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Transglutaminase 2 (TG2), which mediates post-translational modifications

of multiple intracellular enzymes, is involved in the pathogenesis and pro-

gression of cancer. We used 1H-NMR metabolomics to study the effects of

AA9, a novel TG2 inhibitor, on two breast cancer cell lines with distinct

phenotypes, MCF-7 and MDA-MB-231. AA9 can promote apoptosis in

both cell lines, but it is particularly effective in MD-MB-231, inhibiting

transamidation reactions and decreasing cell migration and invasiveness.

This metabolomics study provides evidence of a major effect of AA9 on

MDA-MB-231 cells, impacting glutamate and aspartate metabolism, rather

than on MCF-7 cells, characterised by choline and O-phosphocholine

decrease. Interestingly, AA9 treatment induces myo-inositol alteration in

both cell lines, indicating action on phosphatidylinositol metabolism, likely

modulated by the G protein activity of TG2 on phospholipase C. Consid-

ering the metabolic deregulations that characterise various breast cancer

subtypes, the existence of a metabolic pathway affected by AA9 further

points to TG2 as a promising hot spot. The metabolomics approach pro-

vides a powerful tool to monitor the effectiveness of inhibitors and better

understand the role of TG2 in cancer.

Introduction

The present study focuses on the emerging relevance

of Transglutaminase 2 (TG2) in breast cancer (BrCa)

[1]. This enzyme plays a role in inflammation [2–4],
mediates the onset of drug resistance [5–7], and con-

trols epithelial-to-mesenchymal transition (EMT), sus-

taining the motility and invasiveness of BrCa cells [8–10].
However, how TG2 intervenes in these pathological

processes is complex, depending primarily on its dual

action, derived from its ability to act both as a G pro-

tein and to catalyse transamidation reactions [11]. It

has been suggested that GTP-binding function may be

associated with EMT [12] and with processes linked to

metastatic features of BrCa cells, such as activation of

the autophagosome [13]. At the same time,
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transamidation activity correlates somewhat with drug

resistance [14] and influences the formation of meta-

static niches [15]. Proteins containing surface-exposed

glutamine residues are suitable for cross-linking

reactions with primary amines (lysine residues or poly-

amines) and are potential targets of TG2-catalysed

transamidation reactions. Glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) and a-ketoglutarate dehy-

drogenase [16,17], and other enzymes, for example,

aldolase, fatty acid synthase, and cytochrome c have

been identified as in vitro TG2 targets [18]. It is a prev-

alent opinion that TG2 mediates the inactivation of its

targets, although its action on phospholipase A2

(PLA2) leads to increased activity of the enzyme and

thus to a higher production of eicosanoids during the

inflammatory process [19,20]. Furthermore, the inter-

action between phospholipase C-d1 (PLC-d1) and

TG2, acting as a G protein, blocks the downstream

signalling pathway [21]. This evidence suggests that

TG2 inhibition may have consequences on cellular

metabolism, although no functional investigations have

been performed, yet, to identify metabolic alterations

triggered by TG2.

These features make TG2 a potential target for anti-

cancer drugs [22–25]. A promising TG2 inhibitor is

NC9, already tested in several cancer models [10,26–29]
and exhibiting a significant apoptotic action against

various BrCa cell lines, especially in combination with

standard drugs [26]. Figure 1 depicts the chemical

structures of NC9 and its more potent derivative,

AA9. The acrylamide group is the most commonly

used functional group in the resurgent field of targeted

covalent inhibitors, by virtue of its inherent aqueous

stability and limited off-target reactivity that enable

effective design [30]. Indeed, judiciously designed TG2

inhibitors bearing an acrylamide warhead react nearly

one billion-fold more rapidly with their target

than with adventitious thiols, which greatly reduces

the chance of off-target effects [31]. In AA9, the

C-terminal dansyl group of NC9 is replaced by a

naphthyl moiety, and the long, flexible polyethylene

glycol linker of NC9 is substituted by a rigid pipera-

zine core [32]. This structural layout improves the

AA9 inhibitory efficacy, resulting in greater selectivity

and effectiveness on TG2 transamidation and GTP-

binding activities than NC9 [32–34].
While large-scale proteomic studies report the conse-

quences of genetic and environmental modifications,

metabolomics extensively describes the molecules gener-

ated by native or modified enzymes and pathways [35–37].
Metabolic reprogramming is a hallmark of cancer

cells, as it sustains their development and survival/

resistance under stressful conditions [38,39]. Identifying

metabolic alterations is expected to offer insights into

the disease’s molecular mechanisms and possible new

targets for therapy. In this context, we analysed the

impact of the TG2 inhibitors NC9 and AA9 on two

BrCa cell lines, the hormone-sensitive MCF-7 and the

hormone-independent MDA-MB-231, the latter char-

acterised by a more aggressive phenotype and a higher

level of TG2 expression [26]. Previous metabolomic

studies on these cell lines revealed changes in the con-

centration of many metabolites after exposure to sev-

eral drugs or other treatments [40–48].
We first investigated the membrane permeability

properties of AA9 in comparison with the parent com-

pound NC9 and some functional features: their capa-

bility to inhibit in situ TGase activity and their effect

on motility, invasion, and apoptosis. Finally, we

employed 1H-nuclear magnetic resonance (1H-NMR)

spectroscopy to investigate the effects of AA9 treat-

ment on the metabolic profiles of BrCa cell lines. The

results have been analysed and correlated to specific

genomic features of the two cell lines with the aim to

find metabolic hot spots for novel anticancer molecules

[49–51].

Results

Membrane permeability assay of AA9

As cellular compartmentation is a critical parameter in

the evaluation of drug efficacy, we have estimated

membrane permeability through an artificial lipid

membrane and cellular membranes. We measured

AA9 passive diffusion using a parallel artificial mem-

brane permeability assay (PAMPA) and obtained the

value of Pe = 10.5 9 10�6 cm�s�1, where Pe is the

effective permeability coefficient. This value indicates

good passive permeability.

For the diffusion through a cell layer, we used

Madin-Darby canine kidney cells, transfected to

express the efflux transporter P-glycoprotein 1 (Pgp/

ABCB1, an ABC exporter).

To better understand the pharmaceutical relevance

of these measurements, we compared AA9 to NC9.

AA9 is over 10 times more cell-permeable than NC9,

with Papp (A ? B) = 0.84 9 10�6 cm�s�1 in the apical

to basolateral direction and Papp (B ? A) =
21.55 9 10�6 cm�s�1 in the basolateral to apical direc-

tion. Consequently, AA9 shows a better efflux ratio of

25.8, nearly 10 times lower than the value of 224 mea-

sured for NC9.

Since ABC transporters such as Pgp mediate multi-

drug resistance to several anti-cancer agents, as in the

case of doxorubicin [52], we verified their possible
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interference by analysing AA9 permeability and efflux

ratios upon Pgp inhibition. In the presence of 10 lM
Zosuquidar, a known Pgp inhibitor [53], we measured

an increase in apical to basolateral permeability, Papp

(A ? B) = 9.58 9 10�6 cm�s�1, and a decrease in

basolateral to apical diffusion, Papp (B ? A) =
9.94 9 10�6 cm�s�1, giving an efflux ratio of 1.04, thus

highlighting the expected intervention of the Pgp

transporter.

Transamidase activity decreased by AA9 in BrCa

cells

We analysed in situ TG2 transamidation activity [54]

in live BrCa cells untreated and treated for 1 h with

the inhibitors, evidencing a strong decrease only in the

MDA-MB-231 exposed to AA9 (Fig. 2A, red col-

umns). This assay is detailed in the Materials and

methods section. We underline that these cells express

higher TG2 mRNA levels than MCF-7 cells, as appre-

ciable in Fig. 2B and quantified by reverse transcrip-

tion and quantitative polymerase chain reaction

(RT-qPCR).

Also, to assay the effects on MCF-7 cells, we devel-

oped an in vitro test aimed at (a) allowing the detec-

tion of transamidase activity and (b) eliminating any

bias due to the possible low permeability of the cell

membrane. Thus, we used t75 flasks instead of t25

flasks for culturing cells (untreated or treated for 1 h

with the selected compounds). After incubation, we

collected and lysed the cells, and subsequently, we per-

formed the assay for catalytical activity. The results

demonstrated a residual transamidase activity of about

75% in the cells treated with both AA9 and NC9

(Fig. 2A, blue columns). We further carried out experi-

ments in which we directly exposed the cellular lysates

of MDA-MB-231 and MCF-7 to 10 lM of AA9,

resulting in a decrease of the in vitro transamidase

NC9

AA9
Fig. 1. Chemical structure of the TG2 inhibitors employed in the study. The C-terminal dansyl group (circled in red) and the polyethylene

glycol linker (circled in blue) of NC9 have been replaced by naphthyl moiety and the rigid piperazine core in AA9.

3The FEBS Journal (2023) ª 2023 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

M. Gallo et al. TG2 inhibitors alter metabolome of breast cancer

 17424658, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1111/febs.16931 by C

ochraneItalia, W
iley O

nline L
ibrary on [25/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



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

Federation of European Biochemical Societies.

TG2 inhibitors alter metabolome of breast cancer M. Gallo et al.

 17424658, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1111/febs.16931 by C

ochraneItalia, W
iley O

nline L
ibrary on [25/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



activity with a residual value of 6.55% � 1.22 in

MDA-MB-231 (Fig. 2A, red hatched column) and of

25.03% � 2.14 in MCF-7 cells (Fig. 2A, blue hatched

column).

Effects of AA9 on the motility and invasion of

BrCa cells

The ability of NC9 inhibitors to decrease the motility

of BrCa cells has already been demonstrated [10],

affecting migration both in MDA-MB-231 and MCF-7

cells, although the latter are less inclined to move.

Therefore, we investigated the effects of AA9 at 25 lM
on the migration of these cell lines (Fig. 2C). The

dynamic migration monitoring shows a decrease in

MDA-MB-231 of about 50% compared to the 25%

recorded in the MCF-7 cells.

Cell invasion capability, or the ability to overcome a

resistance barrier, was measured in a similar test using

a Matrigel solution. We monitored only MDA-MB-

231, since MCF-7 cells do not have this trait unless

adequately stimulated [10]. During a 24 h treatment

with AA9, the invasiveness of MDA-MB-231 cells

decreased significantly (Fig. 2D).

Apoptotic effects of AA9 and NC9

It is well recognised that, in specific contexts, TG2

plays an anti-apoptotic role [55,56], suggesting that its

inhibition may offer a novel strategy for anticancer

therapy. Therefore, before investigating the impact of

AA9 on cellular metabolism, we compared the pro-

apoptotic efficacy of AA9 with respect to NC9.

Table 1 summarises the percentage of apoptotic cells

induced by the two TG2 inhibitors. At the employed

concentrations (25, 50, and 75 lM), the pro-apoptotic

effect ranges between 20% and 35% for both mole-

cules. These compounds had comparable efficacy,

showing a similar pro-apoptotic and dose-dependent

effect of AA9 and NC9 on MCF-7 cells. The maximal

efficacy of AA9 (� 30%) is already observed at the

lowest tested concentration (25 lM), in MDA-MB-231

cells, suggesting some sort of saturation.

It should be borne in mind that, even if this

pro-apoptotic effect is moderate, the interest in TG2

inhibitors is mainly due to their potential use in com-

bination with other chemotherapeutic agents [23,26].

1H-NMR-based metabolic profiling and

multivariate statistical analysis

Considering our data on AA9 membrane permeabil-

ity, its ability to block TG2 activity, and its effect on

migration and invasion properties, we investigated its

influence on the metabolome of the two cell lines.

We carried out cultures and treatments incubating

the cells for 16 h [10,26] with 9 lM AA9 (correspond-

ing to its KI value [57]) or with 0.1% DMSO as a

control. The described experimental conditions

allowed the acquisition of high-quality NMR spectra,

identifying and quantifying 54 and 47 metabolites in

lysates from MCF-7 and MDA-MB-231 cells, respec-

tively. The metabolites were classified into the follow-

ing categories: amino acids and derivatives,

intermediates of central carbon metabolism, carbohy-

drates and derivatives, lipid-related compounds, nitro-

gen bases, and other compounds (Fig. 3). Many

metabolites presented very different concentrations in

the two cell lines, with some differences ranging

around one order of magnitude (12% of metabolites).

Other metabolites were detected exclusively in one

cell line: b-alanine, cis-aconitate, and adenosine were

Fig. 2. Inhibition of transamidase activity, TG2 expression, and effects of inhibitors on cell motility in BrCa cells. (A) Red columns, in situ

assay, in which has been tested the transamidase activity of MDA-MB-231 cells treated with the compounds and then exposed to BAP and

ionophore solution to stimulate in vivo catalysis; blue columns, in vitro assay of the MCF-7 cells treated with the compounds and subse-

quently exposed to BAP to carry out transamidation reactions; hatched columns, in vitro test of MDA-MB-231 (red lines) and MCF-7 (blue

lines) lysates collected and then incubated with 10 lM AA9. The percentage of transamidase activity inhibition was determined by comparing

the value detected in the treated samples to the control supplemented only with vehicle (0.1% DMSO) and BAP. Data obtained by triplicate

determinations in two independent experiments. (B) Levels of mRNA for TG2 evaluated by RT-qPCR. In red, the results obtained in MDA-

MB-231 and in blue in MCF-7 cells. The quantification was done by the geometric mean of two references, as described in Materials and

methods, carried out in three independent experiments. AA9 effect on migration (C) and invasion (D). In green, samples treated with AA9,

in red or blue, samples were treated only with vehicle of MDA-MB-231 or MCF-7 cells, respectively. On the left, cell dynamic monitoring for

24 h. On the right, CI (cell index) � SD corresponds to slope analysis, describing the steepness, inclination, gradient, and changing rate of

the CI curves over time. All the results were represented as average � SD of three independent experiments. The statistical analysis

reported in the slope histogram was performed by a two-tailed Student’s t test for unpaired data using the GRAPHPAD PRISM 6.0 statistical

package (GraphPad Software, San Diego, CA, USA). We considered P values < 0.05 to be statistically significant (*).
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present in MDA-MB-231, whereas glutamine, serine,

cystathionine, pyruvate, O-phosphoethanolamine, ade-

nine, cytidine, xanthine, and pantothenate were

detected in MCF-7 cells.

The heatmap (Fig. 4) shows four well-defined

groups correlating with cell lines and treatment. The

colour pattern within each group indicates high homo-

geneity, underlining the method’s reproducibility. The

dendrogram separates the data of the two cell lines

(first branching) and the data grouped by type of

treatment (second branching). Overall, the results

reflect the differences in metabolome composition of

the two BrCa cell lines and highlight the minor impact

of AA9 on the MCF-7 metabolic profile.

Figure 5 shows the PLS-DA (Partial Least Squares-

Discriminant Analysis) and VIP (Variable Importance in

Projection) score plots obtained by using the metabolite

concentrations measured with and without AA9 treat-

ment. The PLS-DA (Fig. 5A,B) shows a net response to

the treatment with the AA9 inhibitor for both cell lines,

as indicated by component 1, which accounts for > 50%

of the clusters’ separation. The VIP score plot (Fig. 5C,D)

illustrates the top 15 metabolites responsible for the

PLS-DA clusters’ separation, identifying the representa-

tive indicators of cells’ response to AA9. As can be

appreciated, the set of metabolites with VIP scores > 1.3

differs between the two cell lines: in MCF-7, there are

alanine, lactate, UDP-N-acetylglucosamine, myo-

inositol, pyroglutamate, and cystathionine; in MDA-

MB-231, we find hypoxanthine, taurine, creatine, gluta-

mate, proline, choline, malate, NAD+, sn-glycero-3-

phosphate, inosine, aspartate, and glycine.

Perturbations in metabolic pathways triggered

by AA9 in MCF-7 cells

Using the complete ensemble of the measured metabo-

lites in MCF-7 cells, we performed a pathway

topological analysis (Fig. 6A). Seven significantly dys-

regulated pathways (P < 0.01 and pathway impact

> 0.1) were highlighted (Fig. 6B), and among them, it

is worth mentioning the ascorbate and aldarate metab-

olism that has a high statistical significance (�log(P) =
3.02), a high pathway impact (0.5), and a low false

discovery rate (FDR = 0.015) reflecting the significant

alteration of myo-inositol (VIP > 1.3), Fig. 5C.

Aiming to identify metabolites with the potential of

being unique reporters of TG2 inhibitor action, we

included the fold change to generate the volcano plot

shown in Fig. 7A (|FC| > 1.5, P < 0.05). The box plots in

Fig. 7B present the six metabolites with a concentration

variation that satisfies the imposed limits upon exposure

to the inhibitor.

Out of the six metabolites that undergo the largest

concentration change, only choline and O-

phosphocholine are present in one of the most affected

metabolic pathways (Fig. 6B), the glycerophospholipid

metabolism, with good statistical significance (�log

(P) = 2.09), a good FDR = 0.046, and a high pathway

impact (0.11). Recognising that phospholipid metabo-

lism is strongly associated with oncogenesis, the

decreased levels of choline and O-phosphocholine are

expected to impact membrane turnover [58].

A more extensive analysis of the data reveals that

AA9 causes a decrease in the levels of alanine (alanine,

aspartate, and glutamate metabolism), serine (glycine,

serine, and threonine metabolism), and pantothenate

(pantothenate and CoA biosynthesis). The reduction

of pantothenate can affect many relevant degradative

and biosynthetic pathways. Serine biosynthesis sup-

ports BrCa cell growth. Thus, its reduced concentra-

tion could limit the proliferation rate [59].

Finally, the volcano plot shown in Fig. 7A points to

an increase in the pyroglutamate level that could

reflect either a mitochondrial metabolic alteration of

glutamine or glutamate cyclisation. However, because

Table 1. Apoptosis evaluated in MCF-7 and MDA-MB-231 cells after 48 h treatment with NC9 and AA9. The percentage of apoptotic cells

reported is the average � SD of three independent experiments.

DMSO 0.1%

NC9 AA9

25 lM 50 lM 75 lM 25 lM 50 lM 75 lM

MCF-7 18.12 � 3.50 23.70 � 2.76 25.08 � 3.38 35.52 � 5.05 25.87 � 1.55 33.03 � 0.78 36.87 � 0.68

MDA-MB-231 16.17 � 1.11 17.02 � 4.47 24.28 � 1.13 24.28 � 1.48 30.67 � 1.67 26.25 � 0.36 28.90 � 1.88

Fig. 3. Intracellular metabolite profiles of MCF-7 and MDA-MB-231 control cells. Metabolites of MDA-MB-231 (blue) and MCF-7 cells (light

blue) have been class gathered. Data are reported as average concentrations (lM) � SD, normalised against the protein content (mg), mea-

sured in three independent experiments. O-PC, O-phosphocholine; O-PEA, O-phosphoethanolamine; sn-GPC, sn-glycerophosphocholine;

UDP-glc, uridine diphosphate-glucose; UDP-NAG, uridine diphosphate-N-acetylglucosamine.
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the latter reaction can also occur in cell lysate, the

interpretation of pyroglutamate concentration is not

straightforward as it might represent an artefact not

attributable to AA9 action [60]. For this reason, we

will not discuss it further.

Metabolic alterations induced by AA9 inhibitor

on MDA-MB-231 cells

The pathway topological analysis, shown in Fig. 8A,

points to 12 dysregulated pathways (P < 0.01 and

pathway impacts > 0.1, Fig. 8B). Those with pathway

impact > 0.4 are alanine, aspartate, and glutamate

metabolism; glutamine and glutamate metabolism;

nicotinate and nicotinamide metabolism; taurine and

hypotaurine metabolism; and b-alanine metabolism.

Among the numerous metabolites indicated to

undergo a remarkable concentration change and

reported in Fig. 5D, glutamate is present in 7 out of

12 of the metabolic pathways significantly affected by

AA9 in Fig. 8B, namely: glutathione metabolism; argi-

nine and proline metabolism; nicotinate and nicotin-

amide metabolism; glutamate and glutamine

metabolism; alanine, aspartate, and glutamate metabo-

lism; glyoxylate metabolism; and arginine biosynthesis.

Aspartate is present in four pathways (together with

glutamate in three of them): nicotinate and nicotin-

amide metabolism; alanine, aspartate, and glutamate

metabolism; arginine biosynthesis; and glycine, serine,

and threonine metabolism, in which glutamate is not

present. All the remaining metabolites, shown in

Fig. 5D, can be spotted in one of the significantly

altered metabolic pathways reported (Fig. 8B).

Using the same criteria as for the MCF-7 cell line,

we generated a volcano plot for MDA-MB-231 cells

(Fig. 9A). The box plots, shown in Fig. 9B, highlight

the metabolites with significantly altered concentra-

tions: (a) an increase of the amino acids aspartate, pro-

line, and glutamate, together with the amino acid

derivatives taurine, b-alanine, and creatine; (b) an

increase of fumarate, malate, and adenosine; (c) a

decrease in GTP, hypoxanthine, niacinamide, and

sn-glycero-3-phosphocholine.

Fumarate (alanine, aspartate, and glutamate metab-

olism) and malate (glyoxylate and dicarboxylate

metabolism) are also associated with the pyruvate and

Krebs pathways, which, despite not having a pathway

impact > 0.1 in our analysis, still have a significant

P-value and a good FDR.

As for choline and O-phosphocholine, despite their

significant VIP scores (Fig. 5D), 1.37 and 1.25, respec-

tively, they are not among the metabolites that satisfy

the selection rules of the volcano plot (Fig. 9).

To summarise, TG2 inhibition primarily impacts amino

acid, pyruvate, Krebs cycle, and purine metabolisms.

Comparison of metabolites and pathways

affected by AA9 in MCF-7 and MDA-MB-231 cell

lines

The volcano plots (Fig. 7 and Fig. 9) show that AA9

exerts a diverse effect on the metabolome of the two

cell lines, with a larger number of metabolites with sig-

nificantly altered concentrations in MDA-MB-231

than in MCF-7 cells.

Interestingly, the VIP scores in Fig. 5C,D, reveal three

common metabolites: choline, O-phosphocholine, and

myo-inositol. Myo-inositol shows a higher score in

MCF-7 than in MDA-MB-231 cells (1.33 vs. 1.25). The

pathway analysis of the two cell lines, Fig. 6 and Fig. 8,

shows that the inositol phosphate metabolism is per-

turbed in both with a pathway impact of 0.13 and a sta-

tistical relevance with �log(P) values of 2.59 and 2.01

for MCF-7 and MDA-MB-231 cells, respectively.

An alteration in purine metabolism, highlighted by

the increase in guanosine levels in MCF-7 (Fig. 6), is not

evidenced in the pathway analysis of MDA-MB-231

cells (Fig. 8), despite the significant alterations observed

for adenosine, hypoxanthine, and GTP (Fig. 9).

The VIP scores of MCF-7 cells do not highlight fuma-

rate or malate. However, the pathway analysis shown in

Fig. 6B indicates the pyruvate metabolism

(FDR = 0.046, pathway impact 0.30, �log(P) of 2.01),

to which fumarate is linked. Instead, fumarate is identi-

fied, with a VIP score of 1.29 (Fig. 5D), only for the

MDA-MB-231 cells reflecting alteration of the alanine,

aspartate, and glutamate metabolisms (FDR = 0.024,

pathway impact 0.24 and �log(P) of 2.27). Similarly,

although malate is not among the 15 metabolites with

higher VIP scores for MCF-7, in MDA-MB-231 cells

presents a high VIP score of 1.34 belonging to the glyox-

ylate and dicarboxylate metabolism (Fig. 8).

Fig. 4. Hierarchical cluster analysis and heatmap illustrating the metabolite-level datasets. The hierarchical clustering (top) distinguishes four

groups of differential metabolic profiles, corresponding to the MD-MB-231 and MCF-7 treated with AA9 or supplemented only with the vehi-

cle and indicated by different colours. In the heatmap (bottom), rows correspond to the identified metabolites, whereas columns correspond

to the different triplicate samples derived from independent experiments and characterising each group. On the right, the log2 scale repre-

sents higher (red) and lower (blue) concentrations of metabolites.
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Discussion

AA9 is a novel inhibitor derived from NC9, which has

raised much interest. To investigate the molecular

mechanisms that govern its action, we selected MCF-7

and MDA-MB-231 as BrCa reference cell lines.

The ability to enter the cells and persist inside is one

of the important features that an anticancer drug must

possess. The permeability data indicate that AA9 has

good passive permeability and better performance than

NC9. In MDA-MB-231 cells, AA9 permeability agrees

with its good efficacy for in situ inhibition of TG2

Fig. 5. On the left, PLS-DA plot of the intracellular metabolome of MCF-7 (A) and MDA-MB-231 (B) cell lines with and without the TG2

inhibitor AA9. The plots are the result of three independent replicates. Before analysis, metabolite concentrations were normalised by the

median concentration of each sample and auto-scaled (mean-centred and divided by the SD of each variable). On the right are the 15 top

metabolites separating by component 1 in the PLS-DA plots for MCF-7 (C) and MDA-MB-231 (D) cells. Higher VIP scores indicate relevant

contributions to discriminating between the groups. The coloured boxes (red and blue) on the right side of the VIP score plot denote the rel-

ative metabolite abundance in each cluster of the PLS-DA. GPC, sn-glycerophosphocholine; N-Ac-Asp, N-acetyl-aspartate; OPC,

O-phosphocholine; UDP-NAG, UDP-N-acetylglucosamine.
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activity, which is higher than that of NC9 used at a

concentration close to their KI. Unfortunately, the

assay conditions were unsuitable to detect TG2 activity

in MCF-7 cells due, in part, to the low amount of

expressed TG2 and the possible internalisation of the

BAP substrate. Those adverse effects have been

overcome by using more cells and an in vitro test of

transamidase activity (both on treated cells and on

inhibitor-exposed lysates). We can conclude that

MCF-7 cells possess transamidase activity that is

inhibited by AA9, as inferred by its interference with,

albeit low, cell motility. The presence of TG2 [5,61]

and its transamidation activity [62] in MCF-7 cells has

already been reported, as well as the alteration of cell

motility as a function of TG2 concentration [10].

The great sensitivity of MDA-MB-231 cells to AA9

could also be a consequence of their genetic profile.

Based on two sources, the Cancer Cell Line Encyclo-

paedia (CCLE) (https://sites.broadinstitute.org/ccle/ on

February 25, 2022) and the Catalogue of Somatic

Mutations in Cancers (COSMIC; https://cancer.sanger.

ac.uk/cell_lines on February 25, 2022) and by compar-

ing the mutations to Genome Reference Consortium

Human Build 38 (GRCh38/hg38), we found that the

Fig. 6. Pathway analysis of the metabolic changes induced by AA9 in MFC-7 cells. (A) Matched pathways are displayed as circles. The col-

our of each circle is based on the P-value (darker colour indicates more significant changes in metabolites in the corresponding pathway due

to AA9 treatment), whereas the size of the circle indicates the pathway impact score. The numbers correspond to the pathways detailed in

(B). (B) Summary of the major metabolic pathways altered in MCF-7 cells by AA9 treatment. Metabolic pathways with pathway impact

> 0.1 and FDR < 0.05 were considered relevant. In red, is the pathway that MCF-7 cells have in common with MDA-MB-231 cells.
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triple-negative MDA-MB-231 cells are mutated in

ABC transporter genes (ABCA3 and ABCC1), which

contribute to the fluxes of molecules across the plasma

membrane [63]. We underline that the efflux ratio of

AA9 improved when combined with the Pgp inhibitor

Zosuquidar [53], thus supporting our hypothesis and

representing a relevant point considering its use in

multi-drug therapeutic protocols [10,25–29].
Considering that NC9 can contrast cell migration in

both cell lines [10], we tested only AA9. Our findings

using the xCELLigence RTCA system demonstrated

the good potential of this compound to limit migration

within 24 h, with a more significant effect in MDA-

MB-231 cells. Moreover, AA9 reduces the invasiveness

of MDA-MB-231. This latter aspect was not evaluated

in MCF-7 cells because they are not endowed with a

marked invasive ability [10].

Prevention of cancer cell movement does not only

stop the tumour from spreading but also helps to sen-

sitise them to an anticancer effect. Accordingly, we

tested NC9 and AA9 inhibitors for apoptosis induc-

tion in both cell lines. Despite the presence of an acryl-

amide group that may allow for off-target reactivity,

this event does not necessarily occur if the design of

the compound accurately guides the inhibitor to its

target [30]. We found that, after a treatment of 48 h at

the lowest tested concentration (25 lM), AA9 pro-

duced the highest apoptosis percentage in MDA-MB-

231 cells. While both NC9 and AA9 induced dose-

dependent apoptotic effects in MCF-7 cells, the lack of

a comparable dose-dependent increase in

MDA-MB-231 cells could be attributed to the inhibi-

tors’ moderate permeability, high efflux ratio, or bio-

transformation. These pharmacokinetic properties are

the focus of ongoing research aimed at developing

these inhibitors into more effective drugs [64]. Even if

the pro-apoptotic effect is moderate, the interest in

TG2 inhibitors is mainly due to their potential use in

combination with other chemotherapeutic agents

[23,26].

Several recent metabolomics studies have been per-

formed on MDA-MB-231 and MCF-7 cell lines to test

the effects of different anticancer treatments

[42,43,46,47,49,65].

The characterisation of the metabolic impact due to

AA9 inhibition of TG2 highlighted a significant num-

ber of metabolites, supporting the concept that AA9

drives metabolic modifications in a cell line-specific

manner.

AA9 treatment of MCF-7 cells significantly

decreases alanine, serine, choline, O-phosphocholine,

and pantothenate. The decrease in serine concentra-

tion is expected to limit the proliferation rate because

serine biosynthesis supports BrCa cell growth [66]. A

decrease in serine should affect the metabolism of

folic acids and serine palmitoyltransferase activity,

which, by catalysing the biosynthesis of sphingosine

(a precursor of sphingolipids and non-canonical

1-deoxysphingolipids) [67], may alter the membrane

composition, thus limiting tumour growth and pro-

gression. Phospholipid metabolism is strongly associ-

ated with oncogenesis, and interference with the levels

of choline and O-phosphocholine is expected to

impact membrane turnover [58,68]. This finding is

consistent with the observation that O-

phosphocholine and choline levels decrease after AA9

treatment in both cell lines, even though significant

changes in the glycerophospholipid metabolism occur

only in MCF-7 cells. Indeed, gene mutations affect

glycerophospholipid metabolism and choline uptake

in BrCa [67]. Interestingly, phosphocholine and cho-

line content are the results of two pathways: phos-

phocholine synthesis, due to choline kinase

upregulation in the Kennedy biosynthetic pathway,

and phosphatidylcholine degradation, mediated by

phospholipase C [68]. The latter is notoriously regu-

lated by TG2 through its G-protein function

[21,56,68,69] and may be altered by AA9 [32]. This

function has been associated with metastatic progres-

sion in triple-negative BrCa [70].

We underline that MDA-MB-231 cells are more sen-

sitive to the action of AA9, as shown by the volcano

plot, displaying a wider range of altered metabolites.

Amino acid levels are significantly modified, with nota-

ble increases in glutamate and aspartate, along with

b-alanine. Cancer cellular metabolic reprogramming

responds to an increased demand for amino acids

to produce energy and re-synthesise proteins,

Fig. 7. Univariate analysis of the intracellular metabolome obtained from MCF-7 cells treated with AA9 versus untreated cells. (A) Volcano

plot analysis based on fold change |FC| > 1.5 and a P value < 0.05, reported as a logarithmic scale. The red, blue, and grey dots represent

up-regulated, down-regulated, and insignificantly changed metabolites in AA9 treated versus untreated cells, respectively. (B) Box and whis-

ker plots of the significant metabolites differentially expressed in untreated MCF-7 cells (red) or treated with AA9 (green). The univariate sta-

tistical analysis corresponds to three independent experiments. Before analysis, metabolite concentrations were normalised by the median

concentration of each sample and auto-scaled (mean-centred and divided by the SD of each variable). O-P-choline, O-phosphocholine.
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maximising amino acid uptake from the extracellular

environment. This request is associated with modifica-

tions that affect the metabolism of pyruvate and the

Krebs cycle, which, especially in MDA-MB-231 cells

[16], might involve modifications of specific enzymes

that have been reported to be substrates of TG2,

such as glyceraldehyde-3-phosphate dehydrogenase,

a-ketoglutarate dehydrogenase [17,18], and aldolase

and cytochrome c [18]. This finding might reflect

alterations of mitochondrial functions relevant to

apoptosis [71], as also proved by the adenylate translo-

cator, a substrate of TG2 [72].

To summarise, our data display preferential alter-

ation of membrane turnover in MCF-7 in contrast to

amino acid metabolism in MDA-MB-231 cells. AA9

limits energy consumption and nucleotide metabolism,

selectively impacting the concentration of specific

metabolites. In MCF-7 cells, purine metabolism is

included among the significantly dysregulated path-

ways, while volcano plot analysis of MDA-MB-231

Fig. 8. Pathway analysis of the metabolic changes induced by AA9 in MDA-MB-231 cells. (A) The numbers correspond to the pathways

detailed in (B). (B) Summary of the major metabolic pathways altered in MDA-MB-231 cells by AA9 treatment. Metabolic pathways with

pathway impact > 0.1 and FDR < 0.05 were considered relevant. Inositol phosphate metabolism (in red) is significantly affected by AA9 both

in MDA-MB-231 and MCF-7 cells.
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cells showed decreasing GTP and hypoxanthine, which

belong to the purine metabolism pathways. With pre-

dictive significance, the concentration of hypoxanthine

is of fundamental importance [73].

Since these cell lines have different mutations, the

observed metabolic changes might be conditioned by

their specific genomic framework [51]. MDA-MB-231

cells have a missense mutation for ACO1 (the aconitase

1 gene), which may exacerbate the imbalance induced

by AA9 in Krebs intermediates. The mutation in MDA-

MB-231 cells of the SLC27A1 (Solute carrier family 27

member 1) gene, coding a transporter of long-chain

fatty acids involved in glycerophospholipid biosynthe-

sis, could affect sn-glycero-3-phosphocholine levels in

these cells. On the other hand, SLC5A7 (solute carrier

family 5 member 7), which mediates choline uptake, is

mutated in MCF-7 cells. Another player in the glycero-

phospholipid balance could be PLA2R1 (phospholipase

A2 receptor 1), which negatively regulates the secretion

of PLA2 and is responsible for the cleavage of glycero-

phospholipids. Since TG2 acts as an activator of PLA2

[19,20], AA9 could influence this pathway. Concerning

the MCF-7 cell genome, the mutations interfering with

the phosphatidylinositol signalling system and affecting

PIK3AP1 (phosphoinositide-3-kinase adaptor protein

1) and PIK3CA (phosphatidylinositol-4,5-bisphosphate

3-kinase catalytic subunit alpha) might modify the myo-

inositol concentration and the glycerophospholipid

metabolism. These mutations could emphasise the

effects of AA9 on the two cell lines, impacting the

Krebs cycle and glycerophospholipid metabolism in

MDA-MB-231 and phosphatidylinositol signalling in

MCF-7 cells.

Despite their different genomic features, we have

identified a common, significantly deregulated path-

way, the inositol phosphate metabolism. AA9 treat-

ment causes an increase in myo-inositol concentration

in MDA-MB-231 cells containing higher levels of

TG2. Currently, myo-inositol is suggested as an adju-

vant in treating several diseases [74]. Myo-inositol per-

turbation has been associated with the antineoplastic

effects of chemotherapeutic drugs, such as cisplatin

[75]. The relevance of myo-inositol in BrCa therapy is

demonstrated by the improvement of quality of life,

ameliorating the symptoms of patients when co-

administered with chemotherapy [76].

We emphasise the importance of supplementing tra-

ditional therapies with new molecules that could

reduce the dosage and toxicity of anticancer drugs

while limiting the invasiveness and infiltration features

that make BrCa treatment a challenge [40]. In this

regard, AA9 may be a promising candidate whose

potential should be further investigated. Clearly, in

our experimental conditions, as with all assays involv-

ing the administration of drugs, off-target effects can-

not be ruled out. Further investigations to identify

proteins non-specifically interacting with AA9 are

required to better understand the in vivo mode of

action of this TG2 inhibitor.

The metabolomic approach, which focuses on a

qualitative and quantitative analysis of the intracellular

metabolites, is particularly powerful. The observed

metabolic effects following the TG2 inhibitor adminis-

tration might be due to both transglutaminase and sig-

nal cascade interference. We envisage expanding our

investigation to elucidate the partners and pathways

influenced by TG2 inhibitors, as well as the involve-

ment of this enzyme in the pathogenesis of BrCa.

Conclusions

Perturbations of the metabolomes of BrCa hormone-

sensitive MCF-7 and triple-negative MDA-MB-231

cells caused by the novel TG2 inhibitor AA9 have

been investigated using 1H-NMR. Because of the mul-

tifunctional roles of TG2, AA9 alters the concentra-

tion of several metabolites in both BrCa cell lines,

impacting specific cellular pathways. AA9 appears

more effective on MDA-MB-231 cells, as evaluated by

metabolomic perturbations and migration inhibition.

We believe this differential effect is due to: (a)

the genomic assets of the two cell lines; (b) the higher

level of TG2 expression in MDA-MB-231 compared

to MCF-7 cells; and (c) the inhibitor membrane per-

meability, efflux ratio, or time-dependent biotransfor-

mation within the cells.

Fig. 9. Univariate analysis of the intracellular metabolome obtained from MDA-MB-231 cells treated with AA9 versus untreated cells. (A)

Volcano plot analysis based on fold change |FC| > 1.5 and a P value < 0.05, reported as a logarithmic scale. The red, blue, and grey dots rep-

resent up-regulated, down-regulated, and insignificantly changed metabolites in AA9- versus control cells, respectively. (B) Box and whisker

plots of the significant metabolites differentially expressed in untreated MDA-MB-231 cells (red) or treated with AA9 (green). The univariate

statistical analysis corresponds to three independent experiments. Before analysis, metabolite concentrations were normalised by the

median concentration of each sample and auto-scaled (mean-centred and divided by the SD of each variable). sn-GPC, sn-

glycerophosphocholine.
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In the context of the large diversity that charac-

terises these two cell lines, the effects on inositol

phosphate metabolism might be a valuable key to

unveiling the molecular mechanisms that underlie

AA9 activity.

Materials and methods

Transglutaminase 2 inhibitors

The two inhibitors, AA9 and NC9, were synthesised as

described previously [17]. Their chemical names are (S)-benzyl

(1-(4-(1-naphthoyl)piperazin-1-yl)-6-acrylamido-1-oxohexan-2-

yl)carbamate and N-a-carbobenzyloxy-N-e-acryloyl-L-lysine
(2-(2-dansylaminoethoxy)-ethoxy)ethanamide, respectively.

Stock solutions were stored at �20 °C, at 300 mM concentra-

tion in DMSO 10% and diluted immediately before use.

These compounds are also commercially available from

ZEDIRA GmbH (Darmstadt, Germany).

Permeability assays

The in vitro pharmacokinetic properties of AA9 and NC9

were evaluated by Pharmaron, Inc. (Louisville, KY, USA).

Passive diffusion across a lipid membrane was measured in

a PAMPA using 1.8% lecithin in dodecane as the artificial

membrane and measuring diffusion after 16 h of incubation

at 25 °C. To measure diffusion through a cell layer,

Madin-Darby canine kidney cells transfected to express

Pgp were grown to confluence on transwell membranes,

and the integrity of the cell layer was verified by transe-

pithelial electrical resistance. The assays were carried out

by adding the molecules to either the apical or basolateral

compartments, and the assembled transwell plates were

incubated for 2 h at 37 °C. At the end of the transport

period, the concentrations of inhibitors in the upper and

lower chambers were determined by liquid

chromatography-mass spectrometry.

Cell culture conditions and treatments

In this perspective, MCF-7 cells are oestrogen and proges-

terone receptor-positive and human epidermal growth fac-

tor receptor 2 (HER2)-negative, belong to the luminal A

subtype. They have an irregular cuboid shape, as well as a

low tendency to metastasize, often used to check the devel-

opment of drug resistance [10,77]. While the triple-negative

MDA-MB-231 cells, despite showing an epithelial origin,

display a mesenchymal-like phenotype with a spindle shape

and manifest a high propensity to invasion and metastasi-

zation [78].

The BrCa-derived MCF-7 (RRID: CVCL_0031) and

MDA-MB-231 (RRID: CVCL_0062) cells were purchased

from the American Type Culture Collection (Rockville,

MD, USA). Both cultures were tested monthly for contam-

ination by mycoplasma and other microorganisms and sub-

jected to cell identification by single-nucleotide

polymorphism quarterly. In addition, we analysed the gene

expression of the two cell lines by RNA sequencing, and

the results were compared with data obtained from the

GEO NCBI database (https://www.ncbi.nlm.nih.gov/geo/,

GSE154809 for MDA-MB-231, and GSE111151 for MCF-

7). The top 5 genes (LRR1, SNAPC5, PELO, PGK1,

SEC61A1 for MDA-MB-231 and KRT8, SDHD, TBCA,

PGD, and CCND1 for MCF-7 cells), indicating the highest

model-specific effect-size expression and associated with

loss of fitness, demonstrated comparable scores. These

genes, calculated as indicated by Project Score (Wellcome

Sanger Institute database, https://www.sanger.ac.uk/tool/

project-score-database/), represent those that more charac-

terise the biological activity and the phenotype of each cell

line.

MCF-7 cells were cultured at 37 °C in a 5% CO2 humid-

ified atmosphere in Dulbecco’s Modified Eagle Medium

(DMEM, GE-Healthcare, Milano, Italy), supplemented

with 10% foetal bovine serum (Gibco Laboratories, New

York, NY, USA), 2 mM L-glutamine (Merck Life Science,

Milan, Italy), 50 U�mL�1 penicillin, and 50 lg�mL�1 strep-

tomycin (Merck Life Science). MDA-MB-231 cell cultures

were grown in similar conditions but using DMEM High

Glucose w/stable L-glutamine (EuroClone, Pero, Italy) with

the addition of the same antibiotics. Cells were grown in

triplicate for all tested conditions using T75 flasks (Euro-

Clone), reaching around 70% confluence before any treat-

ment. At this stage, the culture medium was removed and

replaced by a fresh medium; after 8 h of adaptation to cul-

ture conditions, cells were exposed to a specific TG2 inhibi-

tor for 16 h according to the experimental procedure

previously developed for these cell lines [10]. Cell cultures

were treated using either 9 lM AA9 or 30 lM NC9 in 0.1%

DMSO, corresponding to their KI values. As a reference,

cell cultures were grown in a medium supplemented with

0.1% DMSO.

Gene expression quantification by RT-qPCR

We used TRI Reagent� to extract total RNA from

3 9 106 cells, as reported in the manufacturer’s protocol

(Merck Life Science). One microgram of total RNA was

reverse transcribed using the TaqMan� Reverse Transcrip-

tion Reagents Kit (Thermo Fisher Scientific, Monza, Italy)

and quantitative polymerase chain reactions (qPCRs) were

carried out as reported by Franzese et al. [79]. Fold change

was calculated applying the formula 2DCT, where DCT
value was the difference between the CT mean and the CT

of the specific sample, then normalised using the geometric

mean of two references, b-actin (forward primer 50-C
ATTGCCGACAGGATGCA-30, reverse primer 50-GC

TGATCCACATCTGCTGGA-30) and GAPDH (forward
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primer 50-CTATAAATTGAGCCCGCAGCC-30, reverse

primer 50-CCCAATACGACCAAATCCGT-30).

In situ TG2 activity analysed in MDA-MB-231

cells

To assay the block of catalytic activity of TG2 in the BrCa

cells, we modified and adjusted the protocol described by

Verhaar et al. [54]. We seeded the cells in T25 flasks. At

about 80% confluence, the supernatant from each sample

was gently removed without detaching the cells and dis-

carded. We then washed the cells with 5 mL of culture

medium (without FBS and antibiotics), adding it drop by

drop and taking care not to detach the cells. To each flask

or sample, we added 1.5 mL of culture medium, containing

1 mM N-(5-aminopentyl)biotinamide trifluoroacetate salt

(BAP, 10 mM concentrated stock solution, Merck Life Sci-

ence S.r.l., Milano Italy). After an incubation of 4 h, we

treated with TG2 inhibitors, while the control was repre-

sented by the treatment with 0.1% DMSO (the solvent in

which the inhibitors were resuspended) for 1 h, followed

by the addition of 10 lM A23187 (Merck Life Science

S.r.l.) as the final concentration for 90 min. Also, we

detached the cells using a scraper, transferred them to a

1.5 mL Eppendorf tube, and collected each sample by cen-

trifugation at 300 g for 5 min. We washed twice with

1.5 mL of cold PBS and transferred the pellet into a 0.5-

mL Eppendorf tube, and finally resuspended it in 200 lL
of cold homogenising buffer (TRIS 50 mM, NaCl 150 mM,

EDTA 1 mM; protease inhibitors (HaltTM Protease Inhibitor

Cocktail Thermo Fisher Scientific) 1 lg�mL�1 pH = 7.4,

and phenylmethylsulfonyl fluoride (0.1 mM added at time

of use). The lysates could be stored at �80 °C, sonicate (in

immersion 5 s pulse + 5 s pause for 5 times). Cellular

extracts have been quantified by the Bradford Protein

Assay.

Ten micrograms of homogenate were diluted to 50 lL
with coating buffer (50 mM Tris-HCl, pH 7.4, 150 mM

NaCl, 5 mM EGTA, 5 mM EDTA), dispensed into wells of

a 96-well microtiter plate for ELISA (Maxisorp Nunc

ImmunoPlate, Thermo Fisher Scientific) and incubated

overnight at 4 °C. After three washing steps with 300 lL
per well of washing buffer (0.1 M Tris-HCl, pH 8.5), the

non-specific sites were saturated with 300 lL per well of

5% BSA prepared in 150 mM NaCl, 10 mM NaH2PO4, pH

7.2, 0.05%v/v Tween-20 (blocking diluent) for 1 h at room

temperature, applying gentle agitation. After three washing

steps with 300 lL per well of the same buffer, 100 lL of

HRP-conjugated streptavidin (1 : 2000 diluted in blocking

diluent) was added to each well, and the plate was incu-

bated for 20 min at room temperature by gentle shaking.

Finally, after five washes with 300 lL per well, 100 lL per

well of substrate mix was added (0.42 mM 3,30,5,50-
tetramethylbenzidine, 1.95 mM hydrogen peroxide, dis-

solved in 20 mM sodium citrate, pH = 5), and the

incubation was performed at room temperature for 10–
20 min in the dark with gentle shaking. The reaction was

stopped by adding 100 lL of 2 M H2SO4, and the wells

were read in a microplate reader (Tecan Infinite M200,

Tecan, Hombrechtikon, Switzerland) at 450 nm with a ref-

erence set at 540 nm. All measurements were done in tripli-

cate and repeated at least three times.

The amounts of BAP-associated proteins were calculated

as percentage with respect to the control treated with 0.1%

DMSO.

In vitro transamidation activity analysed in

MCF-7 cells

To investigate the effects of TG2 inhibitors in MCF-7 cells,

they were grown in t75 flasks using the above-reported cul-

ture conditions. In one set of experiments, we treated

MCF-7 cells with the compounds for 1 h. Next, cell pellets

were collected, washed with PBS 19, and centrifuged at

1200 r.p.m. for 5 min, then resuspended in 200 lL of cold

homogenising buffer, sonicated, and quantified. Also, a

major amount (25 lg) of total lysate has been analysed for

transamidase activity. In the second set of experiments, we

harvested the cells and produced the homogenates, but in

this case, we directly exposed 25 lg of lysate to the action

of a 10 lM AA9 inhibitor while performing a control test

without the inhibitor. Finally, the transamidation assay

was carried out as follows. The homogenates were incu-

bated in assay buffer containing 10 mM DTT, 10 mM

CaCl2, and 0.1 M Tris-HCl pH 8.1 at 37 °C, and BAP was

added at the final concentration of 2 mM and incubated for

1 h at 37 °C. The reaction was stopped by adding 10 mM

EDTA. An ELISA plate was loaded with the extracts, and

the colorimetric HRP-conjugated streptavidin reactions

were carried out as above described.

Cell migration and invasion assays

Migration and invasion properties of collected cells were ana-

lysed by the xCELLigence RTCA system (Real-Time Cell

Analyser System, Acea Biosciences Inc., San Diego, CA,

USA) [10]. About 4 9 105 cells per well were deposited onto

the top chamber of CIM-16 plates. The assay of invasiveness

was carried out using diluted Matrigel (1 : 20 in serum-free

medium, BD Biosciences, Milan, Italy) layered in the upper

chamber, while medium containing 10% FBS was used as a

chemoattractant in the bottom chamber in the invasiveness

assay or at 5% FBS in the migration assay. Each measure-

ment was performed in quadruplicate, detecting the signal

every 15 min for 24 h. Impedance values were indicated as a

dimensionless parameter (Cell Index, CI), and values greater

than 0.1 were considered positive. Finally, the rate of cell

movement was quantified by calculating the slope, indicating

the steepness, inclination, gradient, and changing rate of the

CI curves over time.
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Apoptosis assay

Cells were seeded in 2-mL wells, exposed for 48 h to TG2

inhibitors, trypsinised, and resuspended in PBS solution

with 10% FBS. The apoptotic effects were evaluated in

samples of 1 9 105 cells using the Muse� Annexin V and

Dead Cell Kit (Luminex, Prodotti Gianni, Milan, Italy) as

described by Aguiari et al. [26].

Cell harvesting and lysis for intracellular

metabolite collection

Upon treatment for 16 h, the cell supernatant of each flask

was recovered and saved; the treated cells were washed twice

with phosphate buffered saline pH = 7.4 (PBS, Thermo

Fisher Scientific) and detached by adding 4 mL trypsin-

EDTA 0.25% (Thermo Fisher Scientific) and incubated for

5 min at 37 °C. Once cells were detached, confirmed by

microscope inspection, and trypsin was inactivated by the

addition of the previous supernatant, the cells were resus-

pended by thoroughly pipetting, collected by centrifugation

at 300 g for 7 min (4 °C), washed 3 times with 10 mL PBS,

resuspended in 10 mL PBS, and analysed by using the cell

viability kit and MUSE cell analyser (Prodotti Gianni,

Milan, Italy). Reported statistics include % viability and

protein content. Finally, cells were pelleted by centrifugation

and stored at �80 °C until cell lysis.

Triplicate cell pellets were thawed and suspended in 4 mL

of deionised water (4 °C) by vortexing. Cell lysis was affected
by sonication, applying two short bursts (30 s) of ultrasound

treatment to the cell suspension immersed in an ice bath. To

prevent excessive heating, sample tubes were allowed to cool

down between the two sonication steps. The absence of intact

cells was verified by microscopy inspection.

Fifty microlitres of each lysate were collected for protein

quantification (Bradford assay, Sigma-Aldrich, Merck

KGaA, St. Louis, MI, USA). The remaining volume of

lysate was ultra-filtered using Amicon Ultra-4 Centrifugal

filters (10000 MWCO, Merck Millipore, Milan, Italy) at

4000 g and 5 °C to deplete the metabolite solution of pro-

teins and cell debris.

The average number (�SD) of cells that have undergone

treatment is reported in Table 2, along with the percentage

of their viability and the total protein content measured in

each lysate before the ultrafiltration step.

Sample preparation and 1H-NMR spectra

collection

For NMR sample preparation, each filtered metabolite

solution was lyophilised and dissolved in 600 lL of 50 mM

phosphate buffer (pH = 7.4), containing 1.45 mM 3-

trimethylsilyl propionic acid as a chemical shift reference

(0.00 ppm) and quantitative internal standard, and 2.5%

D2O for the signal lock. One-dimensional 1H-NMR spectra

were acquired at 25 °C with a JEOL 600 MHz ECZ600R

spectrometer (JEOL Inc., Tokyo, Japan) according to the

method of Gallo et al. [80]. The spectra were processed and

analysed with the CHENOMX NMR SUITE 9.0 software (Che-

nomx Inc., Edmonton, AB, Canada), zero-filling to 256 K

points, and processed using a line broadening of 0.5 Hz.

Statistical analyses

NMRmetabolite concentrations were normalised by the pro-

tein content of each sample. Multivariate statistical analysis

was carried out on target metabolites using METABOANALYST

5.0 (https://www.metaboanalyst.ca) [81]. Metabolite concen-

trations were further normalised by the median and auto-

scaled (mean-centred and divided by the standard deviation

of each variable) before analysis. PLS-DA was used to com-

pare the metabolite profiles of the two BrCa cells [82]. The

hierarchical clustering dendrogram of all 15 samples was per-

formed using the Euclidean distance measure and the Ward

algorithm, while the heatmap used the Pearson distance mea-

sure and the Ward clustering method. For two-group data

analysis, volcano plots were employed, considering 1.5 and

0.05 as FC and raw P-value thresholds, respectively.

For pathway analysis, performed with the METABOANA-

LYST 5.0 platform and based on the KEGG pathway data-

base, we used the normalised metabolite concentrations

measured in three independent experiments using MCF-7

and MDA-MB-231 cells treated with AA9 or DMSO. The

x-axis of the pathway analysis plotted in the figures corre-

sponds to the pathway impact value computed by pathway

topological analysis, and the y-axis is the �log of the

P-value (�log(P)) from pathway enrichment analysis. The

most significantly impacted pathways appear in the plot’s

top-right region.

Acknowledgements

This work was supported by the following grants: NB

by FAR2021 (prot. FAR2191074) and FIR2021 (prot.

FIR2191318); SV by FAR2021 (Fondo di Ateneo per

la Ricerca Scientifica, Unife). We thank Co.Pe.Go.

(Soc.Coop.O.P.) for a liberal voluntary contribution to

the present research.

Table 2. Cell treatments and quantitative data of the crude cell
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Cell line Treatment

Cell viability

[%]

Protein contenta

[mgtot]

MCF-7 DMSO 74.1 � 9.8 40.6 � 0.4

AA9 82.7 � 6.8 43.2 � 7.0

MDA-MB-

231

DMSO 92.1 � 1.4 10.9 � 0.7

AA9 92.4 � 3.4 8.6 � 2.7
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