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Review Article

Spotlight on the transglutaminase 2 gene: a focus
on genomic and transcriptional aspects Q2

¶
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Correspondence: Carlo M. Bergamini (bgc@unife.it)

The type 2 isoenzyme is the most widely expressed transglutaminase in mammals dis-
playing several intra- and extracellular activities depending on its location (protein modifi-
cation, modulation of gene expression, membrane signalling and stabilization of cellular
interactions with the extracellular matrix) in relation to cell death, survival and differenti-
ation. In contrast with the appreciable knowledge about the regulation of the enzymatic
activities, much less is known concerning its inducible expression, which is altered in
inflammatory and neoplastic diseases. In this context, we first summarize the gene’s
basic features including single-nucleotide polymorphism characterization, epigenetic
DNA methylation and identification of regulatory regions and of transcription factor-
binding sites at the gene promoter, which could concur to direct gene expression.
Further aspects related to alternative splicing events and to ncRNAs (microRNAs and
lncRNAs) are involved in the modulation of its expression. Notably, this important gene
displays transcriptional variants relevant for the protein’s function with the occurrence of
at least seven transcripts which support the synthesis of five isoforms with modified cata-
lytic activities. The different expression of the TG2 (type 2 transglutaminase) variants
might be useful for dictating the multiple biological features of the protein and their altera-
tions in pathology, as well as from a therapeutic perspective.

Introduction
Over the years, the enzymes of the transglutaminase family have been the object of extensive investiga-
tion, so elucidating their structure and catalytic activities, tissular and cellular distribution and rele-
vance to cell biology and disease [1–4]. One particular isoenzyme, type 2 transglutaminase (TG2), is
emerging as a multifunctional enzyme capable of promoting either cell growth/differentiation or cell
death [5,6] under regulation by allosteric effectors. These are chiefly activities of protein transamida-
tion, GTP-linked signalling and scaffolding of the extracellular matrix (ECM). Calcium ions trigger
activation of transamidation by a conformational change shifting away the C-terminal from the
N-terminal domains through a flexible connecting loop so widening the groove to free the access of
the protein substrates to the active site. This process is amplified in the presence of substrates [7]. The
mechanism of TG2 activation by ‘opening’ the structure through the domain shift is counteracted by
GTP, an allosteric inhibitor that binds at the surface of domains 1 and 2 on the amino-terminal side
and of domain 3, taking contact with R580 tethering the protein in the closed conformation [2,8]. In
this state, the G-protein signalling activity is apparently switched-on. Data of in situ activity in per-
meabilized cells [9] and FRET technology in cultured cells support this model [10].
The expression of TG2 is likely controlled at the transcriptional level, depending on complex signal-

ling cascades. Upon synthesis, the protein is largely present in the cytoplasm, but also in the plasma
membrane and the extracellular space. A fraction of the protein is also stored in the nucleus where it
participates in the control of its own expression by regulating activity of transcriptional factors to
influence the promoter function [11].
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As described recently, the enzyme also presents splicing variants displaying altered regulatory properties and
thereby catalytic activities [12]. The different responses of the full-length native protein to calcium and GTP
(that, respectively, activate and inhibit the transamidation reaction, as mentioned) are blunted in variants with
shortened sequences following splicing of the mRNA to yield, instead of the 687 AA sequence of the intact
enzyme, C-terminal truncated proteins of 675, 646, 548 and 349 AA, called, respectively, tTGv1 (tissue trans-
glutaminase alternative splicing variant 1), tTGv2 (tissue transglutaminase alternative splicing variant 2), TGH
and TGH2 (Figure 1). The variants display reduced transamidating activity and lack functional GTP-binding
sites because they lose amino acid sequences at the C-terminal region and are less sensitive to inhibition by
GTP [12]. They are involved in functional Ca2+-dependent activities (such as incorporation of amines into pro-
teins and site-specific deamidation, cross-linking of proteins and isopeptide hydrolysis) also on the external cell
surface for matrix assembly and cell interactions with integrins and fibronectin (FN), or Ca2+-independent
signal activities [3,4,13]. As a consequence of both effects, the above TG2 variants display deregulated activity
in the intracellular space [14] and probably ‘tonic’ transamidation activity because of the predominant role of
the desensitization to GTP. In addition to its roles in the intracellular compartments, an appreciable fraction of
TG2 is exported to the extracellular space where it can, on the one hand, regulate the assembly and stabilize
the ECM by scaffolding and protein modifying activity and, on the other hand, contribute to the transfer of
extracellular signals mediated by integrins [2,15]. The mechanism of TG2 export and the eventual presence of
variants in the cellular environment remain unexplained.
During the following discussion, we will identify and refer throughout to each variant as detailed in Figure 1,

in which we summarize and present schematically information on the structure of the transglutaminase 2 gene
(TGM2) gene and of the derived TG2 proteins. Figure 1 presents the organization in domains of the known

Figure 1. Type 2 transglutaminase gene and coding isoforms.

Top, TGM2 gene is reported using roman numerals for the exons (black, coding sequences and grey boxes, untranslated

sequences); furthermore, an lncRNA is indicated within the first intron, composed by two exons (slanting line boxes); the

position of alternative splicing sites producing tTGv1 and tTGv2 isoforms is also indicated. The correspondence between exon

structure and protein domains is evidenced by the dotted line. The four structural domains of TG2 have been painted as

follows: white, β-sandwich; two shades of light grey, catalytic core and β-barrel 1; black, β-barrel 2; dashed box, the loop. The

limit AA in each domain is bordered by arrows. Altered isoforms tTGv1, tTGv2, TGH and TGH2 are reported; in yellow, the

modified tails of these truncated isoforms. Bottom, two putative isoforms are included (c* and d*); as reported in the following

web site https://www.ncbi.nlm.nih.gov/nuccore/NC_000020.11?report=genbank&from=38127387&to=38166578&strand=true.
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isoforms of TG2, which are generated by differential splicing events, while Figure 2 reports by means of distinct
stains the main protein’s functional regions, as extensively described in the literature [4,6,16,17].
The molecular biology of the TGM2 gene is much less understood than the biochemical and cell biology

issues of the enzyme, despite a long-standing knowledge of TGM2 and the recent detection of single-nucleotide
polymorphism (SNP) [18] and of protein variants derived from alternative splicing [12]. After a brief survey of
the basic knowledge of the TG2 protein, we now scrutinize these rather unexplored issues of TGM2, reviewing
data emerging from scientific literature and genomic databanks. Our investigation revealed several intriguing
issues, leading to the conclusion that, like the protein, the gene can still yield many surprises. TGM2 is a large
40 kb gene transcribed into a 5 kb primary RNA sequence containing 13 exons and 12 introns, further con-
verted into a mature 2 kb mRNA. Untranslated regulatory regions are present and increase the complexity of
this gene which is under the control of a promoter sensitive to multiple transcriptional factors, and to vitamin,
hormone and environment responsive elements. Although comparatively neglected when set beside TG2’s bio-
chemistry and cell biology, TGM2’s molecular biology has also accumulated a large amount of information to
draw on. As readers will easily appreciate in our presentation, we wish to focus the attention on the TGM2
gene, its transcription products and on interfering non-coding molecules. We have divided the presentation
into the topics: (i) TG2 functions in relationship to its cellular location; (ii) gene structure; (iii) gene regulatory
sites and binding of transcription factors; (iv) transcriptional variants and (v) the roles of regulatory RNAs.

Selective roles of TG2 in different cellular locations
While the roles of TG2 in the cytosol (reviewed in refs [2,3]) are mainly related to protein modification at glu-
tamine residues (transamidation, leading to cross-linkage or post-translational modification of substrate pro-
teins by primary amines or hydrolysis of glutamine amide moieties), the additional functions of signal
transduction (as a member of the G-protein family) and of protein scaffolding for the correct assembly of the
ECM are chiefly brought about by the protein present at the membrane level. It is currently well known that
translocation of TG2 to different compartments (including also nucleus and mitochondria beyond the plasma

Figure 2. Functional regions and key amino acids.

The domains (β-sandwich, catalytic core, β-barrels 1 and 2, and the loop) are related to the secondary structure of TG2 depicted with a barrel,

where white indicates helix, black turn and grey β-strand (from the Uniprot web site: http://www.uniprot.org/uniprot/P21980). Along this structure,

we indicate with different colours of functional regions and key amino acids: cyan, FN-binding site and residues L30, R116 and H134 of TG2, which

are crucial to interact with FN; black bar, integrin-binding region and blue arrows, residues involved in TG2 externalization. Dark green, Bcl-2 protein

family motif; red, exon X containing key residues forming GDP-binding and GTPase sites, and Phe174 red arrowed; lilac, catalytic triad (C277,

H335, D358); pink, W241, C336 and Y516 residues engaged in transamidation activity, stabilization of transition state and inhibiting disulfide activity

through the C277 binding; orange, putative Ca2+-binding sites predicted from the FXIIIa structure; black, triangle evidence G224, which modulates

Ca2+-binding affinity; yellow, AAs in non-proline cis peptide bonds; brown, domain recognizing PLCδ1; grey, NLS and NES; brilliant green, three

peptide regions involved in the activation of TG2 by the α1B-adrenergic receptor (L547−I561, R564−D581 and Q633−E646). Bold, residues without

SNPs reported for that codon.
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membrane) is associated with specialized enzyme functions. Thus, the extracellular form promotes cell survival
and control of cell–protein interactions in the extracellular space for tissue stabilization and angiogenesis, while
in the intracellular space (in the cytoplasm, but also in the nucleus and membranes) the role of the protein is
more likely linked to cell death and differentiation [19]. In these processes, signals inside and outside the cells
possibly cross-talk reciprocally in modulated interconnected ways.
These somewhat divergent functions depend on stabilization of distinct conformational states by interaction

with the ligand calcium and GTP or by changes in the cell redox state (leading to protein disulfide exchange)
[20] that act in concert to keep silent the transamidation reaction favouring the signalling activity under
physiological conditions, while the reverse is true in stressful conditions.
Taking into account peculiarities of TG2 activities in different locations, it appears that the fraction of TG2

bound to membranes can be involved both in protein cross-linkage and signalling. In particular, it modifies
(i) glutaminyl substrate proteins to improve stability and flexibility on the tissue structure organization or
modify laminin and nidogen to membrane stabilization, and integrins/heparan sulfate chains of syndecan-4
(SDC4) interfering in cell adhesion and migration [21], as TG2 interacts with integrins in the ECM. This
occurs through high-affinity binding between the gelatin-binding domain of FN and the TG2 N-terminal
domain; again, the second C-terminal β-barrel domain of TG2 could bind other ECM partners implicated in
human pathology, as in coeliac disease [22]. In the extracellular space, TG2 and FXIIIA are engaged in the for-
mation and stabilization of initial complexes between FN and Collagen I for matrix production during differen-
tiation and mineralization of human cultured osteoblasts [23], but also contribute in vessels to the stabilization
of fibrin clots and of atherosclerotic plaques [24].
Since it is known that TG2 has no obvious secretory exocytosis-targeting signal sequence, it is probably

externalized by unconventional secretion mechanisms, in which specialized cotransport complexes or features
(like post-translational modifications, secondary structure, abundance of charged residues, propeptides and
other transmembrane helical regions) could contribute to cross the plasma membrane. Alternatively, some
kinds of vesicles could internalize cellular TG2 and secrete it outside by exocytosis in response to external
stimuli. A recent study identified TG2 in vesicles of both exosomes and microvesicles/ectosomes; however, only
in exosome, lysate was it observed Q3

¶
(tubular epithelial cells and SDC4 knockout mice) [25].

Whatever the case the extracellular trafficking of TG2 seems crucial to regulating ECM homeostasis; thus, in
order of defining critical domains required for TG2 export, mutated expression vectors were constructed to
transfect kidney tubular epithelial cell lines [26]. Mutations of D94 and D97 within the N-terminal β-sandwich
of the FN-binding domain were crucial for TG2 export, although siRNA knockdown of FN experiments pro-
duced no similar effects, so demonstrating that it was substantially FN-independent [26].
In the extracellular space, TG2 is believed to be transiently activated in a way largely dependent on oxidative

effects [27] which are more relevant than inside the cells, because Ca2+ and GTP are present at high and low
levels and are unlikely to change rapidly. Because of the oxidizing nature of the extracellular space secreted pro-
teins often present disulfide bonds as post-translational modifications to preserve protein structure, their cleav-
age managing to restore enzymatic activity. In the case of TG2, this is brought about by thioredoxin, a
ubiquitous thiol reductase released from cells in response to oxidative stress signals [28]. It has a conserved
active site motif operating reversible oxidation through the transfer of reducing equivalents to cleave disulfide
bond of C370–C371 on TG2, because the oxidation can interfere with Ca2+ activation. These structural changes
in the protein’s architecture also involve C230, which plays a role as a redox sensor [3]. Furthermore, in the
extracellular environment, S-nitrosylated TG2 could provide a reservoir of NO bioactivity producing anti-
inflammatory features at the endothelial cell surface [3]. S-nitrosylation at active site C277 inhibiting TG2
seems to regulate its externalization.
On the inner surface of the plasma membrane, notably TG2 is implicated in transmembrane signalling

through interactions with the oxytocin receptor, thromboxane A2 receptor α isoform, α1B- and
α1D-adrenoreceptors and phospholipase C δ1 (PLCδ1), acting like a G-protein. In this context, the GDP/
GTP-bound TG2 has not a transamidating activity, but transduction signalling one, reversed by Ca2+.
Additional compartments to which TG2 is associated are mitochondria, endoplasmic reticulum and nucleus.

Both mitochondria and endoplasmic reticulum represent compartments for Ca2+ storage and their membranes
prove to be interconnected by mitochondria-associated membrane proteins. In this location, TG2 plays a role
in regulating calcium homeostasis, e.g. by cross-linking inositol 1,4,5-triphosphate receptors, formed by allo-
steric subunits assembled into a calcium channel, locking it in an irreversible manner [29]. On the other hand,
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the enzyme could act on Ca2+ homeostasis, also modifying voltage-dependent anion-selective channels upon
glucose stimulation or guanine exchange factors through uncharacterized signalling pathways [29].
TG2 present in mitochondria drives apoptosis. Most of the enzyme is associated with the outer membrane

and the intermembrane microenvironment, while only a few are associated with the inner mitochondrial mem-
brane and the mitochondrial matrix [29]. TG2 contains the 204LKNAGRDC211 sequence highly homologous
to the BH3 domain of Bcl-2 family proteins, where L204 is crucial for induction of hyperpolarization of the
mitochondrial membrane. This peptide sequence interacts with proapoptotic Bax, but not with antiapoptotic
Bcl-2, and thus, the proapoptotic or antiapoptotic effects might to be opposed and depend on cell type and cell
death inducer [3]. In mitochondria, TG2 catalyzes transamidation of proteins leading to covalent modification
of mitochondrial proteins associated with pathological conditions. This occurs, for instance, in cardiac ischae-
mia and reperfusion injury in the heart of TG−/− mice with phenotype similar to maturity-onset diabetes of
the young (MODY), or in Huntington’s disease (HD), where it causes also heavy effects on energy metabolism
under stress conditions interacting with metabolic enzymes [29]. In addition, in the mitochondria, alteration of
TG2 disulfide isomerase activity targeting oxidoreductases, cytochrome c oxidase and ATP synthase, produces
strong effects on mitochondrial physiology [30].
The features that direct TG2 to a nuclear translocation are not yet completely characterized. This ability has

been ascribed to two sequences in the protein, 259DILRR263 and 597PKQKRK602 [31]. Recently, a study on
hepatocellular carcinoma cells demonstrated nuclear accumulation of TG2 after treatment with acyclic retinoids
[32], which increase TG2 trimeric complex with importin-α and importin-β and identify two new important
signal, one is nuclear location signal (NLS), the sequence 466AEKEETGMAMRIRV479 in the β-barrel 1, and
the second is a leucine-rich nuclear export signal (NES), the sequence 657LHMGLHKL664 in the β-barrel 2.
Upon its translocation to the nucleus, TG2 can modify and inactivate transcription factors, including Sp1

leading to reduce expression of growth factor receptors, such as c-Met and EGF, involved in cell survival [3].
Only ∼5% of the total TG2 is found in nucleus, where it can interact with chromatin-modifying histones H3,
H2A, H2B and H4, altering specific gene expression [3]. Especially the polyamination of H3 appears to correl-
ate with decreased transcriptional activity of several genes, e.g. peroxisome proliferator-activated receptor-γ,
co-activator 1α affecting cytochrome c levels and the expression of other genes involved in biogenesis and func-
tion of mitochondria [4,29].
Otherwise, there are instances reporting transcriptional coregulatory effects of TG2 [3], mediated by the

direct non-covalent binding of TG2 to transcription regulative factors independently of the enzymatic activity.
This is the case of the interaction with c-Jun inhibiting c-Jun/c-Fos dimerization, blocking interaction at Ap1
site in the MMP-9 gene promoter in cardiomyoblasts. Analogously, in cortical neurones, TG2 affects HIFQ4

¶
-1β/

HIF-1α dimerization and genes containing hypoxia-response element (HRE). Finally, protein kinase activity of
TG2 is suggested to phosphorylate H1 and H3 histones, p53 and retinoblastoma protein (Rb). The phosphoryl-
ation of Rb by TG2, inhibited in the presence of high Ca2+ levels, destabilizes the Rb/E2F1 complex, while it
seems to enhance when protein kinase A phosphorylates TG2 [33].
Owing to the polyhedric nature of this enzyme, many aspects of its nuclear functions must be further

investigated.

The DNA face of human TGM2: SNPs in sequences coding
amino acids with structural and functional roles
The sequence of human and murine TG2 [34] and the organization of the TGM2 gene [35] were reported
years ago and then further refined. The human gene is 40 kb long in chromosome 20 with a transcribed region
involving 13 exons and 12 introns. The CAAT and TATA sequences, the +1 transcription starting site and the
binding sites for several transcription factors (including Sp1, Ap2 and NF1) have been defined in a 2 kb pro-
moter region with regulatory elements upstream of the ATG translation start codon [36]. Only ∼5 kb constitute
RNA transcript whose 13 exons are translated into the canonical TG2 protein containing 687 AAQ5

¶
s. The gene

includes also untranslated 50 and 30 regions which can be involved in the generation of transcription variants
and a long non-coding (lncRNA) molecule in the first intron, something we will discuss in detail in the follow-
ing sections.
TGM2 displays an appreciable degree of SNPs investigated by Király et al. [18] in relation to altered func-

tions of modified isoforms using information from the 1000 Genomes Project Consortium. A large number of
SNPs are indeed available in net databases, including HeapMap, Ensemble and NCBI. The NCBI database
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(https://www.ncbi.nlm.nih.gov/) describes more than 3000 SNPs in the TGM2 gene, but notably only 293 of
them produce non-synonymous residue substitution, frameshift or insertion of a stop codon that can affect the
amino acid sequence. Sixty-seven SNPs occur in the β-sandwich region of the protein, 135 in the catalytic core,
8 in the loop structure, 34 in β-barrel 1 and 49 in β-barrel 2. The SNPs reported in Supplementary Table S1
along with their allelic frequency are mostly missense SNPs and concern codons, which could determine func-
tional consequences in TG2 structure, due to their location in putative critical regions further documented in
Figure 2. We underline that only six SNPs occur in homozygous status: the highest number is 5 people for the
SNP causing R76H substitution (within the FN-binding region), 3 people with V542F modification (beyond
GDP-binding region), while only one subject reported the substitutions R222Q (near to G224, modulating
Ca2+-binding affinity), R433Q (near the GTPase catalytic region), P612T (between one NLS and the peptide-
binding region) and D671N (PLCδ1 interaction sequence), a matter we will discuss in further detail below.
Supplementary Table S1 also lists the SNPs involved in alterations at ‘amino acid clusters’ of TG2 that were

recently investigated by Thangaraju et al. [37]. These authors focused attention on short sequences of 3–4
amino acids differing in murine and human TG2, which could be engaged in functional activity or stability of
the protein, in the interaction with other proteins and in target sites for post-translational modifications. These
short peptides contain amino acids that might influence FN-binding (Q15 located within the sequence
L14-T16), or regulation by Ca2+ (Q324 and G325). Other important residues could be L657 and H658, which
are involved in binding interacting proteins, and are neighbours to M659. This amino acid belongs to the con-
formational epitope 2 recognized by auto-antibodies of coeliac disease [38], along with R19, for which two
putative SNPs are reported. The NCBI database identifies in coeliac epitope 2 an additional SNP at E154, while
only one SNP affects epitope 1 with the R116C substitution [39]. Several SNPs in Supplementary Table S1
target amino acids undergoing possible post-translational modifications, such as rs370982887 that abolishes
phosphorylation of S60 (Uniprot web site, http://www.uniprot.org/uniprot/P21980) causing S60G substitution
[40] and rs754225495 that produces a stop codon at E467 included in the region of GDP-binding/GTPase cata-
lytic sites and could also prevent N-acetylation of K468 (occurring in mice).
In Figure 3, we Q6

¶
summarize additional SNPs coding mutants at structural and functional domains of the

protein in natural or artificial variants produced by site-specific mutagenesis [18], which are of particular inter-
est for their association with relevant structural changes. Two SNPs (one identified in the natural variant
VAR_052553 causing R76H substitution and the other Q324R in VAR_055358) affect only marginally inter-
action with FN tested by ELISA using monoclonal antibodies or catalytic activity in the FN-bound form, while
the substitution R214H leads to marked loss of transglutaminase activity. This SNP, responsible for the
VAR_055357, is located in the sequence amino acids 200–223 AAs involved in protein binding [41]. The
natural variants VAR_055359 and VAR_052554 (harbouring the replacements D389N and R436W) have very
low transglutaminase activity; this increases, however, in the enzyme stabilized by binding to FN, in analogy
with substitution G660V (occurring in natural variant VAR_036554) described as a somatic mutation in a
patient affected by colorectal cancer [42]. Király et al. [18] studied variants of TG2 associated with exonic spe-
cific SNPs by activity assay and ELISA using antiserum from untreated coeliac patients. They proved that the
mutant G660V interacts with the antiserum with lower affinity than R214H (VAR_055357, above reported)
and P536S (SNP at the GTP site in variant VAR_052554). These data are conceivable if mutant G660V was
involved directly in the interactions of TG2 with coeliac disease auto-antibodies, likely due to proximity with
the coeliac epitope residue M659 [38]. The already mentioned SNP in R116 at coeliac epitope 1 interested with
the FN-binding site has not been associated with any known kind of natural variant [39].
In Figure 3, we focus our attention (Figure 3B) on the algorithms TANGO, WALTZ and FoldX (ddG) to

analyze the given mutations (indicated with a star in Figure 3A): TANGO is based on physico-chemical princi-
ples of secondary structure formation, to predict prone regions; WALTZ makes it possible to identify amyloid-
forming regions in functional amyloids; ddG by FoldX is the difference in folding free energy change between
wild-type and mutant protein to predict absolute values of protein stability.
The dTANGO value is significant only for the mutation M330R, while positive values of the difference in

free energy Q7
¶

of the mutation (ddG) that produce a destabilizing structure when in the range between +1 and
+5 kcal/mol were detected for the mutations M330R and I331N described in subjects of with early-onset type 2
diabetes [43], or for the somatic mutation G660V [42] and the substitutions R214H and P536S investigated by
Király et al. [18]. A negative dWALTZ score of hexapeptide used to predict amyloidogenicity is reported only
for the M330R and I331N mutations corresponding to a decreased amylogenic tendency. Finally, as listed in
Table 1, these natural variants are associated with amino acid modification in functional domains, as well as
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their predicted enzyme stability (as desumed from the web site http://snpeffect.switchlab.org/uniprot/TGM2_
HUMAN?order=Disease&sort=asc), and the frequency of the minor allele. The rs41274720, coding R76H sub-
stitution, is the only SNP reported in homozygous status and presents the highest frequency, possibly for its
low effects on the stability of the protein, considering how little represented are mutations affecting the con-
served structure of this enzyme.
Only a few (29/272) non-synonymous single-nucleotide variants (nsSNV) in TGM2 gene [44] can produce

loss of function, when analyzed using the database ExAC (Exome Aggregation Consortium browser) and the
scores Sorting Intolerant From Tolerant (SIFT) and Polymorphism Phenotyping (PolyPhen). The authors
investigated both the effects of the rare SNVs on the conserved sites involved in important functional roles and
the sites or motifs interested with protein–protein interactions focusing the attention on homozygotes-related
nsSNVs. Six variants with an allele frequency of <0.5% (R76H; R222Q; R433Q; V542F; P612T; D671N) were

Figure 3. Transglutaminase 2 variants and SNPs in the structural domains.

(A) Stars represent natural variants of the protein linked to SNP and described in the Uniprot database, where white stars

indicate natural variants associated with the mutations I331N and G660V reported in the literature [42,43], while other stained

stars have the same colour code as reported below. The variants identified by black arrows have been cloned and tested by

Király et al. [18], who reported for some of them (underlined) loss of transglutaminase activity in the enzyme bound to FN,

whereas that by blue arrow is associated with phenotype with the evidence of functional modification [44]. The white rhombus

represents mutation N333S in a subject with MODY [43,45]. Triangles and bars represent SNPs detected in functional regions:

cyan, SNPs in FN-binding site; violet, SNPs in amino acids probably significant for human TGM2 activities as described by

Thangaraju et al. [37]; black, SNPs in epitopes interacting with coeliac antibodies; green, SNPs in Bcl-2 protein family motif;

grey, SNPs in nuclear location signals; yellow, SNP in amino acid in non-proline cis peptide bonds; orange, SNPs in putative

Ca2+-binding sites; red, SNPs in GDP-binding and GTPase sites; brilliant green, SNPs in peptide regions involved in

recognition and activation by the α1B-adrenergic receptor; brown, SNPs in domain for PLCδ1 recognition. (B) Effects of SNP

on the variant phenotype from the web site (http://snpeffect.switchlab.org/menu). In the table, we present a summary of the

algorithms dTANGO, dWALTZ and FoldX (ddG) scores used to predict stability of the natural TG2 variants indicated by stars in

(A). dTANGO score outside the range of −50 to +50 is considered significant between wild-type and mutant protein; dWALTZ

score combines sequence, physico-chemical as well as structural information into a composite scoring function, in which

positive peaks indicate an increase and negative peaks indicate a decrease of amylogenic tendency due to the variant; FoldX

is used to calculate the difference in free energy of the mutation, no effect on stability for ddG value between −0.5 and

+0.5 kcal/mol, while positive values indicate a reduction of the stability (slightly between +0.5 and +1, severe when higher than

+5 kcal/mol); conversely, negative value indicates enhanced stability (slightly between −0.5 and −1 kcal/mol, greatly enhanced

stability lower than −5 kcal/mol).
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produced in vitro using the site-directed mutagenesis strategy, since they could damage the secondary structure
of TG2 and its function. These variants were tested in biochemical assays, but the majority of them did not
cause major changes in activity. Only the variant R222Q demonstrated lower amine incorporation into sub-
strates at 0.25 mM Ca2+ concentrations, while full activity was recovered at higher concentration of the cation.
This substitution probably affects TG2 conformation because it is located near G224, which modulates
Ca2+-binding affinity (Figure 3, blue arrowed).
To date, association between the occurrence of SNP in the TGM2 and disease has been explored in only a

few clinical studies and the relevance of these associations is still poorly defined. In Figure 3, we collect the
amino acid substitutions related to a characterized SNP in the sequenced genomes, referred in the literature.
The missense mutations involving M330R (VAR_037998) and I331N (VAR_037999) that were described in
subjects of with early-onset type 2 diabetes and not detected in 300 normoglycaemic controls should be further
checked to assess pathological significance [43]. A nearby missense mutation N333S (marked by a white
lozenge) was detected in heterozygous status in an Italian patient with MODY [45]. The same mutation was
detected in the genome of the father, a diabetic like other family members not analyzed. These three modifica-
tions in the amino acid sequence of TG2 are located between the transamidation catalytic site and the GTPase
domain in regions that are conserved in the genome throughout evolution; particularly, N333 is constant in all
members of transglutaminase family and could contribute to the complex phenotype causing hyperglycaemia.
These three modifications in the amino acid sequence of TG2 are located between the transamidation cata-

lytic site and the GTPase domain in regions that are conserved in the genome throughout evolution;

Table 1 TG2 natural variants described as the target of SNP and in the literature reported
These natural variants are reported in the literature or taken from the web site http://www.uniprot.org/uniprot/P21980. For each of them is defined SNP
sequence number identification (https://www.ncbi.nlm.nih.gov/snp) and references, amino acid substitution, functions or involved domains, finally
reference number variant. Number of homozygotes was obtained from http://exac.broadinstitute.org/, while the minor allele frequency/minor allele count
was obtained from both http://exac.broadinstitute.org/ and https://www.ncbi.nlm.nih.gov/snp or https://genome-euro.ucsc.edu, and the SNP effects are
predicted from the web site: http://snpeffect.switchlab.org/uniprot/TGM2_HUMAN?order=Disease&sort=asc.

dbSNP rs#
cluster id/
reference

Amino acid
residue
modification Function/involved domain

Natural
variant

Number of
homozygotes

Minor allele
frequency

Predicted
effect on
stability

rs41274720
[18,44]

R76H Non-synonymous single-nucleotide variants
(nsSNVs) associated with homozygotes in
12 individuals

VAR_052553 5 4.798 × 10−3 Slightly
reduced
stability

rs45530133
[18,44]

R214H BH3 Bcl-2 protein family motif
Damaging nsSNVs in amino acid sequence
of TGM2 by PolyPhen/SIFT scores. It had
destabilizing ΔΔG values in the opened and
closed conformations Syndecan-4
interacting region; 14-3-3-binding protein
interaction sequence

VAR_055357 4.365 ×
10−5e

Reduced
stability

rs45567334
[18,37]

Q324R I323-D326
Might influence Ca2+ regulation

VAR_055358 5.263 × 10−5 No effect on
stability

rs141603506 [43] M330R Described in patients with early-onset
diabetes type 2; (pathological significance
unknown)

VAR_037998 1.730 × 10−4 Reduced
stability

[43] I331N Described in patients with early-onset
diabetes type 2 (pathological significance
unknown)

VAR_037999 n.d. Reduced
stability

rs45629036 [18] R436W VAR_055359 7.827 × 10−4 No effect on
stability

rs45556333 [18] P536S GDP-binding and
GTPase catalytic sites

VAR_052554 8.74 × 10−4 Reduced
stability

[42] G660V Described in a colorectal cancer sample, like
a somatic mutation

VAR_036554 n.d. Severely
reduced
stability

© 2018 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society8

Biochemical Journal (2018) 0 1–25
https://doi.org/10.1042/BCJ20170601

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

http://www.uniprot.org/uniprot/P21980
http://www.uniprot.org/uniprot/P21980
https://www.ncbi.nlm.nih.gov/snp
https://www.ncbi.nlm.nih.gov/snp
http://exac.broadinstitute.org/
http://exac.broadinstitute.org/
http://exac.broadinstitute.org/
https://www.ncbi.nlm.nih.gov/snp
https://genome-euro.ucsc.edu
https://genome-euro.ucsc.edu
https://genome-euro.ucsc.edu
http://snpeffect.switchlab.org/uniprot/TGM2_HUMAN?order&equals;Disease&sort&equals;asc.
http://snpeffect.switchlab.org/uniprot/TGM2_HUMAN?order&equals;Disease&sort&equals;asc.


particularly, N333 is constant in all members of transglutaminase family and could contribute to the complex
phenotype causing hyperglycaemia. When these mutations were cloned into the TGM2 expression vector and
transfected in human COS7 cells, they impaired transamidating activity (which was reduced to 33.1 ± 4.1 nmol/
h/mg of protein for I331N, 75.5 ± 8.5 nmol/h/mg for M330R and 81.9 ± 10.2 nmol/h/mg for N333S, when com-
pared with wild-type control values of 165.4 ± 13.4 nmol/h/mg) [43]. Among these, N333S mutation could be
the most relevant, although clearly heterozygous TGM2 mutations are not the only factor causing diabetes in
the investigated families.
The analysis of their effects on TG2/TGM2 function has been checked in TG2 knockout mice, which are

very sensitive to insulin in glucose tolerance test [45]. Other results suggest a relationship between their hyper-
glycaemic status and the mechanism of secretion of insulin granules [46]. In contrast with support a direct
association between TG2 alteration and glucose homeostasis, there are date on TG2 knockout mice reported by
Iismaa et al. [47], who did not detect any link, although we cannot exclude species-specific aspects or interfer-
ences by other pathways on insulin secretion.
Another relevant region of interested to SNPs is that spanning exons V and VI of TGM2 (Supplementary

Table S1) which are targeted to produce TG2 knockout mice. Deletion of this sequence modified phagocytosis
of apoptotic cells by macrophages, possibly giving rise to autoimmune reactions [48]. Most SNPs of TGM2
gene reported in subjects with pathologies occur within intronic sequences. Bradford et al. [49] genotyped eight
SNPs of TGM2 gene representing intron variants associated with schizophrenia in a British cohort of patients;
this suggests the relevance of the SNPs rs4811528, rs2076380, rs6023526 and rs7270785 in the modulation of
TGM2 expression. Further studies demonstrated that rs4811528 SNP is also associated with raised levels of
interleukin 2 (IL-2) in plasma, but without sufficient evidence to define this condition as a predisposing factor
to develop schizophrenia [50].
The relative low number of SNPs in the coding region of this protein suggests an evolutionary strong selec-

tion on the structure needed to conserve its functional features [18,44,51]. As a consequence, it could be pos-
sible that a lot of missense mutations would not be selected during evolution and finally from the feasible
genotypes in the population.
However, some nsSNVs for TGM2 occur in cancer cells without affecting the genome in other districts, as

resumed in the integrated BioMuta dataset (https://hive.biochemistry.gwu.edu/cgi-bin/prd/biomuta/servlet.cgi?
gpageid=11&searchfield1=gene_name&searchvalue1=TGM2), where frequency of variation is referred to each
cancer. A higher frequency of TGM2 variations wasQ8

¶
found in colon, skin, stomach, uterus, lung, liver, breast,

ovarian and head–neck cancers, respectively, and the more frequently amino acidic positions interested to
nsSNVs are R476 mutated to Thr (frequency 12) in GDP-binding/GTPase catalytic site and A207, R296, R317,
K364, R377, R512 (frequency 10) with variable amino acid replacement. No specific reason for these frequent
variations has been combed.

The DNA face of human TGM2: binding sites for
transcription factors in upstream regulatory regions
Information is now available on the regulation of TGM2 expression, through binding of transcription factors at
the gene promoter or any other regulatory region. The promoter, originally described by Lu et al. [36], involved
a sequence of 1.74 kb in the upstream region of TGM2, containing TATA and CAAT boxes, hormone respon-
sive elements and some putative binding sites for transcriptional factors. Cloning the region in a luciferase
reporter vector, the authors demonstrated its promoter functions in transfected cells. They also produced frag-
ments deleted of the glucocorticoid and IL-6 receptors (named dTdG-rich region) and Ap2-responsive ele-
ments defining a ‘core’ promoter that allowed identification of four Sp1 sites (−56/−51; −45/−40; +57/+68)
contributing to the minimal promoter (as in Figure 4), whereas the presence of NF1 sites was not so relevant
for the transcriptional activity. One mutant was also constructed to test the transcriptional induction of TGM2
by retinoids in responsive cell lines, independently of any modulation by sequences in this 50-UTR analyzed
fragment.
Subsequent studies [52] yielded information on the methylation of the promoter in normal and neoplastic

human cells. Two CpG-rich regions (at −205/+75 and at −1415/−1315) were recognized sites of DNA methyla-
tion in the 1.74 kb promoter fragment with correlation between the degree of methylation and constitutive
transcriptional activity in HUVEC cells and human erythroleukemia K562 cells (having a high level of basal
transglutaminase activity) or monocytes, lymphocytes and HL-60 cells (presenting low enzyme activity).
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Further results indicated possible association between hypomethylation of the promoter and increased levels of
TG2 activity upon suppression by treatment with 5-azacytidine. The role of hypermethylated 50-flanking
regions of TGM2 has been demonstrated also in epigenetically silenced human glioma cells [53]. Studies on
CpG methylation of the first island proximal to translation starting site by pyrosequencing after bisulfite con-
version in glioma cell lines and in tumour or normal brain tissues demonstrated association between TGM2
methylation state and cancer, with TGM2 overexpression in the more aggressive neoplasia.
Representative schemes of the TGM2 promoter and of its regulation are available [54,55], pointing towards

key roles of inducers as controllers of the rate of TGM2 transcription and chief regulators of the cellular levels
of TG2. Of major physiological relevance are the effects of promoter binding by NF-κB and retinoid receptors
which both are powerful inducers of expression. Binding of NF-κB (as schematized in Figure 4) strongly stimu-
lates enzyme induction [56] by different mechanisms linked together and consisting of a direct effect of NF-κB
on the promoter and of uncanonical activation of NF-κB by TG2-mediated polymerization of the regulatory
protein IκBα (inhibitor of nuclear factor-κBα) [57] in a positive feedforward fashion, as detailed later.
Analogous effects of TG2 on the regulation of activity of transcription factors by protein polymerization have
been described for HIF-1α and for von Hippel Lindau protein. Regarding regulation by retinoids, TGM2 pro-
moter presents RARE sequences, which mediate induction of TGM2 by RXR and RAR ligands, as originally
investigated in Davies’ laboratory and tentatively linked to activation of the RXL receptor pathway in cultured
phagocytic cells [58]. Recently, further studies on the genome architectural context of RXR-regulated genes
[55] defined active RXR enhancers and the mechanisms of induction of transcription. Combining advanced
techniques of nucleic acid analysis (RNA-seq, RT-qPCR, ChIP-seq, GRO-seq and 3C-seq, i.e. chromosome con-
formation capture and sequencing), Daniel et al. [55] detected in murine bone marrow macrophages a large
number of retinoid-sensitive genes; they noted that TGM2 responded to three typical ligand RXR regulatory

Figure 4. 50-UTR region of TGM2 containing transcriptional regulatory elements and transcription factor-binding sites.

Approximately 1530 bp of TGM2 promoter are detailed. In red, start and stop codons of translation, whereas in black, start and

stop of transcription from Human GRCh37/hg19 Assembly in the Genome Browser on chromosome 20. CAAT, TATA, Sp1 and

NF-κB-binding sites are represented as in the literature. Blue, CpG island; black and grey shade boxes, DNase I

hypersensitivity clusters; shades of brown, tracks derived from transcription factor ChIP-seq of Genome Browser analysis,

where darker colour corresponds to the major intensity of transcription factor binding to consensus sequence.

© 2018 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society10

Biochemical Journal (2018) 0 1–25
https://doi.org/10.1042/BCJ20170601

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540



units. The authors resolved the differential assembly of transcriptional repressor CTCF and RAD21, a member
of the cohesin complex, in the absence or presence of ligand-activated RXR and predicted generation of loop
structures based on CTCF/RAD21-cobound regions. They observed a decrease of RAD21 binding upon RXR
ligand treatment without evidence of tighter binding of RAD21 on active RXR enhancer elements, when com-
pared with non-active sites. This CTCF/RAD21 connection could stabilize chromatin loops of the preinitiation
complex, in which also enhancer RNA molecules (eRNAs) were engaged. So, RXR either as a heterodimer or
potentially as a homodimer could bind to a genomic region along with PU.1 to recruit P300 and release PU.1.
Finally, the preinitiation complex was assembled to start transcription.
N-Myc and c-Myc also contribute to regulate TGM2 expression in neuroblastoma and in breast cancer cells,

apparently through recruitment of histone deacetylase 1 protein (HDAC1) to the promoter ([59], but see also
below). The Myc protein can both induce and repress TG2 expression depending on the formation of two dis-
tinct regulatory protein complexes: in one case, N-Myc acts as a transactivator together with Max, Tip-60 or
TRRAP factors, and in the other, N-Myc acts as a repressor together with Sp1 when HDAC1 is also engaged in
the complex, inhibiting the activity [59]. In neuroblastoma, N-Myc is likely involved in resistance to retinoids,
occurring in over 50% of treated patients [60]. In this tumour, N-Myc represses while retinoids activate expres-
sion of the TG2 and TGH isoforms, both containing the transamidase site (with the catalytic triads C277,
H335 and D358), with the inhibitory GTP site (with its R580 residue) present only in TG2. Consequently, dif-
ferential expression of these variants gave rise to alternate responses matching observations that TGH induced
and TG2 repressed neuroblastoma cell differentiation through GTP-binding and enhanced expression of vaso-
active intestinal peptide. An overall involvement of N-Myc in controlling expression of TG2 and TGH and dif-
ferentiation of neuroblastoma cells was confirmed by N-Myc silencing with siRNA. At the same time,
treatment with retinoids increased both TG2 and TGH, and overexpression of TG2 reduced retinoid-induced
cell differentiation. These data point towards the development of anticancer molecules, as inhibitors of
GTP-binding or as activators of transamidase activity of specific isoforms.
Features of tissue-specific TGM2 expression have been explored in only a few experimental models, in

thymic lymphocytes, triggered to apoptosis by different treatments in vivo (retinoids, glucocorticoids, antibody
activation of cell surface death receptors and DNA damage by ionizing radiations). In transgenic mice carrying
a 3.8 kb fragment of the TGM2 promoter coupled to β-galactosidase to probe TG2 expression in 4-week-old
animals, dexamethasone caused thymus atrophy [61], with a rise of β-galactosidase activity, which occurs also
after irradiation, anti-CD3 treatment and CD437 injection. When the same stimuli applied during in vivo
experiments were employed to induce apoptosis in vitro, no endogenous TGase and β-galactosidase activities
were observed, indicating differences between the processes in vivo and in vitro. As a consequence, further
attention was concentrated on in vivo studies, focusing on additional apoptotic processes (involution of the
secretory mammary gland or of the ovary removed at different stages of pregnancy or 3–6 days after partur-
ition). In these models, activity of the TGM2 promoter (as β-galactosidase induction) also increased along
induced atrophy. The extension of the analysis to specific tissues taking into account the activity of the TG2
promoter β-galactosidase and of enzymatic endogenous TGase revealed that thymus, spleen, small intestine
and kidney at final stages of differentiation (having endogenous apoptosis) expressed high β-galactosidase activ-
ity, whereas brain, lungs, heart and liver did not, suggesting a tissue-specific effect. This investigation disclosed
that the construct was able to induce in vivo cell death in the endocrine-triggered apoptotic system and that the
3.8 kb fragment contained sequences required for apoptosis-specific expression in vivo. Among these, the retin-
oid response element is the only one characterized while sequence comparison displayed species-specific ele-
ments of functional differentiation, including one potential glucocorticoid response element and one potential
Ap1-binding site. None of these elements supported apoptosis of thymocytes in vitro, confirming major differ-
ences between the pathways involved in vitro and in vivo.
The availability of new bioinformatic resources and databases comprising data from ChIP-seq and transcrip-

tion factor knockout allowed analysis of regulatory genome-wide and expression-based networks. In the UCSC
Genome Browser (https://genome.ucsc.edu/), the TGM2 gene is located on chromosome 20 at
chr20:36756864-36793700, identified among the sequences and datasets of Human GRCh37/hg19 Assembly.
Its size is 36 837 bp (including UTRs) and the coding exon positions start and stop at
chr20:36758621-36793600 for the full-length TG2 transcript. A CpG island (long 318 bp and constituted of 214
CpG) is present near the transcription starting site at chr20:36793550-36793867, and additional features of the
50 upstream region are specific modifications of histones (chiefly methylation and acylation as histone marks),
responsible for regulation of gene expression and for chromatin access. A particular density of the histone
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marks H3K4Me1 and H3K4Me3 (methylation of lysine 4 of histone H3) and H3K27Ac (acetylation of lysine
27 of histone H3) was detectable by sequencing assays in several cell lines. Usually, the marks H3K4Me1 and
H3K4Me3, respectively, interest regulatory regions and the promoter, whereas H3K27Ac mark localizes in
active regulatory elements. The 50-flanking sequences of TGM2 display also DNase I clusters that show hyper-
sensitivity to enzymatic cleavage, a feature of promoter regions, as derived from many cell lines. At the same
time, in the 1.53 kb fragment of the promoter, we can see the tracks from transcription factor ChIP-seq (161
Factorbook Motifs from ENCODE assayed), which are represented with grey boxes, where the darkness of the
box is proportional to the signal intensity observed at that position. A schematic representation of the promoter
is depicted in Figure 4 and the long list of transcription factors in Supplementary Table S2.
Along with these studies on the TGM2 promoter, investigations identified eRNAs of TGM2 engaged in gene

regulation by recruitment of insulator CTCF in intergenic regions of thymocytes triggered to death by treat-
ment with TGF-β, dbcAMP or retinoids [62]. Three eRNAs functioned as retinoid-selective enhancers located
at +30, −7.9 and −28 kb and two additional at −13 and −20 kb responsive to TGF-β, as well as to dbcAMP.
The last two regions showed DNase I hypersensitivity, histone acetyltransferase enrichment and binding of
P300 and CBP in response to the activators. Combined treatment with 9cisRA, dbcAMP or TGF-β further
increased the levels of the eRNAs located at −13 and −20 kb, although the eRNA at −20 kb apparently has a
‘shadow’ like role in regulation of TGM2 gene expression, interfering with the intronic and 30-UTR region. The
synergic effects of TGF-β and retinoids appear associated with recruitment of RXR, SMAD4, P300 and CBP,
whereas the interaction between adenylate cyclase and retinoid signalling pathways did not associate with
enhanced CBP or P300 binding, despite a higher binding of CREB. Along with its role as a CBP co-activator,
CREB can interact with several CREB-regulated transcription co-activators and with other transcription factors
regulated by the adenylate cyclase signalling pathway. Only CREB1 motif has been found at the enhancer
located −20 kb from the TGM2 gene and the CREB-binding validated by ChIP-qPCR.
Other studies focused on consensus sequences distant from the TGM2 gene but involved in its regulation.

Thus, Ribas et al. [63] checked the oestradiol induction of luciferase plasmids containing 2 kb (with consensus
oestrogen response element, ERE) or 1 kb (without ERE) fragments of TGM2 promoter. Results suggested that
the stimulation by oestradiol with the ERE-lacking plasmid was limited and similar conditions appeared to cor-
relate with atherosclerotic lesions in the ERα−/− mice.
Since ChIP-seq experiments (https://genome-euro.ucsc.edu and http://regulome.stanford.edu/snp/) have dis-

closed the presence of binding sites for transcription factors and the SNPs in the same regions, we have sum-
marized this information in Supplementary Table S2.

Differential start and selection of exons and alternative
splicing events generate TGM2 variants and influence gene
expression
We have analyzed the TGM2 gene for the occurrence of variants by alternative splicing events as it occurs in
many other genes because multiple forms of the protein were already detected years ago (reviewed by Lai and
Greenberg Q9

¶
) [18] and investigated for their catalytic properties [14]. The TGM2 gene includes 12 introns and a

very long 30-UTR sequence. We have now explored the issues of TG2 variants at the nucleic acid level in the
structure of TGM2 (Figure 5), taking advantage of data reported in the Genome Browser and NCBI web sites.
These data indicate that the gene sequence is transcribed to generate multiple mRNAs that include: (i) the
variant 1, coding for the canonical TG2 (also named isoform a, isoform 1, tTG and TGC) which is 5144 bp
long; (ii) the predicted variant X1 (3998 bp, supported by RNA-seq alignments); (iii) the variant 5 (5127 bp),
which is based on similar transcript alignments presenting different 50-UTR sequences in the first exon, and
for the X1 variant, a shorter transcript at the 30-UTR region; (iv) the variant 2 is stopped at 28 630 nt, after
exon X, presenting a poly(A) site and encoding for the isoform b (also named isoform 2, TG-S and TGH) of
548 AAs, similar to TG2 till 538 AA; (v) another polyadenylated transcript encodes TGH2 (also named
isoform 3), the shortest form among the TG proteins, containing six exons and identical with the first 286 AAs
of canonical TG2, translated from a transcript of 2010 bp, which is stopped at 21 129 nt, causing a stop codon
at 349 AAs; (vi) the shortest detected mRNA is produced from the last 5289 bp of the TGM2 gene, it being
constituted of the exons XI, XII and XIII including the 30-UTR for the most part of its length, as reported in
‘NEDO human cDNA sequencing project’ (GenBank: AK126508.1); (vii) finally, there are the variants 3
(4901 bp) and 4 (4964 bp) which lack, respectively, exon III and exon II, and were revealed by
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RNA-sequencing. In this context, it will certainly be necessary to investigate the rules that govern selection of
different splicing points.
The first variants identified were described in 1996 by Fraij and Gonzales [64], who demonstrated by

Northern blot the presence of three different TGM2 mRNAs in human erythroleukemia (HEL) cells. Cloning,
in vitro transcription, translation and immunoprecipitation analyses made it possible to define and compare
TG2 and TGH mRNAs with the shorter TGH2 transcript. These molecules derived by alternative splicing of a
pre-mRNA and presented alternative polyadenylation sites. Both TGH and TGH2 mRNAs were increased in
the HEL cells by retinoic acid (RA) treatment.
Subsequently, additional variants possibly involved in the regulation of microcirculation/inflammation were

detected by Lai et al. [65] who discovered two GTP-independent forms of TG2 (tTGv1 and tTGv2, see
Figure 1) in leukocytes, endothelial cells and vascular smooth muscle cells (VSMCs). These variants did not
form by proteolysis but derived from polyadenylated mRNAs alternatively spliced at sites within exons XII and
XIII (Figure 1), so that variants tTGv1 and tTGv2 are composed of 674 and 645 AAs, respectively, with 622
AAs identical with the sequence of TG2 and different C-terminal sequences of 52 and 23 AAs, instead of 687
AAs as canonical TG2. They were expressed predominantly in the cytoplasm of HUVEC and in the nucleus of
VSMCs achieving levels of tTGv1 and tTGv2 that were 10- and 60-fold lower than TG2 in the cytosol of
HUVECs and 7- and 45-fold lower in nuclear fractions of VSMCs. In contrast, in mononuclear cells from
healthy subjects, tTGv1 presented at ∼10 fold higher levels than TG2, whereas tTGv2 was not detected. In add-
ition, tTGv1 expression was not significantly modified when the promyelocytic leukaemia HL-60 cells were
induced by RA (6 mM for 16 h), whereas TG2 protein increased at least 10-fold. These alternative transcripts
code tTGv1 and tTGv2 isoforms which display lower binding of a fluorescent GTP analogue and hydrolyze
GTP at a higher rate than TG2. They showed GTP insensitive transamidase activity, lower stability and half-life
than TG2, as if the modified GTP-binding region could affect the degradation pathway [65,66]. These data
referring to the altered GTP-binding and TGase activities of the shorter TG2 isoforms contrast with those
obtained by Antonyak et al. [67], who affirm that cytotoxic effects of short isoforms to cells are independent of
their TGase activity. There are possible reasons for this discrepancy since the authors employed a different

Figure 5. TGM2 gene and its transcriptional variants.

Grey, mRNA untraslated exon sequences; black, coding sequences; arrows, start and stop of transcription/translation. Roman

numerals, exons; arabic numerals, introns. nt, nucleotide. Respective coded isoforms are indicated and their functional features

are described in the text.
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GTP affinity-labelling assay to evaluate GTP-binding and transamidation activities were determined on the
same cell lysates by assaying incorporation of 5-(biotinamido)pentylamine into proteins. The differences
further include the presence of a fusion Myc-tag in the TG2 and TGH (358 AAs like TG2 plus 10 AAs) con-
structs, the use of the mutants S171E and C227V, as well as the choice of 657 AAs isoform lacking the PLCδ1
interaction sequence V665-K672, whereas tTGv1 and tTGv2 do not contain tag elements and include at the
C-terminus 52 and 23 AAs after the first 622 AAs of TG2 [65].

TG2 variants in neurodegenerative diseases or animal models and loss of
sequences at the C-terminal domain
The mechanism of isoforms’ generation is largely linked to events of exon selection so that variant proteins can
originate by RNA alternative splicing at exons VI and X [12] but also by curious processes of ‘exon swapping’
which involve reversible use of splicing sequences that code alternatively for long/short variants. These ‘swap-
ping’ variants are prevalently involved, respectively, in protein transamidation and in G-protein signalling
assuming a general regulatory role as suggested for the deposition of aggregated tau proteins in Alzheimer’s
disease (AD) [68]. Brain samples from patients with ante-mortem diagnosis of AD, compared with age-
matched non-demented subjects, present selective alterations in TG2 expression which include both TG2 and
short TGH isoforms that co-localize with tau in neurofibrillary tangle inclusions in hippocampal neurones
along with elevated transamidating activity, a hallmark of neuronal degeneration. In this context, the role
played by TG2 has been summarized by Min and Chung [69], who directed attention to the substrates of the
transamidation activity, including amyloid-β, α-synuclein, mutant huntingtin and to ALS-linked transactivation
response, in addition to tau, that could be modified by TG2 inhibitors.
Analogous changes in TG2 expression with increased activity in neurodegenerative states are also reported in

traumatic CNS injury, in HD and in other neuronal diseases with nuclear inclusion bodies derived from ele-
vated TG2 and TG2-catalyzed aggregation of proteins via isopeptide bonds. This opens a new perspective on
the involvement of the potential GTP-independent function of the TGH isoform claimed to be involved in
molecular mechanisms producing neurotoxic aggregates.
It must also be considered that variants with altered C-terminal regions may display modified interactions

with partner proteins as PLCδ1 or GPR56 (a member of the G-protein receptor family) which interacts with
the C-terminal β-barrel of TG2 through their N-terminal domain [65]. Conversely, the ability of the TG var-
iants to bind FN is not significantly reduced, as in the case of the protective antiapoptotic properties in
HEK293 cells, because these functions are largely ascribed to the N-terminal moiety.
Analogous splicing events occur in rat brain astrocytes treated with the inflammatory cytokines IL-1β or

TNF-α, probably as a response to injury [70]. TG2 translocates into the nucleus (probably through involve-
ment of importin-α3 and/or PLCδ1); the tendency of the TG2 variants towards a specific nuclear location sug-
gests that they might play specific function in various intracellular compartments. This might happen in
specific kinds of cells (HD neurones, VSMCs and rabbit hepatocytes), in leukaemia cells undergoing
RA-induced differentiation or in ethanol- or free fatty acid-treated hepatic cells and in patients affected by liver
diseases [71]. From this perspective, it would be interesting to investigate the eventual kinase activity of these
TG2 variants and whether they might phosphorylate histones to control chromatin structure, as claimed in the
nuclei of breast cancer cells [72], a controversial issue. Indeed, it was suggested that in nuclei, TG2 may phos-
phorylate p53, decreasing the ability to interact with Mdm2, and Rb, affecting the differential nuclear/cytoplas-
mic location and destabilization of its complex with E2F1 [73].
Beside modifying nuclear translocation of TG2 with consequences on gene expression activity, the loss of

sequences at the C-terminal domains should affect the different GTP-bound conformations of tTGv1 and
tTGv2 as well as of other short isoforms, and consequently, interactions of TG2 with the no-longer inhibited
PLCδ1 [65]. Biological functions of PLCδ1 in cytosol and nucleus should be modified by the incorrect
GTP-mediated interaction of TG2 and by the altered GTPase activity. Eventual involvement of TG2 in
cell-cycle control and in α1-adrenergic-mediated signalling suggests the relevance to investigate further the
functions of TG isoforms. Notably, the concentrations of free Ca2+ (∼10−7 M) and of GTP (∼100–150 μM)
prevailing in the intracellular compartment are generally considered to prevent TGase activity and cross-linking
of intracellular proteins; however, this is unlikely to be the case for the tTGv1 and tTGv2 variants which could
be activated by transient Ca2+ increase and thus play a role in the NF-κB Ca2+ activation since they are largely
insensitive to inhibition by GTP.
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Alternative splicing transcripts of TG2 in normal and neoplastic conditions
The ability of cells to employ alternative splicing as a means to produce isoforms of proteins in altered physio-
logical or pathological conditions led us to also investigate the roles of variants during neoplastic transform-
ation. Notably, tumours commonly display higher levels of TG2 protein than cognate tissues. The question
therefore of the relative contributions of individual variants was explored recently by quantifying TG2 tran-
scripts by RT-qPCR [74] in normal tissues and in related cancer cell lines employing specific primers for the
isoforms TG2, TGH, TGH2, tTGv1 and tTGv2. In addition, studies were also carried out in a ‘functional’
approach aiming to correlate the differential expression of variants with the phenotypic behaviour of tumours.
In the first approach, studies of TG2 expression in normal tissues demonstrated that full-length TG2 mRNA

is expressed at the highest level, followed by TGH, tTGv1, tTGv2 and finally TGH2 with consistent expression
of most isoforms in placenta, lung and heart. Also, liver, prostate, trachea, uterus and retina have substantial
levels of TG2 variants, with low levels in brain and in testis, where actually tTGv2 was undetectable. Definitely
higher levels of TGH2 mRNA were found in foetal rather than adult liver. In general, there is a linear correl-
ation between expression of canonical TG2 and of variants, with TG2 accounting on average for 84% of the
total expression of the gene in normal tissues.
In relation to cancer, the study took into account several cell lines for breast, prostate, melanoma and head

and neck squamous cell carcinoma. Most cell lines expressed the full-length transcript, which was particularly
high in prostate cell lines DU145 and OPCT1, in breast cell line MDA231 and, in general, in melanoma cell
lines, whereas it was lower or undetectable in head and neck cancer cells. In breast cancer cells, full-length TG2
mRNA was present, respectively, at high, intermediate or barely detectable levels in MDA231, MDA468 and
T47D cells, and it was also highly expressed in MCF7 cells, despite previous contrasting reports [75,76]. Other
variants follow parallel patterns, but for a constantly lower expression of TGH mRNA compared with full-
length TG2, and minimal expression of TGH2 mRNA with the exception of the prostate cell lines PC3 and
OPCT1. Levels of the transcript variants tTGv1 and tTGv2 were more variable with preferential expression of
tTGv1 over tTGv2 in prostate and the reverse in breast, while they tended to accumulate at high levels in the
melanoma cell lines. These results suggest a wide dysregulation of alternative splicing of TGM2 in cancer, with
a general significant correlation between full-length TG2 mRNA and the transcript for TGH. On average, the
first contributed to 57% (±33%, SD) of the total gene expression, while no correlation resulted with other iso-
forms, another indication of variability of TGM2 splicing among cancer cell lines. TGM2 expression was also
analyzed in prostate clinical cancer samples compared with normal tissue. These data presented a higher level
of TGH and TGH2 transcripts than tTGv1 and tTGv2 compared with full-length TG2 in prostate cancer, albeit
only a few samples were analyzed.
Investigations on the functional association of specific variants with biological behaviours of tumours are

expanding. In this context, Minotti et al. [77], using bioinformatic tools, have analyzed the splicing index of the
TG2 variants in more than 350 samples of cancer and observed a correlation with altered expression of TGM2
and its variants in gastric, pancreatic and renal cancers. Additional studies instead correlated expression of
TGM2 with other parameters of cancer growth, such as oxygen sensitivity, tendency to epithelial–mesenchymal
transition (EMT) and malignant spreading, and sensitivity to therapy. As a therapeutic approach to correct or
reduce splicing events redirecting the expression towards a specific isoform, antisense and complementary spli-
cing–switching oligonucleotide could be used. In the case of TGM2 gene, molecules to modified gene expres-
sion have been addressed only against the full-length mRNA. An example is represented by a study about the
expression of full-length TG2 and of four TGM2 variants in malignant pleural mesothelioma (MPM) by Zonca
et al. [78], who observed that the expression of canonical TG2 was increased in epithelioid-derived cells and
biphasic MPM cells compared with mesothelial ones (9-fold and 22-fold increase, respectively). The expression
of TG2 variants and overall modulation of TGM2 provided clues to investigate disease progression and effects
of suppression of TG2 by means of siRNA on a clone of MPM cells, which display the highest levels of the
protein. Silencing TG2 significantly shortened cell survival in hypoxia with only moderate effects in normoxic
condition, while increased proliferation was observed in hypoxic cells transfected with TG2 tagged to GFP.
Hypoxia modulated these processes as proved by HIF-2α regulation of TG2 mRNA expression following induc-
tion of endothelial PAS domain protein 1 and its silencing with siRNA, as confirmed by use of cell-permeable
selective TG2 inhibitor. The expression of TG2 and the shift in variants influence MPM cells to hypoxia and
their inhibition might represent a strategy to treat tumours undergoing hypoxia during progression, or resist-
ance to radio/chemotherapy.
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The elevated expression of TGM2 in tumours and the dysregulated occurrence of variants might correlate
with the clinical outcome and specific effects such as EMT, abundance of cancer stem cells and sensitivity to
therapy and apoptosis. For instance, the long/short TG isoforms can correlate with sensitivity to chemotherapy
and resistance to treatment with retinoids improving survival in neuroblastoma-affected patients. Retinoids
induced the expression of both TG2 and TGH, but each of them produced different effects on cell cycle. In par-
ticular, retinoid induction of TG2 appeared to associate with chemoresistance and not with cell differentiation,
whereas increase in TGH expression promoted cell growth arrest also when simultaneously TG2 repression was
triggered by specific siRNA in the retinoid-treated cells [60]. Furthermore, the expression of the above variants
is controlled by the oncoprotein Myc that contributes also to the sensitivity of the cells to treatment with RA.
In addition, most research concerning the expression of TG2 in cancer focuses on the level of the full-length

transcript or protein and on modulation of tumour kinetics. The general aim was to shed light on rational drug
administration and related pathways, such as regulation linked to NF-κB and TGF-β. The roles of TG2 in EMT
and drug resistance in breast cancer were examined in experiments on cell death induction by combining doce-
taxel treatment with suppression of TGM2 using specific siRNA in vitro and in vivo. In nude mice xenograft
models, down-regulation of TG2 promoted apoptosis, inhibited tumour growth and improved the anticancer
effect of docetaxel [79]. In the same manner, in ovarian cancer, the levels of TG2 protein and activity correlated
with cell survival, adhesion to matrix and invasiveness, as confirmed by knockdown of TG2 in Hey8 cells
treated with docetaxel after adhesion to FN substrate [80]. These effects were apparently mediated by TG2
acting as a coreceptor to integrin and correlated with the phosphatidylinositol 3-kinase/Akt pathway. For the
same reason, in the SKOV3ip1 cells, up-regulation of TG2 led to adhesion to matrix independently of the
transamidation activity, but with increased invasive potential. These effects were reproduced in vivo by treating
mice with liposomes containing TG2 siRNA, with synergic effect on apoptosis by combination with docetaxel.
Other approaches to modulate TG2 gene expression in ovarian cancer cell lines and in transplanted mice were
based on suppression by antisense construct (AS-TG2) or stable expression of the full-length transcript [81].
These experiments demonstrated that TG2 expression associated with the EMT phenotype as proved by the
biomarker assay with primary tumour size in xenograft mice that correlated with mesenchymal transition and
invasiveness [81], with raised and decreased levels, respectively, of E-cadherin and vimentin. In addition, TG2
expression correlated with the E-cadherin transcriptional repressor Zeb1, whose levels were reversed by overex-
pression of p65 leading to an invasive phenotype.
In xenograft models, the oestrogen-independent growth of MCF7 breast cancer cells overexpressing TG2 sup-

ported the concept of the enzyme influence on cell invasiveness and NF-κB pathway [82] that increased follow-
ing secretion of IL-1β and IL-6 to promote EMT, stem cell-like phenotype and decline in cell-to-cell junction.
The involvement of TG2 in these effects in cells stimulated with IL-1β was proved by treatment with TG2 inhi-
bitors. It was demonstrated that IL-1β activated NF-κB signalling in the presence of TG2 by means of luciferase
assay and that this was necessary to induce IL-6 expression in MCF7 cells. Thus, TG2 behaved as a positive
servomechanism between NF-κB and IL-6/STAT3 to mediate cancer cell aggressiveness and
hormone-independent tumour growth. In agreement, the synergistic reciprocal influences between TG2 and
NF-κB occur through two NF-κB activation pathways, either TG2-independent (IκK-dependent) or
TG2-dependent (IκK-independent). In the TG2-dependent way, the dissociation of IκBα from the NF-κB p65/
p50 complex is induced by phosphorylation bringing about nuclear translocation of TG2 associated with p65/
p50 to activate constitutively the antiapoptotic Bcl-xL and XIAP genes. TG2 inhibitors ameliorated this
response to anticancer drugs [83]. In addition, TG2 may affect NF-κB signalling cross-linking IκBα into com-
plexes (stabilized by isopeptide bonds between K177 and Q267 of IκBα) that contribute to the inflammatory
process [84]. Finally, TGM2 gene is itself a transcriptional target of NF-κB producing a molecular feedforward
loop where TG2 induces NF-κB activation, which up-regulates TGM2 expression [85]. In this context, NF-κB
binds two consensus sequences in TGM2 [56,86], and the methylation status of the gene affects negatively the
activation of the TG2/NF-κB signalling loop. There is also evidence that overexpression and activation of
NF-κB subunit p65 correlates with tumour grade in glioma with aberrant hypermethylation of TGM2 in
primary brain tumours, whose epigenetic silencing is associated with extended survival. Indeed, TG2 confers
resistance to selected drugs commonly used as chemotherapeutic agents, particularly doxorubicin and bifunc-
tional alkylator lomustine without causing a general drug resistance. Moreover, TG2-induced chemoresistance
in glioma cells transfected with the inactive W241Q mutant presents similar resistance to doxorubicin to that
of cells transfected with wild-type TG2, so that catalytic activity is not required for this effect [53]. Again, ana-
lysis of variants was not included in the study.
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Other investigations employing the gene silencing approach concerned the latency of transamidating activity
[14] and the possible promotion by cellular concentrations of Ca2+ and GTP, which can be eventually
switched-on in neoplastic cells following altered Ca2+ homeostasis or alternative signalling pathways [87]. This
last study, based on stable transfection of MCF10A cells with wild-type or inactive C277S mutant, proved that
the catalytic domain was not required for constitutive activation of NF-κB, which therefore does not strictly
require processing of IκBα. Down-regulation of TG2 by interference with specific shRNA resulted in decreased
nuclear location of p65/RelA and increased IκBα in TG2-expressing cells. In this way, IκBα is induced inde-
pendently of TG2 activity and of up-regulation of NF-κB target genes, as confirmed by treatment with p65/
RelA-specific siRNA or by loss of TG2/IκBα complex in cells transfected with C277S mutant. This event sug-
gests that interactions with TG2 accelerate IκBα degradation by the proteasomal pathway. An association of the
HIF-1α pathway in the TG2-induced NF-κB activation is supported by the increase of HIF-1α mRNA in non-
tumorigenic MCF10A cells transfected with the TG2-C277S mutant and in revertant MCF7 cells constitutively
expressing TG2. The HIF-1α mRNA levels were decreased by TG2-specific shRNA and ChIP assay recognized
p65/RelA at the NF-κB-binding site in the gene promoter. Finally, this induced down-regulation of HIF-1α,
associated with a decline of Zeb1, Zeb2 and Twist, which therefore act as promoters in chemoresistance and
EMT invasive phenotype.
Up-regulation of TG2 and remodelling of ECM during EMT are brought about by TGF-β1, a cytokine that

activates cell proliferation and inhibits inflammation, under the control of TG2 that inactivates companion pro-
teins in oxidative, nitric oxide and mechanical stress [54]. TG2 employs its control function by cross-linking of
TGF-β1-associated proteins; indeed, there is evidence that TG2 alters TGF-β1 activation in the experimental
model of diabetic nephropathy [88], where TG2 inhibitors reduce the level of active TGF-β1 in kidney, a
process dependent on NF-κB signalling sustained by a loop in which TGF-β1 and TG2 expression appear
reciprocally regulated [3].
In conclusion, there are a lot of fields associated with cancer, neurodegenerative, inflammatory and rare dis-

eases, where the possible function of TG2 transcriptional variants and truncated isoforms need further be
explored along with molecular mechanisms leading to their expression.

Effects of regulatory RNAs on post-transcriptional
modulation of TGM2:miRNAs, their mRNA target sequences
and the relation to SNPs
Within our discussion of the regulation of the TGM2 gene, we need to mention the roles played by the regula-
tory RNAs, microRNAs (miRNAs, miRs) and non-coding RNAs. The miRNAs are short nucleotide sequences
that specifically interact with mRNA molecules to modify their stability and affect translation. In the TGM2
transcripts, there are many highly conserved putative target sites of miRNAs. Most of them are located within
the 30-UTR, but not in the introns with the exception of the upstream region flanking the short transcript con-
stituted by the last three exons and the portions downstream of TGH and TGH2 transcripts. Only a few miR
target sequences occur in exons. In Table 2, we have listed all families of highly conserved miRs targeting
TGM2 gene reported in the Genome Browser web site. Among these, some have a ‘good score’ (miR support
vector regression, SVR score of less than or equal to −0.1) on microRNA.org web site. We report, in
Supplementary Table S3, the miRNAs we have identified as involved in modulation of TGM2, along with those
that target sites in the 30-UTR of other members of TGase family, although there are no studies about possible
mechanisms of post-transcriptional multi-target modulation.
Despite a large number of putative miRs that could interact with the TGM2 transcript, only a few studies are

reported in the literature dealing with these regulated functions, mostly in relation to cancer. Eom et al. [89]
investigated the effects of miR-218 and miR-181a on the signalling by the high-affinity receptor for IgE
(FcɛRI), where TG2 was induced upon antigen stimulation in a model of mast cells mediating murine allergic
inflammation. In vivo TG2 can interact with FcɛRIβ in the same model promoting progressively growth of
primary cutaneous lymphoma and increased metastatic potential of melanoma cells through activation of
EGFR and FcɛRIβ. Elevated levels of miR-218 reduced TG2 expression and allergic inflammation, whereas
their decline restored these effects to control levels. MiR-181a behaved the same way. By means of luciferase
vectors containing the 30-UTR sequence of murin TG2, the authors demonstrated that miR-218 and miR-181a
regulate TGM2 expression. However, target sites recognizing miR-218 and miR-181a are not present in the
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Table 2 miRNAs in 30-UTR of TGM2
All the indicated miRNAs in the columns are reported on the Genome Browser web site (https://genome-euro.ucsc.edu/). Particularly, we list in a further
column those also reported as conserved miRNAs with a good score SVR (less than or equal to −0.1) on microRNA.org — Targets and Expression
web site (http://www.microrna.org/microrna/home.do). Finally, among these we listed the miRNAs validated by experimental works and reported in the
literature. Underlined miRs indicate that miRs validate using luciferase vector containing 30-UTR of murine TGM2, while bolded miRs indicate that miRs
validate on human TG2 30-UTR target. Part 1 of 2

Gene position
Highly conserved miRNAs reported only
from the Genome Browser

Highly conserved miRNAs with
a good score from the Genome
Browser and microrna.org

Experimental
validated miRNAs
(miRSVR score)

30-UTR of TG2 miR-27c/27a-3p; miR-128/128ab;
miR-135ab/135a-5p; miR-122/122a/1352;
miR-143/1721/4770;
miR-34ac/34bc-5p/449abc/449c-5p;
miR-129-5p/129ab-5p; miR-23c/23b-3p;
miR-503;
miR-125a5b-5p/351/670/4319;
miR-204/204b/211; miR-129ab-5p;
miR-135a-5p; miR-24/24ab/24-3p;
miR-143/1721/4770; miR-761/3619-5p

miR-214; miR-377;
miR-613;
miR-206; miR-1;
miR-135ab; miR-28-5p;
miR-708; miR-129-5p;
miR-23ab; miR-143;
miR-135ab; miR-27ab;
miR-320abcd; miR-359

miR-19a [90]
(−0.317)
miR-19b [90]
(−0.317)

The shortest
transcript (without the
exon sequence)

50 upstream:
miR-150/5127; miR-218 [89]/218a;
miR-125ab-5p/351/670/4319;
miR-503; miR-205/205ab; miR-383;
miR-338/338-3p; miR-761/3619-5p;
miR-190/190ab; miR-99ab/100;
miR-93/93a/105/106a/
291a-3p/294/295/302abcde/372/
373/428/519a/520be/520abc-3p/
1378/1420ac
miR-1721/4770; miR-128/128ab;
miR-141/200a; miR-142-3p
30 downstream:
miR-27c/27a-3p; miR-128/128ab;
miR-135ab/135a-5p; miR-122/122a/1352;
miR-143/1721/4770;
miR-34ac/34bc-5p/449abc/449c-5p;
miR-129-5p/129ab-5p; miR-23c/23b-3p;
miR-503;
miR-125ab-5p/351/670/4319;
miR-204/204b/211; miR-129ab-5p;
miR-135a-5p; miR-24/24ab/24-3p;
miR-143/1721/4770; miR-761/3619-5p

30 downstream:
miR-214; miR-377
miR-613;
miR-206; miR-1;
miR-135ab; miR-28-5p;
miR-708; miR-129-5p;
miR-23ab; miR-143;
miR-135ab; miR-27ab;
miR-320abcd;
miR-19ab [90]; miR-359

Downstream TGH miR-17-5p/20b-5p/427/518a-3p/519d;
miR-93a/105/106b/
291a-3p/294/295/428/519a/1378/1420ac

miR-223; miR-140-5p;
miR-377; miR-340;
miR-20ab; miR-17;
miR-106ab; miR-93;
miR-519d; miR-372;
miR-520acd-3p; miR-520be;
miR-302abcde; miR-373

Downstream TGH2 miR-4262; miR-1721/4770; miR-150/5127;
miR-449-5p; miR-218a; miR-129ab-5p;
miR-122/122a/1352;
miR-130ac/301ab/301b/301b-3p/
454/721/4295/3666; miR-129ab-5p;
miR-338; miR-29d; miR-129ab-5p;
miR-193/193b/193a-3p; miR-146c;
miR-199ab-5p;
miR-125ab-5p/351/670/4319;
miR-199ab-5p

miR-181a [89];
miR-218 [89];
miR-181bcd; miR-143;
miR-337; miR-342-3p;
miR-340; miR-129-5p;
miR-371-5p; miR-338-3p;
miR-29abc; miR-129-5p;
miR-129-5p; miR-145;
miR-146a;
miR-146b-5p

Continued
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30-UTR of the human transcript coding for the full-length isoform, but they are present in the 30-UTR of the
transcript coding for the TGH2 isoform; in addition, a sequence target for miR-218 is located at 50-UTR of the
shortest transcript containing the three exons at the end of the gene (see Table 2).
The role of miR-19 was investigated in a model of human colorectal cancer employing two cell lines, SW620

and SW480, that were derived, respectively, from metastatic lymph nodes and from the primary lesion of an
individual patient [90]. At variance with reports in other cancer models, these cell lines express low and high
TG2 activity, respectively, along with prevalently full-length TG2 and TGH isoforms correlating with invasive-
ness. Analyzing 30-UTR of TGM2 with a panel of four target prediction algorithms, miR-19a/b were identified
as potential regulatory miRNAs, but their possible target sequences are present only in 30-UTR of the full-
length TG2 mRNA. Accordingly, luciferase reporter assays were performed to validate the interaction of
miR-19a at the 30-UTR of TG2. Inversely to full-length transcript levels, miR-19 was up-regulated in SW620
compared with SW480 cells (2.6-fold, miR-19a and 3-fold, miR-19b), in metastatic vs. primary tumours, prob-
ably through fragment amplification of chromosome 13, where miR-19a/b are located. In conclusion, an
increase of miR-19a can produce the same effects than a TG2 reduction obtained by specific siRNA; in both
cases, IL-8 secretion was affected, but conversely could be up-regulated when TG2 levels were restored by
TG2-plasmid transfection. The authors underscored that transcription of truncated TG2 isoforms cannot be
repressed by miR-19 [90]. Another miR, miR-1285, which is described as an oncosuppressor miRNA, has been
implicated in the regulation of TGM2 in renal cell carcinoma inducing a decline in TG2 expression that is def-
initely more expressed in cancer than in the normal cells [91] and a concomitant inhibition in cell growth and
invasiveness. Target sequence for miR-1285 was at 30-UTR of TG2 mRNA, as proved by the usual
30-UTR-TG2-luciferase assay. In addition, a reduction of TG2 mRNA was observed after transfection with
miR-1285. The effects on cell proliferation, migration and invasion were assayed demonstrating their relation to
support cancer development. MiR-1285 has a good SVR score, but it is not included among conserved target
sites of miRs on microRNA.org — Targets and Expression web site. In fact, there is a considerable interest in
miR-1285 because it presents four target sites in the 30-UTR of the full-length of TG2 and two in 30-UTR of
the mRNA coding for TGH2 isoform. In Figure 6, we describe predicted miRs with a good score and highly
conserved target sites in 30-UTR of the full-length mRNA coding for TG2 pointing out those validated by the
in vitro assay with luciferase under their 30-UTR control.
Taking into account the combined effects of SNPs and of miRNAs on TGM2, it appears that the only SNP

that can affect putative target miR sequences on the gene is rs45440600 located inside the miR-218/218a target
site and borderline to miR-1ab/206/613 sites, which all bind close to each other. The sequence rs45440600 is
in the 50-UTR region of the short transcript including the last three exons and the 30-UTR. Notably, miR-1
[92–97], miR-206 [98–102] and miR-603 [103–106] could be important in several disorders including cancer,
cardiovascular and metabolic diseases, and apoptosis.

Table 2 miRNAs in 30-UTR of TGM2 Part 2 of 2

Gene position
Highly conserved miRNAs reported only
from the Genome Browser

Highly conserved miRNAs with
a good score from the Genome
Browser and microrna.org

Experimental
validated miRNAs
(miRSVR score)

Exon II miR-193/193b/193a-3p;
miR-17/17-5p/20ab/20b-5p;
miR-93/106ab/427/518a-3p/519d

Exon III miR-138/138ab; miR-133abc

Exon VI miR-199ab-5p; miR-193/193b/193a-3p;
miR-15abc/16/16abc/195/322/424/497/1907

Exon VIII miR-126-3p

Exon IX miR-192/215; miR-183

Exon X miR-375

Exon XI miR-124/124ab/506; miR-214/761/3619-5p

Exon XII miR-128/128ab; miR-18ab/4735-3p

Exon XIII miR-27abc/27a-3p; miR-217/791/3679-5p;
miR-214/761/3619-5p
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In addition, the isoforms affected by exon skipping, such as those missing exon II or III, could escape post-
transcriptional modulation by predicted miR-193/193b/193a-3p, miR-17/17-5p/20ab/20b-5p, miR-93/106ab/
427/518a-3p/519 recognizing target sites in the exon II, and miR-138/138ab, miR-133abc in the exon III. Other
transcripts, tTGv1 and tTGv2, skipping the exons XIII and partially XII lost eventually post-transcriptional
modulation of the miR-27abc/27a-3p, miR-217/791/3679-5p, miR-214/761/3619-5p (exon XIII), and miR-218a,
miR-18ab/4735-3p (exon XII), and others because of their different 30-UTR region, as reported in Table 2 and
Figure 6 (shown by area in yellow).
About the roles of RNA in the regulation of TGM2, we want mention lncRNAs: one of them, the lncRNA

named LOC107987281 reported on the NCBI database (https://www.ncbi.nlm.nih.gov), is included in the first
intron of TGM2. It corresponds to an uncharacterized transcript (XR_001754586) 1000 bp long and formed by
two exons that fuse to generate the linear lncRNA predicted by automated computational analysis. This
sequence derived from RNA-sequencing project carried on different normal tissue samples from human indivi-
duals [107]. This lncRNA is correlated with TG2 expression and is associated with specific alternative splicing
variants in some type of cancer [77]. Whether or not this RNA molecule plays a role in regulating TGM2 gene
is a matter of recent investigations.

Conclusions and perspectives
The involvement of TG2 in human pathology has long been appreciated as in the case of neurodegenerative
disorders (including Alzheimer’s, Parkinson and Huntington disease), as has its role as autoantigen for anti-
bodies developed in gluten sensitivity, and in inflammation and tumour biology, including drug resistance, pro-
motion of metastases and EMT. This enzyme has been reported to participate in the pathology for 329
reported diseases (https://www.targetvalidation.org/target/ENSG00000198959/associations), including cardiovas-
cular, epidermal, ocular, renal, metabolic, haematological diseases or pathologies involving the skeletal, nervous,
digestive, endocrine, respiratory and immune system. It is important to bear in mind that many pathways
linked to TG2 may depend on interaction/intersection with other proteins, e.g. CREB pathway and phospholip-
ase C pathways, Ca2+, cAMP and lipid signalling, regulation by α1B-adrenergic receptors and also respiratory
chain electron transport, ATP synthesis by chemiosmotic coupling and heat production. It is highly possible

Figure 6. MicroRNA target sites in the 30-UTR of TGM2 gene.

Highly conserved miRs with a good score SVR are indicated in the 30-UTR of TGM2, where the yellow circle highlights those

lost by alternative spliced tTGv1 and tTGv2 variants. In bold, the target sites of validated miRs: blue, miR-1285, which has a

good score, but it is no conserved; red, miR-19ab-binding 30-UTR on human TG2 and black, 218/181a demonstrates to

recognizing murine TGM2. We have boxed the target site of the miR-218 susceptible to rs45440600 SNP.
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that regulation and modulation of TGM2 expression could affect heavily these pathways, thanks to its relation-
ships with the signalling of NF-κB, RA, IL-6, TGF-β, HRE, Ap1 and GRE. In this context, it would be relevant
to investigate effects of SNPs at transcription factor-binding sites to improve molecular knowledge of DNA/
protein interactions, even more so after the studies carried out on SNPs in exonic sequences which bring about
no relevant modifications of enzyme functions [18,37,44]. Actually, very few SNPs are associated with patho-
logical phenotypes [43,45,50,51]. Another aspect that should be analyzed is the relationships between transcrip-
tional variants or their ratio of expression levels and functional/pathological conditions. Numerous studies
concern alternative splicing events generating TGM2 transcriptional variants and TG2 isoforms
[12,60,65,68,74], which lack functional domains. There is evidence that altered conformations induce significant
changes in particular in GTP binding and consequently in the dependence of TGase activity on Ca2+ concen-
tration [73]. These aspects are frequently investigated by means of inhibitors against TG2-specific sites [108].
Indeed, the full-length isoform catalyzes Ca2+−dependent post-translational modification of proteins and GTP
hydrolysis appointing TG2 as a signalling molecule, while the wild-type enzyme and its truncated/altered iso-
forms display different effects on biological functions. For instance, full-length TG2 affects PI3-kinase signal-
ling, inducing high levels of Akt, mTOR, and p70 S6-kinase phosphorylation, binding c-SRC and promoting
cell survival [109]. In contrast, truncated/altered TG2 isoforms interfere with PLCδ1 with an increase in the
rates of apoptosis, autophagy and cell death [110]. An example of ‘switch’ from expression of full-length TG2
(GTP-dependent) to a shorter isoform of TG2 (GTP-independent) was observed within the first few hours
after injury of spinal cord motor neurones in adult rat before cell apoptosis [111]. Despite the large number of
reports supporting a role of TG2 in cell death and apoptosis, experiments on transgenic mice models did not
fit completely with these evidences since recombinant KO mice lacking TG2 activity because of partial deletion
of exons V, intron 5, exon VI, which contains the active site, display normal phenotype as in De Laurenzi and
Melino [112]. The animals showed limited residual enzymatic activity in liver and thymus extracts, probably
due to contributions by other TGases. Analogous results were reported independently by Nanda et al. [113],
who deleted further the active site region extending to include up to exon VIII. Also, in this instance, authors
reported no major phenotypic change (notably in adrenergic response and apoptosis in thymus), decreasing —
but not suppressing — TG activity in liver and heart, with a virtually complete inactivation of transamidase in
fibroblast lysates. On the other hand, it is known that there are compensation mechanisms among different
TGase members in skin and autoimmune disease [114].
Among the available strategies to modulate gene expression and to investigate aspects associated with the

‘double face’ of TG2 [6,11], RNA interference molecules, such miRNAs and siRNA, might be useful tools. The
activity of some miRNAs was found to modulate TGM2 [89–91] possibly with alternations in the ratio of
expressed variants; however, looking at 30-UTR of this gene, many miRNA-binding sites emerged which have
not yet been checked for inhibitory action. In spite of all work already carried out, it is evident that much more
is required to understand functional details of the TGM2 gene. In this context, eRNA molecules could represent
an additional resource usable to alternate TGM2 expression and to clarify structural mechanisms and molecular
interactions, since they appear to increase upon RA induction [55]. An improved knowledge of the gene regula-
tion will influence the development of new therapeutic approaches and possibly drive the emergence of
TG2-related diagnostic markers [13]. It is likely that this intriguing gene will be a model to investigate more
generally the mechanisms regulating gene expression; now that, with increasing clarity, it appears to be the
target of a wide array of molecules, including eRNA, lncRNA and microRNA, and is the object of alternative
splicing events generating transcriptional variants, involved in a high number of pathways, biological processes
and diseases.
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¶ AD, Alzheimer’s disease; ECM, extracellular matrix; EMT, epithelial to mesenchymal transition;
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