4.02, San Diego, CA, USA).

5. Conclusions

The purpose of this study was to compare the growth of human primary dermal
fibroblasts on 3D matrices commonly used for surgery and the activation of specific
molecular pathways that may indicate the first processes occurring in the early stages of
matrix implantation.

Our gene expression results suggest that biological matrices may be absorbed and sub-
stituted by endogenously produced extracellular matrix and that, in spite of an overall similar
transcriptional program, there are some differences among the tested matrices that may
influence the rate of implant engraftment and could even be exploited in particular instances.

Supplementary Materials: The following are available online at https://www.mdpi.com /1422-006
7/22/2/526/s1. Figure S1. Morphological analysis of unseeded matrices and of fibroblasts grown on
tested matrices for 10 or 30 days; Table S1. Average Cqand standard error for each metalloproteinase
under inv f e genes used in this work; Table S2. Sequences of primers
used for gene expression analysis in this study.
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