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Increased demand for FAD synthesis in differentiated and
stem pancreatic cancer cells is accomplished by
modulating FLAD1 gene expression: the inhibitory effect
of Chicago Sky Blue
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FLADI, along with its FAD synthase (FADS, EC 2.7.7.2) product, is cru-
cial for flavin homeostasis and, due to its role in the mitochondrial respira-
tory chain and nuclear epigenetics, is closely related to cellular metabolism.
Therefore, it is not surprising that it could be correlated with cancer. To
our knowledge, no previous study has investigated FLADI prognostic sig-
nificance in pancreatic ductal adenocarcinoma (PDAC). Thus, in the pre-
sent work, the FAD synthesis process was evaluated in two PDAC cell
lines: (a) PANC-1- and PANC-1-derived cancer stem cells (CSCs), present-
ing the R273H mutation in the oncosuppressor p53, and (b) MiaPaca2 and
MiaPaca2-derived CSCs, presenting the R248W mutation in p53. As a con-
trol, HPDE cells expressing wt-p53 were used. FADS expression/activity
increase was found with malignancy and even more with stemness. An
increased FAD synthesis rate in cancer cell lines is presumably demanded
by the increase in the FAD-dependent lysine demethylase 1 protein amount
as well as by the increased expression levels of the flavoprotein subunit of
complex II of the mitochondrial respiratory chain, namely succinate dehy-
drogenase. With the aim of proposing FADS as a novel target for cancer
therapy, the inhibitory effect of Chicago Sky Blue on FADS enzymatic
activity was tested on the recombinant 6His-hFADS2 (ICsy = 1.2 pm) and
PANC-1-derived CSCs’ lysate (ICsq = 2—-10 pum). This molecule was found
effective in inhibiting the growth of PANC-1 and even more of its derived
CSC line, thus assessing its role as a potential chemotherapeutic drug.

Abbreviations

CSB, Chicago Sky Blue; CSC, cancer stem cell; FAD, flavin adenin dinucleotide; FADS, FAD synthase; FMN, flavin mononucleotide; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; GOF, gain of function; Gos, gossypol; HPDE, human pancreatic ductal epithelioid; LSD1, lysine
demethylase 1; PAPS, 3'-phosphoadenosine 5'-phosphosulfate; PDAC, pancreatic ductal adenocarcinoma; Rf, riboflavin; RT-PCR, reverse
transcriptase polymerase chain reaction; SDHA, succinate dehydrogenase subunit A.
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Increased FAD synthesis in pancreatic cancer cells

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of
the most lethal human malignancies and the fourth
leading cause of cancer-related deaths. Even though
there have been significant efforts to enhance clinical
results, PDAC resistance to conventional chemothera-
peutics remains a clinical problem [1]. Cancer stem
cells (CSCs) are a small subset of cells that are distin-
guished by their ability to self-renew, distinct metabo-
lism and resistance to anticancer agents [2]. In several
tumours, including PDAC, CSCs have been identified
as drivers of tumour initiation and progression as well
as the primary cause of resistance to standard
chemotherapeutics [3]. Notably, CSCs’ distinct plastic-
ity makes them especially well-suited to adaptation to
metabolic or oxidative stress [4]. CSCs generally have
an increased mitochondrial mass and a higher depen-
dence on mitochondrial biogenesis and oxidative phos-
phorylation  (OXPHOS) for their  successful
propagation [2].

Flavin adenine dinucleotide (FAD) is an important
cofactor for several client flavoenzymes, that is, lysine
demethylase 1 (LSD1), flavoprotein subunit of succi-
nate dehydrogenase (SDHA), mainly located in mito-
chondria. FAD conversion from riboflavin (Rf)
requires the consequential actions of riboflavin kinase
(RFK, EC2.7.1.26) encoded by RFK and FAD syn-
thase or FMN:ATP adenylyl transferase (FADS,
EC2.7.7.2) encoded by FLADI. This latter gene,
located on chromosome 1 at 1q21.3, codes for
different-sized polypeptides, corresponding to different
transcript variants generated by alternative splicing of
the gene [5,6]. Subsequently, a nuclear localization for
FADS was proven to be correlated with the biogenesis
of nuclear flavoproteins [7,8]. When the human gene
was initially identified by our group, two protein iso-
forms were described: hFADSI in the mitochondria [9]
and hFADS2 in the cytosol [6,10]. An interesting fea-
ture of both characterized FADSs is that they are
organized into two domains, the N-terminal resem-
bling molybdopterin-binding domain (MPTb) [11],
fused with the C-terminal 3’-phosphoadenosine 5'-
phosphosulfate (PAPS) reductase domain, which was
recently renamed FADSy since it is able per se to per-
form the FADS activity [12]. In 2016, the shortest iso-
form (isoform 6), containing the sole PAPS domain,
was discovered by Olsen and colleagues [6] and charac-
terized so far by our group [13].

The association between Rf transport and cancer
has been addressed in the past [14]. Starting from the
identification of the three Rf transporters 1-3 (RFVTI-
3), the alteration of their expression in different types
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of cancer was investigated, including gastric [15],
glioma [16], oesophageal [17], cervical [18], breast [19]
and colorectal [20]. All these data led us to affirm that
cancer cells become greedy for the vitamin. Only a
small number of studies have found a link between
FLADI expression changes and tumour progression: in
2020, it was found that FLADI is a valuable biomar-
ker for the prognosis of gastric cancer [21]. Further-
more, a search of the Oncomine database (https://
www.oncomine.com/) revealed that FLADI overex-
pression is correlated with a poor prognosis for breast
cancer [22].

To date, very little is known about the relationship
between FLADI and PDAC. To fill this gap, we
analysed the process of FAD synthesis in the highly
malignant PDAC cell line PANC-1, which has the
gain-of-function (GOF) R273H mutation in the onco-
gene p53 [23] and in its derived CSCs. Further analy-
ses were also performed on the malignant MiaPaCa2
PDAC cell line, having the GOF R248W mutation
[23], and its derived CSCs. As a control, we used
human pancreatic ductal epithelioid (HPDE) -cells
expressing wtp53, which are immortalized but not fully
transformed [24].

Furthermore, the effect of the small molecule inhibi-
tor Chicago Sky Blue (CSB) [25] on FADS enzymatic
activity was also tested in these cells, with the aim to
specifically target the increased flavin metabolism of
the CSCs and propose FADS as a novel therapeutic
target for PDAC.

Results

The expression levels of FADS and certain
flavoenzymes increase in CSCs

First, we investigated FADS protein expression levels
with immunoblotting analysis as described in Materials
and methods, in HPDE and the highly malignant
PDAC cell line PANC-1, carrying the R273H muta-
tion in p53 and its derived CSCs generated as reported
[26,27]. Faint bands migrating at different molecular
weights were revealed in HPDE. In PANC-1 and
PANC-1-derived CSCs, we observed a main band that
migrates at about 54 kDa, corresponding to the
cytosolic hFADS2 and a minor band migrating at
about 42 kDa, which presumably corresponds to a still
uncharacterized isoform. The 54 kDa isoform is signif-
icantly increased in both PANC-1 (2.8-fold, *p < 0.05)
and PANC-1-derived CSCs (6-fold, **p < 0.01) com-
pared to HPDE (Fig. 1A). Conversely, the lower
migrating band does not significantly change in any of
the lysates tested. To investigate if the increased FADS
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protein content in PANC-1 cells and their derived
CSCs is due to transcriptional control, FLADI tran-
script levels were evaluated by RT-PCR analysis,
showing they were in line with the results obtained
with immunoblotting (Fig. 1B).

Since the role of FADS is to provide the cofactor to
a number of client flavoproteins mainly localized in
mitochondria, we first evaluated the protein levels of
SDHA, which transfers reducing equivalents from suc-
cinate to ubiquinone (coenzyme Q) and is crucial for
oxidative metabolism [28]. SDHA, similarly to succi-
nate dehydrogenase subunit B (SDHB) [29], is
expected to be modulated in stemness. Indeed,
immunoblotting analysis revealed an approximate two-
fold increase (*p < 0.05) in SDHA protein levels in
PANC-1-derived CSCs compared to both HPDE and
PANC-1 (Fig. 2A). SDHA flavinylation level (FAD
covalently bound per monomer of protein), assayed by
on-gel UV fluorescence as described in [30-32], paral-
leled the protein amount (Fig. 2A, inset), thus proving
that there is an increase in the levels of the protein
conjugated to FAD, suggesting that the cofactor is not
limiting. The analysis of SDHA transcript levels also
revealed a significant increase in PANC-1-derived
CSCs with respect to HPDE and PANC-1 (Fig. 2B).

Another flavoenzyme that is expected to be relevant
in tumour transformation is LSDI1 [33], a FAD-depen-
dent amine oxidase (AO) that catalyses the demethyla-
tion of mono- and dimethyl groups on H3K4 and
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H3K09, triggering transcriptional repression and activa-
tion respectively [34]. We have found that LSDI
obtains its cofactor FAD via the physical interaction
with FADS [8,35]. Immunoblotting analysis revealed a
significant increase in LSD1 expression with tumori-
genicity and stemness (Fig. 2C), and this is substan-
tially in line with the observed increase in the
transcript levels (Fig. 2D).

Thus, in p53-mutated cells (PANC-1 and PANC-1-
derived CSCs), the increase in expression of relevant
flavoenzymes seems to be coordinated with an increase
in the efficacy of FAD formation machinery.

To further substantiate this hypothesis, we per-
formed immunoblotting experiments on a PDAC cell
line carrying another p53 mutation (R248W), that is,
MiaPaCa-2 and its derived CSCs, and essentially the
same profile of increment in protein levels of FADS,
SDHA and LSDI1 was observed (Figs 3 and 4A,B).

We conclude that the observed significant increase
in FADS results from oncogenic processes; maybe it is
necessary to not limit client flavoenzyme biogenesis in
malignant conditions [2]. Consistently, a search in the
cBioPortal for Cancer Genomics database (wWww.
cbioportal.org) revealed that FLADI is highly ampli-
fied in the pancreatic cancer, with the highest incidence
(23.8%) among different tumour types (Fig. 5A). Fur-
thermore, clinical data showed an association between
FLADI amplification and reduced patient survival
(Fig. 5B).
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Fig. 1. FADS expression levels in HPDE-, PANC-1 and PANC-1-derived CSCs. (A) HPDE-, PANC-1 and PANC-1-derived CSCs cell lysates
were separated by SDS/PAGE and immunoblotted with anti-FADS antibody. 54 kDa protein band intensities were normalized to that of o-
tubulin and data were reported as relative quantity with respect to HPDE. All data represent the results of at least three different
experiments (mean + SEM). (B) FLADT mRNA levels in HPDE-, PANC-1 and PANC-1-derived CSCs. Data were normalized to the
housekeeping gene ACTB (B-actin) and reported as relative quantity with respect to PANC-1. All data represent the results of three different
experiments (mean + SEM). Student’s t-test: *p < 0.05, ***p < 0.001 and ****p < 0.0001.
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Fig. 2. SDHA and LSD1 expression levels in HPDE-, PANC-1 and PANC-1-derived CSCs. (A) HPDE-, PANC-1 and PANC-1-derived CSCs cell
lysates were separated by SDS/PAGE and immunoblotted with a monoclonal anti-SDHA antibody. Protein band intensities were normalized
to that of o-tubulin and data were reported as relative quantity with respect to HPDE. All data for SDHA represent the results of at least
four different experiments (mean + SEM). In the inset SDHA flavinylation level, 40 pg of HPDE-, PANC-1 and PANC-1-derived CSCs protein
were separated by SDS/PAGE. The flavin fluorescence of SDHA protein was visualized by UV irradiation of the unstained gel soaked in 10%
acetic acid. Quantitative evaluation of fluorescence and protein amount was carried out using the Chemidoc Imaging System. (B) SDHA
mRNA levels in HPDE-, PANC-1 and PANC-1-derived CSCs. Data were normalized to the housekeeping gene ACTB (f-actin) and reported as
relative quantity with respect to PANC-1. All data represent the results of two different experiments (mean + SEM). (C) HPDE-, PANC-1
and PANC-1-derived CSCs cell lysates were separated by SDS/PAGE and immunoblotted with anti-LSD1 antibody. Protein band intensities
were normalized to that of a-tubulin and data were reported as relative quantity with respect to HPDE. All data for LSD1 represent the
results of two different experiments (mean + SEM). (D) LSDT mRNA levels in HPDE-, PANC-1 and PANC-1-derived CSCs. Data were
normalized to the housekeeping gene ACTB (f-actin) and reported as relative quantity with respect to PANC-1. All data represent the results
of two different experiments (mean + SEM). Student’s t-test: *p < 0.05, ***p < 0.001 and ****p < 0.0001.

FAD synthesis rate is faster in PDAC cell lines whether the increase in protein expression corresponds
compared to HPDE to a faster synthesis of FAD. To this aim, the time
course of FAD synthesis was followed by high-perfor-

Given the increased expression levels of FADS in mance liquid chromatography (HPLC) catalysed by

malignant cells compared to HPDE, we evaluated

4 The FEBS Journal (2023) © 2023 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of
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Fig. 3. Immunoblotting analysis of FADS 37kDapr-

protein in HPDE, MiaPaCa2 and MiaPaCa2-

derived CSCs. HPDE, MiaPaCa2 and 30kDap
MiaPaCa2-derived CSCs cell lysates were

separated by SDS/PAGE and

immunoblotted with anti-FADS antibody.

30kDap

— — | GAPDH
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FADS Relative amount

54 kDa protein band intensities were
normalized to that of GAPDH and data were
reported as relative quantity with respect to
HPDE. All data represent the results of at
least two different experiments

(mean + SEM). Student’s t-test: *p < 0.05.

(A)

il (B) el

63kDal  |wwwe s wuiee | SDHA

e e— — LSD1
90kDap .

30kDar

Vs imeie oot GAPDH

—— — GAPDH

30kDap

Fig. 4. Immunoblotting analysis of SDHA
and LSD1 proteins in HPDE, MiaPaCa2 and
MiaPaCa2-derived CSCs. HPDE, MiaPaCa-2
and MiaPaCa2-derived CSCs cell lysates
were separated by SDS/PAGE and
immunoblotted with (A) anti-SDHA and (B)
anti-LSD1 antibodies. Protein band
intensities were normalized to that of
GAPDH and data were reported as relative
quantity with respect to HPDE. All data
represent the results of at least two
different experiments (mean + SEM).
Student’s t-test: *p < 0.05.

SDHA Relative amount

cell lysates, in the presence of FMN 1 pum, ATP 5 mwm
and MgCl, 5 mwm, as previously described [36].

Figure 6A shows a typical experiment obtained with
lysates from PANC-1-derived CSCs. A rapid decrease
in FMN occurred due to its enzymatic conversion into
its products, that is, FAD and Rf. FAD appearance
increased linearly for the first 10 min and reached a
plateau within 30 min. Concomitantly with FAD
synthesis, the appearance of Rf from FMN was
observed, presumably due to unspecific alkaline phos-
phatases (ALP) present in the cell lysates [37]. FMN
hydrolysis to Rf proceeded at an initial rate of

37.0 pmol-mg 'min~!, therefore disturbing, with

LSD1 Relative amount

increasing incubation time intervals, the process of
FAD formation from FMN.

Moreover, to be sure that the reaction of FAD
appearance was specifically catalysed by FADS, paral-
lel experiments were performed either in the absence
of MgCl,, which is an essential cofactor for FADS-
mediated reaction, or in the presence of HgCl,
(Fig. 6B), a known inhibitor of the enzyme [13].

The initial FAD synthesis rate was then evaluated in
PANC-1 and HPDE cell lysates. In agreement with the
immunoblotting assays (Fig. 1A), the FAD synthesis rate
is much higher in PANC-1 CSCs (19.4 pmol-mg~"-min™")
compared to both PANC-1 (4.8 pmol-mg "min~") and
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Fig. 5. FLADT genetic alterations reduce survival of pancreatic cancer

patients. (A) Representation of FLADT genetic alterations across

different cancers (www.cbioportal.org). In red «Amplification», grey «Multiple alterations», green «Mutation» and blue «Deep deletion». (B)
Median overall survival data of pancreatic carcinoma patients with FLADT amplification and no amplification.

HPDE (0.2 pmol-mg~"-min™") (Fig. 6C). We conclude
that the CSCs are greedy for flavin cofactors and this
could be linked to the observed increase in
FAD demand by nascent client flavoenzymes. This
scenario makes FADS a potential novel target for can-
cer therapy.

FAD synthesis rate performed by both
recombinant hFADS2 and cell lysates is inhibited
by the presence of CSB

Based on the proposal that FADS might be a novel tar-
get for cancer therapy, we searched for specific inhibi-
tors for this enzyme. Kinetic experiments were
performed on the recombinant 6-His hFADS2 protein,
isolated from E. coli transformed with the plasmid
pHOEX3. This enzyme has been characterized in detail
both kinetically and molecularly in our laboratories [38].

In order to find potential FADS inhibitors, we
looked to a study [39], in which a series of com-
pounds with antimicrobial activity were identified for
targeting the FADS of Corynebacterium ammoniage-
nes (CaFADS). The ICsy (half-maximum inhibitory
concentration) and the residual activity of CaFADS
were examined to assess the efficacy of these com-
pounds. The best-performing compounds for prokary-
otic FADS were found to be gossypol (Gos), flunixin
meglumine and CSB, whose structures are shown in
Fig. 7.

We measured the activity of FADS in the presence of
increasing concentrations of each compound. We carried
out two sets of experiments with two distinct substrates’
concentrations: (i) 0.3 pv FMN, 25 pm ATP and (ii)
2 uMm FMN, 100 um ATP. In the first condition (i), with
50 and 100 pm of Gos, the residual activity was found to
be ~ 22% and ~ 11%, respectively, and the ICs, of this
molecule was 21.5 pm (Fig. 8A). In the second condition
(ii), with 50 and 100 pm of Gos, the residual activity was
found to be ~ 30% and ~ 13%, respectively, and the
IC5o was approximately 23 um (Fig. 8C). Importantly,
CSB resulted to be the most effective inhibitor. In the
first condition (i), a residual activity of the enzyme of
about 14% was observed with 5 um of CSB and was
completely blocked with 50 pm CSB with an ICsq of
1.2 uMm (Fig. 8B). In the second condition (ii), the resid-
ual activity was found to be ~ 30% and 0%, respectively,
with 5 and 50 pm of CSB with an ICs, of approximately
1.5 pm. (Fig. 8D). Finally, flunixin meglumine appeared
to be the least effective inhibitor since the residual activ-
ity of the enzyme with 100 um of the compound was
about 83% (data not shown).

The effect of the inhibitor CSB was then tested on
the initial rate of FAD formation by extracts from
PANC-1-derived CSCs. A concentration of 2 um CSB
had negligible inhibition of the initial rate of FAD syn-
thesis, while 10 pm of the compound produced an 80%
inhibition (Fig. 9). Consequently, an ICsq in this um
range is expected. For a more precise evaluation of this
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Fig. 6. FAD synthesis rate in HPDE, PANC-1 and PANC-1-derived CSCs. (A) Time course of FAD synthesis rate in PANC-1-derived CSCs.
Experiments were performed at 37 °C in 50 mm Tris-Cl pH 7.5, with 5 mm MgCl,, 1 um FMN and 5 mm ATP in the presence of 100 ug of
lysate. At the bottom is the ratio between the amount of FMN disappearance and the amount of FAD plus Rf measured in the cell lysates.
(B) Time course of FAD synthesis rate in PANC-1-derived CSCs. Experiments were performed at 37 °C in 50 mm Tris-Cl pH 7.5, with 1 um
FMN, 5 mm ATP in the absence of 5 mm MgCl, (open circle) and in the presence of 5 mm MgCl, (closed circle) or in the presence of 5 mm
MgCl, plus 5 um HgCl, (asterisk). In the inset, dependence of FAD synthesis rate on mg of protein. (C) Histogram of FAD synthesis rate in
HPDE, PANC-1 and PANC-1-derived CSCs. All data represent the results of three different experiments (mean + SEM). Student's t-test:

*p < 0.05 and *** p < 0.001.

number, further experimental efforts are necessary,
especially to improve kinetics. The assay was also con-
ducted in the presence of HgCl, and a residual activity
of 60% was observed, in line with previous results [13].

PAPS domain of hFADS2 accommodates CSB

To investigate how FADS interacts with this com-
pound, we performed a computational blind docking
with the whole protein, from which two clusters of
poses were detected for the FADSy domain. Thus, the
docking analysis was restricted to the FADSy domain
since it is responsible for the FAD synthesis. Interest-
ingly, the CSB compound was docked in close contact
with both the Flavin motif and PP loop, which have

been demonstrated to be crucial for isoalloxazine ring
and pyrophosphate binding respectively (Fig. 10)
[12,40]. The Ki, that is, the half-saturation constant of
the enzyme-inhibitor complex, calculated from the
computational analysis by applying the equation:
Ki = exp(AG/(R*T)), for the pose with the highest
score (lowest energy) was about 3.3 x 1077 M, consis-
tent with the ICsy value obtained experimentally with
the purified protein.

CSB is more effective at inhibiting PANC-1-derived
CSCs viability than either HPDE or PANC-1

To evaluate the effect of CSB on cell growth, we trea-
ted HPDE, PANC-1 and PANC-1-derived CSCs with
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Fig. 7. Chemical structures of compounds selected as potential 6-His hFADS2 inhibitors. Potential inhibitors were selected among those
published in [39]. Chemical structures were designed with ACD/ChemSketch for Academic and Personal Use: ACD/Labs.com, 2015.

increasing concentrations of CSB (5, 10, 25, 50, 100
and 200 pm) for 24, 48 and 72 h and cell viability was
measured by using the Resazurin assay. As shown in
Fig. 11, all cell lines responded to the drug in a dose-
dependent manner over time but displayed a different
growth sensitivity to CSB treatment. The HPDE were
the less sensitive cells. The largest difference in sensi-
tivity towards the inhibitor among HPDE and the
other cell lines was observed at the lowest time of
incubation, that is, 24 h. At this time, HPDE cell via-
bility was unaffected by CSB at concentrations up to
25 uM; about 50% inhibition was observed only at
100 um CSB (Fig. 11A). PANC-1 or PANC-1-derived
CSCs were much more sensitive to the inhibitor at
24 h with about 50% inhibition at 50 um (Fig. 11B) or
10 um CSB (Fig. 11C) respectively. At longer times,
that is, after 48 or 72 h, the difference in sensitivity to
CSB was weakened, being the PANC-1-derived CSCs
still the most sensitive at all times. The differences
observed might be interpreted in terms of FAD syn-
thase expression at basal levels in ‘normal’ HPDE
cells. In this context, the inhibition by CSB may not
be relevant for the overall process of cell growth.
Higher concentrations (above 100 pum) or higher incu-
bation times could inhibit molecular processes other
than FAD synthesis, resulting in cell toxicity.
Interestingly, PANC-1-derived CSCs, the most sensi-
tive to CSB, are known to be responsible for

chemoresistance and tumour relapse, thus opening the
possibility of application of CSB to more invasive
tumour types.

Discussion

The goal of our present efforts was to understand
whether and how FAD cofactor synthesis and delivery
to apo-flavoproteins are important events during
PDAC cells’ malignant progression. Our models are
PDAC cell lines transformed with two different
mutated forms of the p53 protein, whose role in con-
trolling and adapting tumour cell metabolism has been
supported by a growing amount of evidence [41]. Quite
importantly, co-authors of this paper have developed
and characterized stem cells derived from PDAC cells
[26,27], which are expected to be enriched in mitochon-
dria compared to differentiated cells [2] and, therefore,
offer the opportunity to gain further insight into the
role of energy-linked flavoenzymes in transformation
and stemness.

Another advantage of investigating CSCs’ metabo-
lism is the opportunity to search for more effective
potential therapeutic drugs that are able to hit cancer-
ous cell proliferation at a non-differentiated stage.

Keeping in mind the concept that FADS
(EC2.7.7.2) is the product of a unique essential gene,
that is, FLADI, and that the process of forming FAD
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experiments (mean 4+ SEM).

is essential for cell bioenergetics, growth and regula-
tion, we first addressed FADS in PANC-1 cells and
their derived CSCs as a potentially overexpressed pro-
tein of the whole pathway of FAD formation
(Fig. 1A). We got clear evidence that the cytosolic iso-
form of FADS, migrating on SDS/PAGE at about
54 kDa, is expressed at a greater level in PDAC cell
lines and even more in CSCs, compared to HPDE, an
immortalized cell line, expressing wt-p53 (Figs 1A and
3). In line with data obtained from the cBioPortal
(Fig. 5), a similar increase was confirmed at the tran-
scriptional level (Fig. 1B).

As shown in Fig. 6C, the overexpressed protein is
fully enzymatically active. Therefore, we hypothesized
that increased FAD synthesis responds to a higher
demand for flavin cofactors to satisfy the increased
expression of a flavoenzyme relevant for tumour epige-
netics, such as the nuclear-located LSDI1, whose over-
expression was demonstrated (Fig. 2C,D). An
increased FAD availability could also be necessary to

follow the metabolic adaptive changes in SDHA,
which are expected to parallel the cellular metabolic
reprogramming from glycolytic towards oxidative
when stemness is induced. The finding that an increase
in SDHA protein is accompanied by an increase in its
fluorescence (i.e. flavinylation, Fig. 2A, inset) provides
further proof that the machinery that delivers FAD to
nascent apo-flavoproteins [38] is working properly in
these cells.

A point that requires further investigation in the
frame of FAD delivery to apo-flavoproteins [8,38] con-
cerns the subcellular localization of the overexpressed
FADS, which in non-cancerous cells is expected to be
localized principally in the cytosol. A different iso-
form, with a molecular mass of about 60 kDa [9],
would be expected to ensure the biogenesis of mito-
chondrial flavoenzymes. A clear response to this bio-
chemical problem and a direct assessment of the
presence/absence of a mitochondrial isoform of FADS
in these cell lines require selective PCR investigation,
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Fig. 9. FAD synthesis rate in PANC-1-derived CSCs in the
presence of CSB. Experiments were performed at 37 °C in 50 mwm
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HgCls, 10% dimethyl sulfoxide (DMSO) and 2 and 10 pum of CSB in
the presence of 100 ng of lysate. All data represent the results of
two different experiments (mean + SEM). Ordinary one-way
ANOVA: *#*p < 0.01.

confocal microscopy and fractionation studies, such as
those made in the past [7-9] and are currently ongoing
in our laboratories. Nevertheless, supplier of FAD for
this mitochondrial FADS isoform in malignant cells
might reasonably be the SLC25A32 transporter, which
was recently discovered to sustain cancer cell prolifera-
tion by regulating FAD metabolism in MiaPaCa2 cells
[42]. Another point that might be interesting to deal
with is some possible differences in FADS and/or
SLC25A32 expression in female-derived pancreatic

(A) 4 (B)

A. Nisco et al.

cancer cell lines. Indeed, even though we do not expect
great variations on the basis of previous findings [43],
we will further investigate this issue to get possible
indications for tuning treatments in the frame of preci-
sion medicine.

The finding of a significant up-regulation of the
FAD-forming enzymes in the CSCs, together with the
development of an appropriate enzymatic assay to test
potential inhibitors, such as CSB, allowed us to search
for novel potential anticancer drugs. The effectiveness
of CSB, which performs FADS-based antibiotic activ-
ity [39], was demonstrated by quite low levels of ICsq
as measured on recombinant purified human protein
[38] and which was also confirmed in PDAC cell total
lysates. More importantly, the high potential of CSB
as an anticancer drug was definitively demonstrated by
its ability to inhibit cell growth of the PANC-1-derived
CSCs (Fig. 11C). This compound was previously pro-
posed as an agent capable of potentiating chemo- and
radiotherapy treatments for cancer [44].

Based on its molecular complexity and the presence
of a negative charge at physiological pH, this compound
could enter the cells through organic anion transporters,
which are known to be involved in the transport of
other fluorescent dyes [45,46]. Indeed, the cell-line-speci-
fic inhibition of cell growth points towards the capabil-
ity of this compound to enter the cells and reach the
molecular target, as was already proposed for macro-
phages [25]. A precise assessment of the possible side
effects on the neurological system is needed since it is
known to inhibit glutamate uptake [47].

Similar growth-inhibiting properties were reported
for FAD encapsulated in nanoparticles on MiaPaCa2
cell growth [48] and we speculate that this is due to
the product inhibition of FADS [49,50]. Thus, the next
step in our investigation could be to study the effects
of a potential nano-delivery of the CSB on FADS

Fig. 10. Interaction of the CSB to hFADS2.
The FADSy domain of hFADS2 protein
derived from AlphaFold (retrieved 2022/06/
16) is depicted in ribbon representation. (A)
The cluster of poses obtained by blind
docking is highlighted as green molecular
surface. (B) The pose with the highest
score, that is, low free energy

(—8.8 Kcal-mol™") is depicted in licorice.
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Fig. 11. Cell growth in the presence of CSB in HPDE, PANC-1 and PANC-1-derived CSCs. All experiments were conducted in (A) HPDE,
(B) PANC-1 and (C) PANC-1-derived CSCs in the absence or presence of increasing CSB concentrations up to 72 h. Growth was measured
using the Resazurin cell viability assay. Data are shown as mean + SEM of two or three independent experiments performed in triplicate.

Ordinary one-way ANOVA: ns p > 0.05; **p < 0.01 and ****p < 0.0001.

activity and cell growth in the hope of further increas-
ing its therapeutic potential.

Materials and methods

Cell cultures

PANC-1 and MiaPaCa2 cells were grown in RPMI 1640
supplemented with 10% FBS (fetal bovine serum), 2 mm glu-
tamine and 50 pg-mL ™' gentamicin sulfate (Thermo Fisher
Scientific, Waltham, MA, USA) and were kept at 37 °C in
humidified air containing 5% CO,. PANC-1- and
MiaPaCa2-derived CSCs were generated as described in
[26,27] and grown in DMEM/F-12 (Life Sciences) supple-
mented with 1 g-L~" glucose, B27 (Thermo Fisher Scientific),
1 pg-mL~! Fungizone (Thermo Fisher Scientific), 1% peni-
cillin/streptomycin (Thermo Fisher Scientific), 5 pug-mL™'
heparin (Sigma-Aldrich), 20 ngmL~! EGF (Epidermal
Growth Factor, Peprotech) and 20 ng-mL~' FGF (Fibrob-
last Growth Factor, Peprotech) at 37 °C with 5% CO,.
HPDE cells were cultured in keratinocyte serum-free (KSF)
media (Thermo Fisher Scientific) containing 1.6 g-L™! glu-
cose supplemented with EGF (5 ng-mL~"), bovine pituitary
extract (BPE, 50 pg-mL~") and penicillin—streptomycin.

Cell viability

Cell viability was measured using the Resazurin cell viabil-
ity assay (Immunological Sciences, Rome, Italy) according
to the manufacturer’s instructions. The Resazurin method

is an easy and fast assay to measure cell viability based on
the principles of the MTT assay, with the superiority of
not having to extract the dye from the cells. Cells
(25 x 10° for both the PANC-1 and the CSCs and 4 x 10*
for the HPDE) were seeded in 96-well plates and treated
with different concentrations of CSB for 24, 48 and 72 h.
After treatments, resazurin (15 pL) was added in 150 pL
medium of each well, and fluorescence was measured after
~ 3 h of cell incubation at 37 °C by using a Varian Cary
Eclipse Fluorescence Spectrophotometer (Agilent Technolo-
gies, Santa Clara, CA, EUA) at Ex/Em wavelengths of
535/590 nm [51]. The data obtained for each treatment
were normalized with those obtained from their respective
control group. All experiments were performed at least
three times in triplicate.

Semi-quantitative and quantitative RT-PCR

Total cellular RNA was extracted from cells by using the
RNeasy® Mini Kit (Qiagen, Cat# 74104) and reverse-tran-
scribed to cDNA by using the RevertAid First Strand
cDNA Synthesis Kit (Thermo Fisher Scientific, Cat#
K1621) following the instructions of the manufacturer’s
protocols, essentially as in [52]. PCR was performed using
Wonder-Taq — Taq polymerase (Euroclone, Pero (MI),
Italy, Cat# EME020001) according to the manufacturer’s
instructions using gene-specific primers (FLADI FW 5'-
GCAGGTGCCCTACAGACCATT-3 REV 5-GTCTTT
GCCCCCGTTGAAG-3; SDHA FW 5-GCATTAT
AACATGGGCGGC-3 REV 5-GCCTGCATGACTCTT

The FEBS Journal (2023) © 2023 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of 1

Federation of European Biochemical Societies.

B5UB01T SUOWIWIOD BA 191D 3|qetdde 3y Aq paueAob ae sspile VO ‘88N Jo sajn. 4oy Afeid i au1uO AB|1M UO (SUONIPUOD-pUe-SWLBIAL0D A 1M AleIq 1[oulUO//SNL) SUONIPUOD PUe swid L 8u) 39S *[e202/80/62] uo Ariqiauliuo Ae|im ezobesez aa pepseAIN AQ T88IT'SGRY/TTTT OT/I0p/W0d A8 1M Aseiq Ul |UO'STR)//SANY WOy PBPROIUMOQ ‘0 ‘859YZY.LT



Increased FAD synthesis in pancreatic cancer cells

CGATG-3; p-actin FW  Y-CTGGGAGTGGGT
GGAGGC-3 REV 5-TCAACTGGTCTCAAGTCAGTG
-3, LSDI 5-TTCAGGAGTTGGAAGCGAAT-3' REV
5-GAACCTGTCGCACTGCGTA-3'). RT-PCR products
were separated by electrophoresis on a 2% agarose gel.
Gene expression levels were analysed through a semiquanti-
tative RT-PCR technique, using B-actin for expression-level
normalization of the target genes. Images and quantifica-
tion were obtained using the Image Lab™ software (Bio-
Rad, Hercules, California, US, RRID:SCR_014210) of
ChemiDoc™ (Bio-Rad) imaging system. Quantitative real-
time PCR analysis was carried out using SYBR® Green
PCR Master Mix (Applied biosystems, Cat# 4309155)
according to the manufacturer’s instructions using the
gene-specific primers listed above.

Protein extraction and western blotting analysis

Total proteins from cell lines were extracted using a home-
made lysis buffer containing 50 mm Tris/HCl (pH 7.5), 1%
Triton X-100, 5 mm B-mercaptoethanol, 1 mm NaF, 0.1 mm
phenylmethylsulfonyl fluoride (PMSF) and 1x protease-in-
hibitor cocktail, and the resulting cell suspension passed first
through a 22G needle and then a 26G needle. The cell sus-
pension was centrifuged at 13 000 g for 10 min at 4 °C after
incubation for 30 min on ice, and the supernatant was recov-
ered as cell lysate. The protein concentration is quantified by
a standard Bradford assay (Bio-Rad Laboratories), equal
amounts of protein (0.05 mg) were separated by SDS/PAGE
and then transferred onto a polyvinylidene difluoride mem-
brane (Amersham™ Hybond™, Cat# 10600023). The pri-
mary antibodies were directed against the following proteins:
FADS (International Application number PCT/IT2009/
000062 filed on 23 February 2009, by Barile, Torchetti, Indi-
veri, Galluccio), SDHA (Molecular probes, 1 : 2000 dilu-
tion, Cat# Al11142, RRID:AB_221579), a-tubulin (Sigma-
Aldrich, 1 : 5000 dilution, Cat# T5168, RRID:AB_477579),
LSD1 (Santa Cruz Biotechnology, Dallas, Texas, US,
1: 1000 dilution, Cat# sc-271 720, RRID:AB_10709306)
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(Cell Signalling, 1: 10 000 dilution, Cat# 2118, RRID:
AB_561053). The bound antibodies were visualized with the
aid of secondary anti-rabbit or anti-mouse IgG antibodies
conjugated with peroxidase (1 : 2500 dilution). ECL western
blotting detection reagents (GE Healthcare, Amersham, UK,
Cat# RPN2209) were used for protein detection according to
the manufacturer’s recommendations. Densitometry was per-
formed using the Image Lab™ software (Bio-Rad, RRID:
SCR_014210) of ChemiDoc™ (Bio-Rad) imaging system.

UV fluorescence analysis

Proteins from cell lysates (0.04 mg) were separated by SDS/
PAGE, then the unstained gel was incubated for 1 h in 10%
acetic acid and inspected on an UV-transilluminator system.

A. Nisco et al.

Upon illumination with UV light, the flavinylated flavopro-
tein subunit of SDH (SDHA) was visible because of the fluo-
rescence of the covalently bound flavin. Protein bands on the
gel were then stained with Coomassie Blue. Quantitative
evaluations were carried out using the Image Lab™ software
(Bio-Rad, RRID:SCR_014210) of ChemiDoc™ (Bio-Rad)
imaging system.

Measurement of FAD synthesis rate in cell
lysates

Cell lysates were obtained, and the protein amount was
measured as described above. The FAD synthesis rate was
measured essentially as in [53]. In summary, the assay was
carried out at 37 °C in 600 pL of 50 mm Tris—=HCl (pH
7.5) in the presence of 0.1 mg cell lysate, 1 pM flavin
mononucleotide (FMN), 5 mm ATP and 5 mm MgCl,. At
different time points, 100 pL aliquots were extracted with
perchloric acid and neutralized. Quantitative determination
of Rf, FMN and FAD was carried out with a calibration
curve made in each experiment with standard solutions
diluted in the extraction solution. The amount of FAD
formed (AFAD) is calculated by subtracting the endoge-
nous FAD amount (reaction time 0 min) from the amount
of FAD calculated at each time. The rate of FAD forma-
tion is calculated by plotting AFAD (pmol-mg™~"-protein™")
versus time as in the typical discontinuous plot curve. The
initial rate vy corresponds to the slope of the experimental
line and it is expressed as pmol-mg protein~"-min~". If the
reaction rate is high (the curve reaches a plateau), the val-
ues of AFAD (pmol-mg protein~!) as a function of time
can be fitted with GraFit 5 program (or equivalent) to first-
order rate equation. The initial rate v, is calculated by mul-
tiplying the limit value by the rate constant value [36].

Purification of recombinant 6-His hFADS2 and
measurements of FAD synthesis rate

6His-hFADS2 purification was performed by immobilized
metal chelate affinity chromatography (IMAC) starting
from the soluble-cell fraction obtained from Rosetta (DE3)
pLysS strain, transformed with WT hFADS2 cDNA cloned
in pH6EX3 plasmid as previously described [38]. Fractions
containing the purified recombinant protein were desalted
on a PD10 column run in 40 mm Hepes/Na and 5 mm 2-
ME, pH 7.4. The rate of FAD synthesis was measured as
in [38] by exploiting the different fluorescence properties of
FAD with respect to FMN. Fluorescence time courses (A
excitation at 450 nm; A emission at 520 nm) were followed
at 37 °C in a FP-3800 spectrofluorometer (Jasco, Easton,
MD, USA). In each experiment, FAD and FMN fluores-
cence were calibrated by using standard solutions. The rate
of FAD synthesis, expressed as nmol FAD-min~'-(mg-pro-
tein)~!, was calculated from the rate of fluorescence
decrease, measured as the tangent to the initial part of the

12 The FEBS Journal (2023) © 2023 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

8519011 SUOLLILIOD 9AIE810 3 o idde 8Ly Aq peusanob ae SaoiLe VO ‘asn J0 Sajnu Joj ATeid1 aUIUO /B|IA UO (SUOTIPUOO-PUE-SULBYWI00 3 1A AReiq 1BUUO//SANL) SUOIIPUCD PUE SWLS | au) 895 *[£202/80/E2] Uo ARiq i auluo AB]1M BzoBerez oq pepsionun Aq T889T SIRY/TTTT OT/10p/L0D™/5| 1M ATeIqIPUI[UO'STR /SNy WO} Papeojumod ‘0 ‘8a9vzZy LT



A. Nisco et al.

experimental curve, as described in detail in [38]. For activ-
ity measurements, purified protein fractions (5-10 pg, 0.13—
0.26 nmol protein as monomer, unless otherwise indicated)
were incubated at 37 °C in 50 mm Tris/HCI, pH 7.5, con-
taining 5 mm MgCl,, 0.3 pm FMN, 25 um ATP and addi-
tional reagents as appropriate. For inhibition analysis, the
same conditions were used, except for substrates concentra-
tion (0.3 pm FMN and 25 pm ATP, 2 pmv FMN and
100 pm ATP).

Chemicals

Chemicals were selected based on [39] and were from Sigma
Aldrich (Gossypol, Cat# G4382; Chicago Sky Blue, Cat#
C8679; Flunixin Meglumine, Cat# F0429).

Docking of CSB to the PAPS domain of hFADS2

The PDB file for the FADS was downloaded from the
AlphaFold protein structure database (https://alphafold.ebi.
ac.uk/entry/Q8NFF5). The canonical SMILES of the struc-
ture of CSB was retrieved from PubChem Database
(https://pubchem.ncbi.nlm.nih.gov/#) and saved as .mol2
by ACD/ChemSketch software after removing sodium ions.
The ligand and the protein were prepared using AUTO DOCK
tooLs (ADT) [54]. Gasteiger charge was assigned, and the
files were saved in PDBQT format. Blind molecular dock-
ing was performed by Autopock VINA v.1.1.2 [55]. The grid
size covering the whole protein was set to 78 x 64 x 72 A
(x, y and z) with spacing 1. Two clusters of poses close to
the FADSy domain were detected. The docking analysis
was repeated eight times, restricting the protein to the sole
FADSy domain. The resulting 72 poses were inspected
using Chimera 1.16 [56].

Statistical analysis

Data were assessed for statistical significance using the Stu-
dent’s t-test and Ordinary One-Way ANOVA, performed
using GRAPHPAD PRISM version 9.0.0 for Windows, Graph-
Pad Prism Software, San Diego, CA, USA, www.graphpad.
com (RRID:SCR_002798). Data are expressed as
means = SEM with n equal to the number of experiments.
p < 0.05 was considered statistically significant.
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