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The Interplay between ER Stress, RNA Splicing and Intracellular pH
Control in Arabidopsis Immunity

Karolina M. Pajerowska-Mukhtar

'University of Alabama at Birmingham, Dept. of Biology, Birmingham, AL 35294, USA

Available Online: 31 December 2021

ABSTRACT

Abiotic and biotic stresses can severely perturb endoplasmic reticulum (ER) function. The unfolded protein response (UPR) is a
three-pronged signalling axis dedicated to preserving ER homeostasis. If these mechanisms of adaptation and survival are
insufficient to recover the ER homeostasis, cells will initiate apoptosis. While the importance of pH in basic cellular physiology has
been recognized for over a century, it remains poorly understood how alterations in the pH level affect host abiotic and biotic stress
responses in Arabidopsis plants. We obtained preliminary data that led us to hypothesize that pathogenic microbes and
environmental stress such as heat and drought, affect a universal eukaryotic cellular stress sensor IRE1 (Inositol-requiring enzyme
1) to modulate plant stress responses. Arabidopsis IRE1 directly cleaves bZIP60 (basic leucine zipper 60) mRNA in response to
various environmental stresses, leading to the production of an active transcription factor that promotes the expression of multiple
ER stress-responsive genes. IRE1 is also known to engage in cleavage and bulk degradation cleave of certain mRNAs in a process
called Regulated IRE1-Dependent Decay (RIDD). The exact nature and function of the degraded mRNAs are not completely
understood, though it is known that RIDD is integral in the determination of IRE1 to switch between pro-survival and pro-death
signalling functions.

We performed genome-wide transcriptomic analyses of RIDD pathways upon pathogen infection (Pseudomonas syringae DC3000
-avrRpm1) in wild-type Arabidopsis Col-0 plants following treatment with Actinomycin D (inhibitor of de novo transcription).
Pathway analysis on transcripts stabilized in the irela/irelb double mutant plants (=RIDD targets) identified a specific enrichment
of proline-related genes that are implicated in the cellular pH homeostasis. RNA secondary structure analysis of these genes
predicted the formation of hallmark features of IRE1 cleavage clients: a double hairpin structure and presence of nucleotide
consensus sequences corresponding to IRE1 cleavage sites. We tested a number of developmental, stress and immune phenotypes
of irela/irelb double mutants following treatments with proline and we observed altered intracellular and apoplastic pH, and
severe growth retardation. The irela/irelb plants also susceptibility to bacterial infection and heat sensitivity, which are further
magnified by pH-altering treatments. In summary, our data show that Arabidopsis IREla and IRE1b participate with various
degrees in the control of intracellular pH by modulating the transcript accumulation of Pro-related genes in response to biotic and
abiotic stresses.

Keywords: ER stress; IRE1; bZIP60; RIDD; pH control
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An Activator of G Protein-Coupled Receptor and MEK1/2-ERK1/2
Signaling Suppresses HIV-1 Replication by Altering Viral RNA Processing
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ABSTRACT

The ability of HIV-1 to evolve resistance to combined antiretroviral therapies (cARTSs) has stimulated research into alternative
means of controlling this infection. We assayed >60 modulators of RNA alternative splicing to identify new inhibitors of HIV-1
RNA processing—a segment of the viral lifecycle not targeted by current drugs—and discovered compound N-[4-chloro-3-
(trifluoromethyl)phenyl]-7-nitro-2,1,3-benzoxadiazol-4-amine (5342191) as a potent inhibitor of both wild-type (Ba-L, NL4-3, LAI,
IIIB, and N54) and drug-resistant strains of HIV-1 (IC50: ~700 nM) with no significant effect on cell viability at doses tested.
5342191 blocks expression of four essential HIV-1 structural and regulatory proteins (Gag, Env, Tat, and Rev) without affecting total
protein synthesis of the cell. This response is associated with altered unspliced (US) and singly-spliced (SS) HIV-1 RNA
accumulation (~60% reduction) and transport of these RNAs to the cytoplasm (loss of

Rev; Fig. 1) whereas parallel analysis of cellular RNAs revealed alterations of less than DAPI US RNA Gag-GFP
0.7% to host alternative splicing events (0.25-0.67% by = 10-20%), gene expression
(0.01-0.46% by = 2-5 fold), and protein abundance (0.02-0.34% by > 1.5-2 fold). pumso
Decreased expression of Tat, but not Gag or Env, upon 5342191 treatment was -Dox
reversed by a proteasome inhibitor, suggesting that this compound alters the

synthesis/degradation of this key viral factor. Consistent with an affect on HIV-1 RNA . .
processing, 5342191 treatment of cells altered the abundance and phosphorylation of RIS

serine/arginine-rich splicing factor (SRSF) 1, 3, and 4. Despite the activation of several + pox

intracellular signaling pathways by 5342191 (Ras, MEK1/2-ERK1/2, and JNK1/2/3),

inhibition of HIV-1 gene expression by this compound could be reversed by
pretreatment with either a G-protein a-subunit inhibitor or two different MEK1/2
inhibitors (confirming the importance of this inhibitory signal)[1,2]. These>>421%
observations demonstrate enhanced sensitivity of HIV-1 gene expression to small

changes in host RNA processing and highlights the potential of modulating host
[1,3]. Figurel | Trafficking of US RNAs (labeled with
Texas Red) detected by fluorescent in situ hy-
bridization (representative of n > 3). Nuclei
Keywords: HIV-1 RNA processing, alternative splicing; intracellular signaling; small were detected by DAPI stain, Gag-GFP expres-

molecule inhibitor; gene expression; antiretroviral therapies Si%n by GFP, and images captured at 630x mag-
nification.

+ Dox

intracellular signaling as an alternative approach for controlling HIV-1 infection
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ABSTRACT

The dramatic growth of genomic data presents new challenges for scientists. Making sense of millions of protein sequences
requires information about their 3D structure as well as their evolutionary and functional relationships. In line with this tendency,
we are developing a pipeline of bioinformatics tools for the large-scale, structural and functional annotation of proteomes. Based
on the amino acid sequences, the pipeline is able to detect all principal structural states of proteins including globular domains,
transmembrane regions, intrinsically disordered regions, low complexity regions, tandem repeats and aggregation-prone motifs
[1]. The objective of this work is to apply this pipeline for the analysis of alternative proteomes and to compare structural states of
canonical products of translation with ones obtained by alternative splicing, alternative promoter usage or frameshifting [2,3]. We
expected that the large-scale, structural-functional annotation of alternative proteomes derived from alternative splicing may
provide an insight into the underestimated coding potential of genomes and bring new data about the regions under increased
evolutionary pressure. For this purpose, we selected canonical and non-canonical proteomes of 58 eukaryotic species from the
UniProt database, which include mammalians, other vertebrates, invertebrates, plants, fungi and other unicellular eukaryotes. The
canonical proteome is a complete set of proteins derived from splicing, while the noncanonical/alternative proteome is a set of
proteins that are products of alternative Difference of coverage of aggregation-prone regions in Alternative proteomes
splicing and alternative promoter usage or and Canonical proteomes

frameshifting. Our comparative analysis3 :

revealed some differences in the structural £
states of proteins from these two sets. For E
example, the analysis suggests that isoforms, &

which are derived from alternative splicing, ) wr
have higher coverage of aggregation-prone & ! :
regions than the canonical proteins (Figure 1).
Moreover, products of splicing and alternative § >
splicing events differ in the coverage ofg T ¥,
intrinsically disordered regions. These and the g m
other results of our analysis will be present. £ - f
. i e

Other unicellular eukaryotes Fungi Plants Invertebrates Other vertebrates Mammalians
Keywords: Dual coding regions; Alternative Figure 1 | Difference of coverages of aggregation-prone regions in alternative and canoni-
splicing; Alternative proteome; Aggregation- cal proteomes of 58 eukaryotic species, which are grouped in 6 subsets: mammalians,
prone motifs; Structural-functional other vertebrates, invertebrates, plants, fungi and other unicellular eukaryotes. Aggrega-
tion-prone regions are predicted by using ArchCandy program [1].
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ABSTRACT

An alternative splicing mechanism has been recently described that produces a gene transcript which differs from the canonical
transcript by deletion of a length of sequence not divisible by three. Translation can then be rescued by an alternative start
codon, resulting in a predicted protein in which the amino terminus differs markedly in sequence from the canonical protein
because it is translated from an alternative reading frame. Whilst thousands of protein splice variants are known, these isoforms
have been overlooked and are under-represented in current databases. Many of these isoforms also result in alterations in
localisation compared to the canonical version of each protein.

Amyotrophic Lateral Sclerosis (ALS), also known as motor neuron disease (MND), is a fatal and rapidly progressing
neurodegenerative disorder. Fused in sarcoma (FUS) is an important pathological protein in in both familial and sporadic (90%
of all cases) forms of ALS, and mutations in FUS account for a particularly aggressive, juvenile form of the disease. Hence,
elucidating the pathological role of FUS in ALS is crucial for understanding this disorder. FUS is an DNA/RNA binding protein
with important cellular functions in RNA metabolism and the DNA damage response. However, in ALS, FUS mis-localises from
its normal location in the nucleus to the cytoplasm, where it forms misfolded inclusions, and both loss and gain of function
mechanisms are implicated in pathophysiology. While the mechanisms underlying neurodegeneration in ALS are not fully
understood, defects in alternative splicing have been previously associated with disease.

Here we have identified a novel isoform of FUS, ‘EC-FUS’, produced by this novel mechanism of alternative splicing. This new
isoform bears a unique N-terminus containing a secretory leader peptide, hence EC-FUS is present in the extracellular space,
unlike canonical FUS which is normally intracellular. Importantly, EC-FUS is the only major pathological protein linked to
ALS/FTD that is normally localised extracellularly. EC-FUS shares its C-terminus with canonical FUS, where most of the ALS
mutations are located. We have validated the expression of EC-FUS at both the mRNA and protein level and have detected it in
multiple tissues. Furthermore, expression of the mutated form of EC-FUS produces features characteristic of ALS, including
misfolded protein inclusions. In addition, we have found that the levels of EC-FUS are dysregulated in sporadic ALS patient
lumbar spinal cords, cerebrospinal fluid, and serum, linking this isoform to ALS pathology. The discovery of a new alternatively
spliced isoform of FUS provides novel insights into the pathogenic mechanisms implicated in ALS/MND.
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ABSTRACT

An inflammatory tumor cell microenvironment has been identified as a critical tumor-promoting condition providing survival
signals to which cancer cells respond with changes in their gene expression. Interestingly, alternative splicing (AS) is one key gene
regulatory mechanism that responds to extracellular signals directly affecting cancer progression [1, 2]. For example RACBI1, a
RAC1 AS variant, previously identified by our group in a subset of BRAF-mutated colorectal tumors [3], was found increased in
colon mucosa under inflammatory conditions, both in samples from inflammatory bowel disease patients or following
experimentally-induced acute colitis in a mouse model [4].

Based on these findings, the main goal of this work was to determine which pro-inflammatory signals from stromal cells lead to an
increase in RAC1B expression levels in colorectal cancer (CRC) cells. For that, we use a more physiologically relevant culture
model consisting of a 2D polarized monolayer of Caco-2 CRC cells grown on porous membranes, and then co-cultured with
stromal cells, including fibroblasts, monocytes and macrophages. RAC1B expression was analyzed in Caco-2 cells by RT-qPCR,
Western blot and confocal fluorescence microscopy. In fact, co-culture experiments revealed that the combined presence of
fibroblasts and/or M1 macrophages induced a transient increase in RAC1B mRNA and protein levels in Caco-2 cells, accompanied
by a loss of epithelial organization. Besides RACI1B, a panel of 6 additional pairs of tumor-related AS variants was analyzed, being
observed an alteration of the expression ratios in 3 out of the 6 variants tested. Moreover, using a human inflammation array, we
were able to identify from the conditioned co-culture media three cytokines that associated with increased RACI1B: IL-1b, IL-6 and
IL-8. Remarkably, the incubation of polarized Caco-2 cells with described purified cytokines was sufficient per se to trigger an
increase in RACIB expression in a dose-dependent manner. As a whole, our data indicate that pro-inflammatory signals can
modulate AS in colon epithelial cells, particularly leading to an increase in RACI1B levels. Future identification of the interleukin-
regulated signaling pathways involved in altered AS should provide details on how these talk to the splicing machinery, and may
represent a promising approach to discovery novel therapeutic targets for suppressing oncogenic splice variants.

Keywords: Pro-inflammatory microenvironment; Colorectal cancer; RAC1B; Cytokines
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ABSTRACT

At the 3rd International Caparica Conference on Splicing we discussed the importance of intron retention (IR) as a once
neglected form of alternative splicing. Since our original demonstration that IR is a conserved mechanism of gene expression
control in mammalian biology (Wong et al Cell, 2013; Schmitz et al Genome Biology 2017) we have demonstrated epigenetic
control mechanisms and broad relevance to normal and cancer biology. In this presentation we highlight the role of the “Master
weaver of the Genome”, CTCF, and provide evidence of its increasingly compelling role in co-ordinating alternative splicing
(Alharbi et al NAR 2021).

CTCEF is a ubiquitously expressed, conserved zinc finger transcription factor with ~100,000 target sites identified genome-wide.
It is widely acknowledged as being central to the 3D organisation of chromatin architecture in the nucleus. We have shown that
CTCF acts as a tumour suppressor gene (Rasko et al, Cancer Res 2001, Tiffen, Bailey et al, Int ] Can 2013). We now perceive that
CTCF has a role in orchestrating alternative splicing via diverse mechanisms, including: transcriptional elongation, DNA
methylation, chromatin architecture, histone modification, and regulation of splicing factor expression and assembly. We
examined the effect of Ctcf haploinsufficiency on gene expression and AS in five tissues from Ctcf hemizygous (Ctcf+/-) mice.
An increase in IR was observed in Ctcf+/- liver and kidney, but not in brain, kidney or spleen. In liver, this specifically impacted
genes associated with cytoskeletal organisation, splicing and metabolism. Ctcf binding sites were greatly enriched upstream 200—
50,000 nt, but not downstream or within introns, of differentially expressed transcripts with retained, compared to non-retained,
introns. CTCF not only co-ordinates gene expression regulation but modulates transcriptomic complexity.
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ABSTRACT

Efficient and precise gene expression depends on effective coordination between RNA splicing and transcriptionl, yet the
mechanistic details that underlie this coordination have remained relatively unexplored. Recent studies in yeast and metazoan
[1, 2] have identified connections between chromatin modification, which alters chromatin dynamics to regulate transcription,
and splicing. The NuA4 histone acetyltransferase works the with Swrl chromatin remodeling enzyme to promote transcription
[3-5]. First, NuA4 acetylates histone H4, which is required for the recruitment of Swrl. Next, Swrl deposits the histone variant
H2A.Z, which is subsequently acetylated by NuA4. Interestingly, in Saccharomyces cerevisiae, both NuA4 and Swrl play a key
role in the transcription of the ribosomal protein genes [7], which make up a large fraction of the intron-containing genes. Thus,
NuA4, Swrl, and H2A.Z are excellent candidates for coordinating transcription with splicing. We recently identified a role for
H2A.Z in splicing [6] and here we present data that support a role for NuA4 in splicing. Interestingly, data from our lab suggest
that NuA4 may have functions in RNA splicing that are independent of H2A.Z deposition. Using directed genetic screens we
identified interactions between splicing factor gene mutations and mutations that alter H4 and H2A.Z acetylation, including
point mutations in H4 and H2A.Z and point mutations that inhibit the catalytic activity of NuA4. Additionally, using whole
genome RNA sequencing (MPE-seq [8]) and RT-qPCR we found that these mutations alter the splicing of a subset of RNAs.
Our data suggest that NuA4 and the acetylation of H4 and H2A.Z play a role in regulating RNA splicing and we are currently
performing chromatin immunoprecipitation experiments to determine whether NuA4 activity or acetylation of H4 and H2A.Z
impacts the association of splicing proteins with nascent RNAs during transcription. Together, our data support a model in
which NuA4 interacts with the splicing machinery to coordinate transcription with splicing.

Acknowledgments:

We thank the Rine and Cote laboratories for strains and the Pleiss laboratory for assistance with and analysis of the MPE-seq experiments.
We thank members of the Kress and Pleiss laboratories for helpful discussion. This work was supported by grants to T.L.K. from the
Research Corporation for the Advancement of Science (Cottrell College Science award no. 20186) and the National Institutes of Health
(R15GM122026).

References:

[1] Bentley DL. Nat Rev Genet 15 (2014), 163-175. [5] Krogan NJ, et al. Mol Cell 12 (2003), 1565-1576.

[2] Luco RF, et al. Cell 144 (2011), 16-26. [6] Neves, LT, et al. Genes Dev 31 (2016), (7), 702-717.
[3] Allard S, et al. ] EMBO 18 (1999), 5108-5119. [7] Reid JL, et al. Mol Cell 6 (2000), 1297-1307.

[4] Altaf M, et al. ] Biol Chem 285 (2010) 15966-15977. [8] Xu, Hansen, et al. Nat Methods 16 (2019), (1), 55-58.

Correspondence: Email - kress@tcnj.edu

1-30:9



JIOMICS | VOL 11 | ISSUE 2 | DECEMBER 2021 | 1-30

wt ]OURNAL OF INTEGRATED OMICS
S g A METHODOLOGICAL JOURNAL
HTTP:/ / WWW.JIOMICS.COM

SPECIAL ISSUE: SELECTED ABSTRACTS OF THE IV INTERNATIONAL CAPARICA CONFERENCE IN SPLICING (SPLICING 2021)

Purification of fibrinogen gamma A/gamma prima (yA/y') by fast protein
liquid chromatography and its effect on fibrin polymerization

Miriam Elena Cantero Guevara', Barbara Cardinali?, Rita Marchi®

'Universidad de Coérdoba, Colombia; “Hospital Policlinico San Martino, Italia; *Afiliacién, Pais. 4Instituto Venezolano de
Investigaciones Cientifica, Venezuela

Available Online: 31 December 2021

ABSTRACT

Fibrinogen is a homodymeric plasma protein of 340 kDa consisting of 6 polypeptide chains 2 (Aa, Bp and y) linked together by
disulfide bonds [1]. A common variant of the y chain called fibrinogen y' (yA/y'), is produced by an alternative splice in intron 9,
resulting in the loss of exon 10 and retention of part of intron 9 in mRNA [2]. This alternative chain has the last 4 C-terminal
residues replaced by 20 different amino acids, with a high proportion of negatively charged residues. Fibrinogen yA/y' has an
average plasma concentration of 8% to 15% of plasma fibrinogen [2]. Clinically it is associated with opposite effects on
thrombosis in arterial and venous circulation [3]. Fibrinogen yA/y' has been shown to have unique properties that modify the
structure of the fibrin clot [4]. The objective of this work was to design a more efficient method of purification of fibrinogen yA/
Y' in relation to those described in current literature, from human plasma and to evaluate the kinetics of fibrin polymerization
on the surface of HMEC-1 cells with different concentrations of fibrinogen yA/y'. The purification of fibrinogen yA/y' was
performed from the total fibrinogen obtained from the plasma of apparently healthy individuals by precipitation with p-alanine,
with some modifications [5], by means of separation by fast liquid chromatography of proteins, using an anion exchange
column. The protein purified by ELISA was quantified and confirmed by Western blot. The kinetics of fibrin formation on
HMEC-1 endothelial cells was studied by turbidimetry. Fibrin clots were formed at different concentrations of fibrinogen yA/
Y' (3%, 10% and 30%) and the optical density (DO) was read every 2 min at 350 nm in an Infinite 200 M (Tecan, Vienna,
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Figure 1 | Elution profile of Fg yA/y' by fast protein separation liquid chromato-
graphy (FPLC). The column used was 20 mL (HiPrepTM DEAE FF 16/10 (GE
Healthcare), flow rate 4 mL/min. The red trace corresponds to the gradient used
to elute Fg yA/y'.

Correspondence: Email - miriamcantero@correo.unicordoba.edu.co

1-30: 10



JIOMICS | VOL 11 | ISSUE 2 | DECEMBER 2021 | 1-30

Table 1 | Polymerization of fibrin at different concentrations of Fibrinogen yA/y' on HMEC -1 cells. The results
are expressed as the average + standard error (SE).

*p <0.05: Fibrin formed in the absence of or over a culture of HMEC-1 at 30% y/y', compared to that of 3 and
10% y/y'

Maximum Absorbance:

MaxAbs (mOD) Slope (mOD / min) Latency time (min)

Fibrinogen yA/y' (%)
With cells With no cells With cells Withnocells With cells With no cells

3 440 £+ 20 390 £ 10 60 + 2 45+ 10 0 0
10 460 * 50 340 + 30 60 +5 49+ 6 3 3
30 320 £ 30 230 £30* 36 2% 20+6% 3 3

Austria). The experiments were conducted in triplicate in three independent trials. The kinetics of fibrin formation was
characterized by measuring delay time (min), slope (mOD/min) and maximum absorbance (AbsMax, mOD). The yA/y'
fibrinogen purification method showed advantages compared to classical separation methods. For example, the use of smaller
sample quantities that could be separated into their components with a high degree of purity in less time (30 min). Two main
peaks were obtained, 1 at pH 7.0 : yA/y' (2.20 + 0.07 g/L) and 2 at pH 4.5: yA/y' (0.25 + 0.05 g/L) (Figure 1). The kinetics of
fibrin formation in HMEC-1 with 3% and 10% fibrinogen yA/y' were similar with respect to the no cells condition. However,
with 30% fibrinogen yA/y' the slope and maximum absorbance (AbsMax) were approximately 50% and 30% lower than 3 and
10% (Table 1). The latency time was equal for 10% and 30% fibrinogen yA/Y', regardless of the presence of the cells. The results
obtained allow us to conclude that the technique used to purify the variants of the y chain of fibrinogen (yA/yA and yA/y'), is an
efficient separation method that allows purifying fibrinogen yA/y' free of main contaminants, as confirmed by
immunoelectrophoresis. Our results demonstrate the pathophysiological impact of increased fibrinogen yA/y' in fibrin
formation on HMEC-1 cells. These results partially explain how high plasma concentrations of fibrinogen yA/y' increase the risk
of thrombosis.

Keywords: Fibrinogen gamma prime (y'); coagulability; electrophoresis; Fibrin; plasma.
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ABSTRACT

The human retrovirus HTLV-1 (Human T-cell Leukemia type 1) is the etiological agent of an extremely aggressive cancer named ATL
(Adult T-cell Leukemia). Series of evidence have linked the transformation of HTLV-1-infected T cells to the expression of the viral
gene hbz (HTLV-1 Basic leucine Zipper transcription factor)l. HBZ expression is initiated by a promoter present in the 3’-LTR2,3
(long terminal repeats) of the provirus and it has been established that it is the only viral protein expressed in every ATL cells1. HBZ
pre-mRNA undergoes alternative splicing producing three different mRNAs and thus encoding for three different HBZ isoforms:
usHBZ (unspliced), HBZ_SP1 and HBZ_SP2 (spliced)3. Analysis showed that the spliced form HBZ_SP1 is the most expressed isoform
in ATL cells. However, the role of each isoform in HTLV-1-linked pathogenesis and the precise mechanisms regulating the alternative
splicing phenomenon are yet to be fully understood. To understand this mechanism, we first assessed the expression profile of over
twenty different splicing factors (SF), with a predicted binding site on the pre-mRNA of HBZ, both in ATL cell lines and in HTLV-1
infected patients’ samples. We observed that a majority of those SF were mis-regulated in the ATL context when compared to the
controls. After analysis, we chose to mainly focus on two hnRNPs proteins (heterogeneous nuclear RiboNucleoParticles): hnRNP A1
and H1. Using an RNA Immunoprecipitation (RIP) approach, we first confirmed that hnRNP A1 and H1 are indeed binding onto HBZ
pre-mRNA. Next, we investigated the effect of those two splicing factors on HBZ alternative splicing using the K30-as-Luc minigene-
assay. In this construction, the second exon of HBZ was replaced by a

firefly-luciferase ~encoding gene. Our results revealed that o

overexpression of hnRNP Al efficiently inhibits HBZ splicing. — o - ox

Meanwhile, shRNA-mediated depletion of hnRNP Al, as well as.yLTRI T :“J“‘:'“U;"L -
overexpression of hnRNP H1 have the opposite effect, meaning both ’ s Fv—— 5
promote the production of HBZ_SP1 isoform. Mutations of splicing T .
donor and acceptor sites on HBZ pre-mRNA are ongoing to assess in —H;’w’l/’ T T \_\\
further details the mechanism of HBZ alternative splicing regulation MO8 e N
by hnRNP A1 and H1. B oo s R s
ATL prognostic is very pessimistic with an average survival rate

extremely low. Until now, therapeutic strategies used to treat ATL ] sanse

were proven inefficient and no strategy targeting directly HBZ is — R — o — 02 -
available. Deciphering HBZ alternative splicing regulation slngeers HL A B2 K1 AL
mechanism could allow the development of new therapeutic Figure 1 | Recapitulative diagram of HTLV-1 genome. HTLV-1
approaches to restore Chemosensitivity and ﬁght ATL. antisense gene HBZ pre-mRNA is alternatively spliced into three

mRNA encoding for three protein isoforms.
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ABSTRACT

Alpha-synuclein plays a major role in the development of synucleinopathies. These include Parkinson’s disease (PD) which is
the most frequent movement disorder, dementia with Lewy bodies (DLB), the second most frequent cause of degenerative
dementia after Alzheimer’s disease, and multiple system atrophy. Abnormal alpha-synuclein oligomerization and aggregation
are central events in these diseases and start up to 20 years before clinical symptoms are evident [1]. Alpha-synuclein is encoded
by the 5 coding exon containing SNCA gene that undergoes complex splicing events. Exon-skipping involves two coding exons
which can be spliced out individually, or simultaneously. The resulting transcripts have been named by the size of the
corresponding protein isoform: SNCA140 gives rise to the main protein, SNCA126 lacks exon 4, SNCA112 exon 6 and SNCA98
both exons 4 and 6. Since exon 4 encodes the most aggregation-prone part of the protein, SNCA126 is expected to have
diminished aggregation properties representing a protective isoform. In contrast, exon 6 is located near the C-terminal
corresponding to the most soluble part of the protein. Consequently, SNCA112 shows enhanced aggregation properties and it
has been proposed that this isoform could participate in the very first steps during the alpha-synuclein aggregation process [2,3].
Furthermore, the SNCA genes contains at least 4 alternative initial exons, 1 and 2a-c, of which exon 2c (SNCAtv4) is included
only in brain. Of the transcript variants containing either exon 1 (SNCAtv3), 2a (SNCAtvl) or 2b (SNCAtv2), SNCAtv1 is the
main transcript, followed by SNCAtv2. Expression of SNCAtvl and SNCAtv2 is regulated by hyper-methylation of two CpG-
islands identified in their promoter region. SNCAtv3 in turn, seems to be regulated by GATA-transcription factors [reviewed in
2]. The analysis of the expression levels of SNCA transcripts in brain of DLB and PD compared to controls revealed, that
SNCAtvl and SNCA112 are overexpressed in DLB, and SNCAtv2 in PD temporal cortices. These results underline that the
increase of alpha-synuclein levels in synucleinopathies are accompanied by the increase of the aggregation-prone isoform
SNCA112 in vulnerable brain areas [3]. The analysis of SNCA transcript expression levels in blood showed the diminution of all
SNCA transcripts in DLB, and of SNCAtvl and SNCAtv2 in PD with disease onset before 70 years. SNCAtv3 is driven by its
own promoter, and opposite expression levels were found in early DLB and PD, so that SNCAtv3 could represent a suitable
biomarker for the early diagnosis of DLB [3]. Correlation between blood transcript levels and disease duration was opposite in
DLB and PD. It could reflect differences in brain alpha-synuclein aggregation rates which are expected to be lower in early-onset
PD than in DLB, because the duration of early-onset PD is usually longer than 15 years, and DLB is an aggressive disease with an
overall survival of between 6 and 10 years. In conclusion, alternative SNCA splicing has a direct impact on the development of
synucleinopathies on one hand, and may reflect the disease course on the other. The usefulness of SNCAtv3 levels as blood
biomarker has to be further investigated and validated.
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ABSTRACT

Milk sialylated oligosaccharides (SOS) play crucial roles in many biological processes and have functional health benefits for
consumers [1]. The most abundant free SOS in milk are 3’-sialyllactose (3’-SL) and 6’-sialyllactose (6’-SL) and sialyltransferases
are a subset of glycosyltransferases that catalyse the transfer of sialic acid residues to lactose or terminal positions in the
oligosaccharide chains of glycoproteins and glycolipids [2]. The work here reported is part of the MIQUALAT project activities.
One of the aims of the project consists in the analysis of some free oligosaccharides in milk of four cattle breeds (Holstein,
Simmenthal x Holstein, Simmenthal, Podolica) at two lactation stages (60 and 120 days after calving) and in the genetic
characterization of the breeds using genotyping by bead chip, RNA-seq and the study of some specific genes associated with the
molecules biosynthesis. The analysis of candidate genes was focused on beta-1,4-galactosyltransferase 1 (B4GALT1) and
lactalbumin alpha (LALBA) for lactose (the precursor molecule for 3’-SL and 6’-SL biosynthesis), beta-galactoside alpha-2,3-
sialyltransferase 4 (ST3GAL4), beta-galactoside alpha-2,3-sialyltransferase 5 (ST3GAL5), beta-galactoside alpha-2,3-
sialyltransferase 6 (ST3GAL6) for 3’-SL, beta-galactoside alpha-2,6-sialyltransferase 1 (ST6GAL1) for 6-SL. Using RNA
extracted from milk somatic cells, cDNAs of the different genes have been amplified. Preliminary sequencing results of the
cDNAs have identified new splicing variants in ST3GAL4, ST6GALI and LALBA genes. In ST3GAL4 a shorter transcript with a
skipped exon7, in ST6GALL a shorter transcript with a skipped exon 3, in LALBA a longer transcript with the intron 1 retention
were found.
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Figure 1 | Agarose gel electrophoresis (1,5%) of ST3GAL4 cDNA (896 bp amplicon), panel A,
ST6GAL1 cDNA (1603 bp amplicon), panel B, LALBA cDNA (956 bp amplicon) from the milk
somatic cells of eight cows. M = GeneRuler 1 Kb DNA ladder (Thermofisher Scientific). The
arrows indicate the spliced or retained fragments.
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ABSTRACT

Schizophrenia is a progressive disorder characterized by multiple psychotic relapses. After every relapse, patients may not fully
recover, and this may lead to a progressive loss of functionality. Pharmacological treatment represents a key factor to minimize
the biological, psychological and psychosocial impact of the disorder. The number of relapses and the duration of psychotic
episodes induce a potential neuronal damage and subsequently, neurodegenerative processes. Thus, a comparative study was
performed, including forty healthy controls and forty-two SZ patients divided into first-episode psychosis and chronic SZ (CSZ)
subgroups, where the CSZ sub group was subdivided by antipsychotic treatment. In order to measure the potential neuronal
damage, plasma levels of B-III tubulin, neurofilament light chain (Nf-L), and glial fibrillary acidic protein (GFAP) were
performed. The results revealed that the levels « b 9

of these proteins were increased in the SZ A1l Tubulin GFAP

group compared to the control group. ¢
Moreover, multiple comparison analysis

-
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potential biomarkers of neurodegeneration
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e Figure 1 | Plasma levels of B-III tubulin, Nf-L and GFAP proteins in patients with SZ
and progression in SZ [1-3]. (N=42) and controls (N=40). Scatterplots of plasma levels of structural proteins.
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ABSTRACT

Biomarkers are important tools in the medical field, once they allow better prediction, characterization, and treatment of diseases. In this
scenario, it is essential that biomarkers are highly accurate. Thus, biomarker validation is an essential part of ensuring the effectiveness of a
biomarker. Validation of biomarkers is the process by which biomarkers are evaluated for accuracy and consistency, as well as their ability to
inform the condition of health or disease. Although, there is no unique measure that can be used to determine the validity for all biomarkers,
there are general criteria that all biomarkers must meet to be useful. In this work, we review the definition of biomarkers and discuss the
validity components. We then critically discuss the main methods used to validate biomarkers and consider some examples of biomarkers of
the diseases which most killer in the world (cardiovascular diseases, cancer, and viral infections), highlighting the potential biochemical
pathways of these biomarkers in the biological system. In addition, we also comment on the omic strategies used in the biomarker discovery
process and conclude with information about perspectives in biomarker validation through imaging techniques.

Keywords: Biomarker, cancer, cardiovascular diseases, viral infection, validation, analytical instrumentation.

1. Introduction organism’s response to a pharmacological treatment [4]. The

identification and validation of different biomarkers of

The development of disease is related to a set of extrinsic
factors that involve environmental aspects and lifestyle
habits, as well as it may be related to intrinsic factors
regulated mainly by genes [1]. It is known that depending on
these factors, a great diversity in the clinical expression of
the same disease may exist [2]. Obviously, other factors,
mainly related to new forms of treatment, can influence the
course of the disease, as well as its clinical expression in the
biological system. In this sense, biomarkers emerge as
dynamic and important tools to understand the cause, type,
severity, and treatment monitoring of human diseases [3].

Biomarkers are entities that can be measured
experimentally, indicating the normal or pathological
condition of an organism, as well as indicating the

human disease, whether genetic or biochemical, have
contributed not only to the diagnosis of diseases related to
humans, but also to the understanding of their causes and
the response mechanisms to the therapeutic procedure [5].
Biochemical markers (proteins, lipids, metabolites and
others) have shown a strong association with different types
of diseases, such as: cancer [6-8] , cardiovascular diseases
[9,10] and even psychiatric diseases [11-14] and have been
widely used as an auxiliary method in the diagnosis of
chronic autoimmune and inflammatory diseases, as for
example, diabetes [15,16] and degenerative arthritis [17]. In
view of technological advances and the application of
multidisciplinary research strategies that make it possible to
study diseases and their relationship to human health,
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genetic markers have been associated with numerous
diseases, which confirms the influence of genes on the
development of inflammatory and infectious diseases,
neoplastic (tumoral) and cardiac [4-6,10].

The development of a biomarker for clinical purposes
requires different step of discovery and validation [18,19]. In
general, the discovery stage is related to the application of
omic strategies, such as: genomics [20], transcriptomics [21],
proteomics [22], metabolomics [23] and others that aim to
extract and identify possible biomarkers in biological
samples (tissue, cell, fluid). The validation step is essential
for recognizing a biomolecule as a biological marker.
Validation is essentially based on quantitative and
qualitative measures to confirm whether the concentration
or status of a probable biomarker is significantly different
between disease and control, or whether there is a significant
response from a therapeutic intervention [5,18]. For a
biomolecule to be confirmed as a biological marker it is
necessary that it also has important characteristics, such as,
reflecting the interaction of the biological system in a
qualitative and/or quantitative way with the disease or with a
pharmacological agent; be sensitive and specific to the
disease or treatment; be qualitatively and quantitatively
reproducible, as well as in its analytical measure, present
adequate accuracy and precision [19]. Although, in recent
times, the biomarker discovery process has gained great
emphasis in the scientific field through omic strategies, the
validation of such biomolecules has not been seen with the
same enthusiasm. However, the wvalidation process is
essential for new biomarkers to be introduced in routine
clinical practice [5].

In this sense, this review critically discusses the
importance of biomarkers in the diagnosis and treatment of
human diseases, focusing mainly on cardiovascular diseases,
cancer and viral infections, as well as describing the steps to
validate such biomolecules, using some of the main
validation techniques. This work also comments on the
genomic, transcriptomic, proteomic and metabolomic
strategies used in the biomarker discovery process.

2. Biomarkers: an overview

The term biomarker (contracted form of biological
marker) emerged in the scientific sphere in 1989 as a
medical term to indicate biological parameters (for example,
the increase or decrease in the concentration of specific
enzymes and hormones or the presence of a substance in the
biological system) that allow them to be measured
quantitatively, serving as an indicator of health and
assessments related to physiology such as pregnancy, genetic
dysfunction or effects of chemical exposure [4,18]. For the
World Health Organization (WHO), biomarkers are defined
as any specie, structure or process that can be measured in
the body, or in its products and that allows to predict the
influence or incidence of disease or results [18]. For the
National Institute of Health (NIH) Working Group,

biomarkers are a characteristic that is objectively measured
and evaluated as an indicator of normal biological processes,
pathogenic process, or pharmacological response to a
therapeutic intervention [24]. Although there are different
definitions to conceptualize what is a biomarker, in practice,
everyone agrees that biomarkers are important tools that can
help to understand the cause, diagnosis, progression or
regression of symptoms and the outcome of treatment of
certain diseases. The main sources of biomarkers are tissues,
cells, and biological fluids[4]. However, fluid samples such
as, blood (plasma or serum), cerebrospinal fluid (CSF), urine
and saliva are the most used in research to discover
biomarkers [19]. This fact is justified by the advantages that
this type of sample presents, such as, easy accessibility,
avoiding the risks of invasive tissue sampling through
biopsy, relatively low cost of obtaining it, and its potential
for the development of diagnostic/prognostic tests on a large
-scale, since biological fluids are used in routine tests [25,26].
The desirable characteristics for a biomarker depend on its
application. For the detection of human disease, for
example, a biomarker must have (i) high sensitivity and
specificity, (ii) adequate precision and accuracy, (iii) be
robust and present low cost in its clinical tests [4,18,19].

2.1 Types of biomarkers

According to Wishart et al. [4], biomarkers can be
classified as: exposure biomarkers, widely used in predicting
risks of toxicological contamination; and effect (or disease)
biomarkers used in the prognosis, diagnosis and monitoring
(progression or regression) of a given disease [4]. Exposure
biomarkers are used to assess and confirm individual or
group exposure to a specific substance, establishing a link
between external exposure and the quantification of internal
exposure in the biological system [5]. Exposure biomarkers
can reflect the amount absorbed immediately before
sampling, such as the concentration of solvent in the air
expelled by the lung or blood during the workday, as well as
it can reflect the amount of solvent absorbed the previous
day, collecting pulmonary air or blood 16 hours after the end
of exposure, in addition, exposure biomarkers may reflect
the amount of substance absorbed during months of
exposure [24]. In this case, the substance must have a long
half-life, as is the case with exposure to heavy metals. Disease
biomarkers are biological parameters, which reflect the
relationship of disease/biological system or disease/
pharmacological agent [24]. Most of the time, biochemical
changes are strong candidates for biological markers [4].
Effect biomarkers have important applications in
monitoring the health status of an organism. Among its
applications include (i) use as a diagnostic tool to identify
abnormal conditions and /or disease, such as, high
concentration of glucose in the blood, aiding in the
diagnosis of diabetes [27]; (ii) use as a tool for the
identification of cancer, measuring carcinoembryonic
antigen 125 (CA-125), marker of several cancers [28]; (iii)
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help to classify the severity of a disease, as is the case of the
assessment of the concentration of the prostate specific
antigen (PSA) in the blood, this assessment reflects the
degree of tumor growth and metastasis in the body [28]; (iv)
use as an indicator of disease prognosis and monitoring of
therapeutic response, performed by a clinical intervention,
such as, the measurement of cholesterol concentration in the
blood, determining the risk of developing cardiovascular
diseases [29].

For this work, disease biomarkers will be the focus of
discussion. Here, the importance of this type of biomolecule
for the diagnosis of human disease will be discussed, as well
as the main phases of discovery and validation of such
biomolecules will be briefly reported.

2.2 Discovery of biomarkers

The first step to discovery biomarkers involves the
application of strategies aimed detecting candidate
biomolecules for biological markers [19]. In this sense,
genomics, transcriptomics, proteomics and metabolomics
are highlights, mainly, investigating possible changes in the
gene, messenger RNA, protein, and metabolite that is
characterized as a biological marker [4,5]. Doing a search of
the last ten years in one of the main search website (Scopus)
with the words: omic (genomic, transcriptomic, proteomic,
metabolomic) clinical, there is a significant growth in
published works, reporting studies to discovery candidate
biomolecules to biomarker of diferente diseases in different
types of samples. Table 1 presents some of these numbers.
This fact shows the high investment by development
agencies, as well as demonstrates the interest of the scientific
community in conducting research with the objective of
discovering biomarkers that help in the diagnosis and
treatment of human diseases.

2.2.1 Genomics

Genomics is the area of science that studies the genetic
patterns that may exist in the genome of a given organism.
Genomics allows to assessment of possible alterations in the
DNA code that alone or in combination are associated with
susceptibility, expression and evolution of the disease, also
considering the therapeutic response [20]. Genomics has
important tools for gene analysis, such as: the polymorphism
of a single nucleotide (SNP) to analyze possible changes in
the bases of genetic sequencing, characterizing candidate
genes for biological markers of human diseases [20]. For
example, in a study developed by Zou et al. SNP technique
was used to identify possible changes in the gene extracted
from the blood of patients with type 2 diabetes (n = 152). To
do this, the gene extracted from the blood of healthy
individuals (n = 120) was used as a control. In the study, the
researchers identified high levels of methylation in the
PRKCZ gene, indicating that PRKCZ may be involved in the

Table 1 | Number of scientific articles published per year, reporting
the search for human diseases biomarker.

Publication/year

Omic
2009 2011 2013 2015 2017 2019
Genomic 310 441 649 1038 1381 1822
Transcriptomic 65 126 196 333 501 844
Proteomic 562 698 688 768 840 970
Metabolomic 177 317 515 835 1125 1544

pathogenesis of type 2 diabetes [30].
2.2.2 Transcriptomics

Transcriptomics is another omic approach used to
discovery biomarker of human diseses. In this strategy, the
set of messenger RNAs (mRNAs) of a given biological
system is studied under different conditions, such as diseases
[31]. Among the main ways to study gene expression are
complementary DNA microarray (cDNA) and the reverse
transcription polymerase chain reaction (RT-qPCR)[32].
The cDNA arrangement technique is based on the ability of
mRNA to pair (hybridize) with the DNA molecule that gave
rise to it, allowing to label in an arrangement form and
subsequent identification and quantification. RT-qPCR
technique allows quantifying the number of copies (cDNA)
of the target sequence, comparatively analyzing the number
of copies of cDNA and the amount of mRNA that generated
it, a fact that allows a global analysis of the gene expression
of the disease [32]. Zhang et al. [33] performed a
transcriptomic study in the saliva of individuals with breast
cancer to determine possible biomarkers of this disease. In
the study, the complementary DNA microarray technique
was used to assess the profile of women diagnosed with
breast cancer (n=10) and healthy women (n=10). Eight
mRNAs (S100A8, CSTA, GRM1, TPT1, GRIK1, H6PD,
IGF2BP1, MDM4) were identified as differentially expressed
and were suggested as candidates for the biomarker of breast
cancer [33].

2.2.3 Proteomics

Proteomics studies the set of proteins in an organism
under specific conditions [25,26]. One of the applications is
the comparative study [12]. In this study, the protein profiles
of at least two samples are compared to identify qualitative
and quantitative differences between the molecules, which
can result in a biomarker [26]. The combination of
separation techniques, as for example, electrophoresis (gel
and capillary) and liquid chromatography with mass
spectrometry is widely used in proteomic studies, as it allows
to separate, quantify and identify the possible differential
proteins of the disease, for example [12,26]. In this sense,
several proteomic studies have been development to
discovery biomarkers. For example, a comparative study in
human saliva between patients with oral cancer (n = 16) and
healthy patients (n = 16) it was performed in order to verify
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differential proteins that are candidates for biomarkers [34].
In the study, the liquid chromatography mass spectrometry
tandem (LC-MS/MS) technique was used for fractionation
and nano-liquid chromatography quadrupole time of flight
(nLC-QTOF MS) for identification, both in reverse phase.
Fractionation resulted in 35 fractions. The proteins of each
fraction were reduced with dithiothreitol (DTT), oxidized
with iodocetamide (IAA) and digested with trypsin, then
they were analyzed by nLC-QTOF MS. Comparing the
spectra obtained from the analysis by nLC-QTOF MS with
the Mascot database (score> 25 and p <0.05), it was possible
to identify four main proteins (CD59, involucrin, Ras-
related protein Rab-7 and moesin) candidates to biological
marker of oral cancer [34].

2.2.4 Metabolomics

aln addition to genomics, transcriptomics and proteomics,
changes in the level of concentration of metabolites in an
organism are also important data in the search for disease
biomarkers [35]. The main tools used in this type of study
involve, in addition to nuclear magnetic resonance (NMR)
spectroscopy, the combination of separation techniques such
as chromatography (gas or liquid) and capillary
electrophoresis with mass spectrometry [35]. Daimon et al.
[36]used the capillary electrophoresis time of flight (CE-TOF
-MS) technique to identify differentially expressed
metabolites with a potential biomarker for type 2 diabetes.
For the study, the researchers collected blood serum from
non-diabetic men (n = 19) and diabetics (n = 17). Samples of
non- diabetic individuals were subdivided into individuals
with low glycemia (n = 5) and individuals with tolerable
normal glycemia (IGNT) (n = 14). Of the 560 metabolites
identified, approximately 74 metabolites were quantified in
all serum samples. Significant differences between diabetics
and IGNT were observed in 24 metabolites, with glycerol-3-
phosphate, being the metabolite with the highest
concentration in the diabetic group when compared to the
IGNT group [36].

3. Analytical validation of a biomarker

Although, significant investments have been made to
discovery possible biomarkers of human diseases, the
number of new biomarkers approved by the Food and Drug
Administration (FDA) has remained extremely low [37]. A
comparative survey of publications and biomarker patents
between 2009 and 2019 carried out using Scopus and FDA
website shows some of this reality (Figure 1).

Figure 1 shows a low number of biomarker patents when
compared to publications. Numerous factors have
contributed to this low number of biomarkers that reach the
clinical assessment stage [24]. Validation is one of the
decisive steps to ensure the clinical testing stage. It is
responsible for assessing whether there is sufficient evidence
for the clinical utility of the candidate biomolecule as a
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Figure 1 | Overview of the relationship between publications and
patents involving biomarker.

biomarker [18,19]. Validation criteria are defined according
to the purpose for which it is intended to validate. Generally,
for the validation of a biomarker, the following points are
used as essential criteria [10, 21]: (i) accuracy; (ii) precision;
(iii) sensitivity; and (iv) specificity [18,19,21,22,38].
Accuracy is the proximity between the result of a
measurement and the value considered true [38]. Limits for
the minimum acceptable accuracy must be established
before or during method development [39]. Standard
reference materials (SRM) are used in assay validation to
estimate intra- and inter-run accuracy [39]. Quality control
reference materials are used to accept or reject assay runs
[38,39]. Precision is defined as the proximity between
measured quantity values obtained by replica measurements
under specified conditions [38]. Analytical repeatability and
reproducibility are requirements for the implementation of
diagnostic tests and treatment. Measurement precision is
usually expressed numerically by standard deviation,
variance, or coeflicient of variation under the specified
measurement conditions [38]. Due the lack of well-
characterized and well regulated “standard reference
materials” or quantitative measures of immune analytes,
reference materials often in the forms of biological samples
are used to assess relative accuracy of an assay performance
[38,39]. Sensitivity refers to the ability of the biomarker to
reflect qualitatively and/or quantitatively a change in the
biological system through a certain stimulus, such as disease,
that is, it measures the probability of obtaining a positive
result when the disease is present. Sensitivity is usually
assessed experimentally in research groups (patients).
Specificity indicates the probability of obtaining a negative
result when the individual has no disease, that is, measures
the ability to rule out a disease when it is not present.
Specificity is assessed, experimentally, in control (healthy)
groups [38]. The selectivity/specificity relationship is usually
assessed by the receiver operation characterization curve
(ROC). The ROC curve allows the quantitative description
of the performance of a diagnostic test, resulting in the
confirmation or discard of a procedure, in this case: the
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validation of a biomolecule as a biomarker [4,38]. In
addition to the validation step, it is also necessary to evaluate
important aspects of the feasibility of applying the
biomarker in clinical practice, such as: validity and
availability of the biomarker, agility, simplicity and cost of
the experiments [18,19,37].

3.1 Main techniques applied for biomarker validation and
their challenges

A precise method to quantify the gene biomarker is the RT
-qPCR[32]. With this method it is possible to quantify
unique genes or multiple gene sets in a run [40]. PCR is an
assay that amplify a DNA (or RNA) target rather than a
signal. Using qPCR arrays, up to 384 different transcripts
can be analyzed in parallel [40]. There are also other
methods available for a holistic screen of gene-expression
changes. Until recently, microarray analysis has been the
screening method of choice for most gene-expression
experiments at the mRNA and miRNA and miRNA level.
However, RNA sequencing (RNA-Seq) has been gaining
space. RNA-Seq is a new method that allows the sequencing
and the quantification of the whole transcriptome of a
biological sample. It is a sensitive approach. In addition, a
single transcript of a given gene is detectable, and since it is
free from guesswork, it is also possible to discover new
transcripts or unknown splice variants [41].

Although, RT-qPCR is the current gold standard for
sensitive and reproducible miRNA gene-expression analysis,
the nature of miRNA molecules poses a challenge for reliable
analyses, as for example, (i) members of a miRNA family
(e.g., let 7 family) usually differ by only one nucleotide,
mainly at the 3’end of the sequence; (ii) the combination of
short length of mature miRNAS (~22nt) and a
heterogeneous content poses a challenge for cDNA synthesis
and primer and probe design since these results in
significant difference in the melting temperatures of
different miRNAs; (iii) There are no specific guidelines for
analyzing and normalizing miRNA expression data [39].
However, strategies to deal with these challenges have been
published and are being intensely discussed [38,39,41]. Not
only are molecules properties challenging for established
technical procedures, but sample matrices also present
additional problems [41].

Immunohistochemistry (IHC) is a multi-step process that
requires standardized conditions for samples collection,
fixation and processing, preparation of the THC slide, and
interpretation of staining results [38]. Tissues are typically
the most used sample in the IHC assay. Tissue-based
biomarkers can be measured in freshly frozen (FF) samples
or formalin fixed paraffin embedded (FFPE) tissue [39].
FFPE tissue blocks often available as archival materials as
part of bio-bank samples for conventional IHC, which is the
most widely used platform for evaluating biomarker in
diagnostic surgical pathology and for retrospective research.
However, protein and nucleic acid damage usually occurs

though fixation, incorporation, and prolonged storage of
FFPE samples [39]. Therefore, to control the pre-analytical
requirements of assay performance, it is recommended to
run the test on a series of in-house tissues with known IHC
performance characteristics, representing known positive
and negative tissues (references samples) [38,39].

Another technique used to validate biomarker of human
disease is those based on antibodies, such as, enzyme-linked
immunosorbent assays (ELISA) and Western blotting [42].
Although different immunoassay formats are available, the
sandwich ELISA is the most common assay used in
biomarker analysis due to its high specificity and sensitivity
[42,43]. In this format, the target protein will be detected
using two different antibodies (capture and detection
antibodies). However, for many of the candidate biomarkers,
a commercially available assay will not exist and specific
antibodies against the target of interest and/or the
corresponding ELISA need to be developed [43]. The
development and optimization of an ELISA assay requires a
careful design, as a wide range of variables, ranging from
antibody specificity to the concentration and composition of
different reagents, can affect the result and therefore the
validity of the candidate [42,43]. Jou et al. [44]. Suggested
protein transferrin as a biomarker of early-stage oral cancer.
In this comparative proteomics study, the researchers used
two-dimensional electrophoresis and matrix-assited laser
desorption/ionization mass spectrometry (MALDI-TOF
MS) to discover differential proteins between saliva of
patients diagnosed with oral cancer (n = 11) and healthy
patients (n=30). Transferrin was confirmed using ELISA and
Western blotting as validation techniques. The specificity
and selectivity of the biomarker, according to the authors,
were 100% for both criteria [44].

More recently, strategies based on targeted mass
spectrometry have been developed to validate biomarker
involved in different diseases, offering an alternative [45].
The great advantage of this methodologies on targeted mass
spectrometry-based is that they allow the simultaneous
accurate and specific quantification of several biomarkers
(multiplexing) [45]. Peptides are used as protein surrogates,
measured using triple quadrupole instruments in selected
reaction monitoring/multiple reaction monitoring (SRM/
MRM) analysis [46]. SRM is an MS-based method
performed in two stage of mass analysis [47]. An ion of a
specific mass is selected to be detected in the first stage of
mass spectrometer an a product ion after fragmentation of
the precursor ion is selected in a second detection step [45-
47]. MRM is the application of selected reaction monitoring
for multiple product ions of one or more precursor ions
[45]. The pair of m/z values corresponding to the precursor
and fragment ions is called a transition. The intensity of this
pair (transition) is recorded and used for absolute
quantification [47]. However, the applications of SRM/MRM
assays are still in the beginning, therefore, there are, still,
limitation, but it is believed that improved automated
sample preparation and mass spectrometry technology
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(faster instruments with higher selectivity) could make
SRM/MRM methods the diagnostic tool of the future [45].
In the work carried out by by Ahn et al. [48], glycoproteins
were evaluated to identify possible biomarkers of lung
cancer. In the study, using plasma from healthy patients (n =
30) and patients with lung cancer (n = 30), the researchers
validated, by SRM-MS, alpha-1-acid glycoprotein and
ceruloplasmin as biomarkers of such neoplasia. The
specificities and sensitivity of the identified biomarkers were
0.75 and 0.80, respectively [48].

4 General classes of biomarker assays

The American Association of Pharmaceutical Scientists
(AAPS) and the US Clinical Ligand Society have listed four
general classes of biomarker assays [38]: (i) qualitative assay;
(ii) semi-quantitative assay; (iii) relative quantitative assay;
(iv) a definitive quantitative assay. Table 2 show a summary
of the general classes of biomarker assays, highlighting the
performance characteristics required to be evaluated for
each type of assay.

A qualitative assay generates categorical data lacks
proportionality to the amount of analyte in a sample [49].
Data can be ordinal in the sense that the assay is based on
discrete scoring scales such as those often used for IHC or
nominal such as the presence or absence of a gene producto
[38]. Qualitative assays are only needed to show that they are
sufficiently sensitive and specific to detect the target analyte
[50]. A semi-quantitative assay does not use a calibration
standard but has a continuous response that is expressed in
terms of a characteristic of the test sample [49]. Precision
can be validated, but not accuracy [38]. A relative
quantitative assay uses a concentration-response calibration
with reference standards that are not fully representative of
the biomarker [49]. As the calibration curve can use a non-
certified standard or surrogate matrix or both, studies on
parallelism and dilution linearity are necessary [50].
Precision can be validated but accuracy can only be
estimated [50]. A definitive quantitative assay makes uses of
calibrators and a regression model to calculate absolute
quantitative values for unknown samples [49]. The reference
standard must be well defined and fully representative of the
biomarker [38]. This type of assay can be validated to be
accurate and precise [38,49,50].

5. Human diseases and the importance of biomarkers in
their diagnosis

According to WHO data, cardiovascular disease, cancer,
and viral infection are, at the moment, the diseases that most
affect and kill in the world. Thus, in the following topics, a
brief description of these diseases is presented, highlighting
some of the validated biological markers and their potential
biochemical pathways in the biological systems that can be
used in the diagnosis and/or treatment of these disease.

5.1 Main techniques applied for biomarker validation and
their challenges

Cardiovascular diseases (CVD) are diseases characterized
by affecting the circulatory system, that is, the blood vessels
and the heart [51]. There are several types of CVD, including
myocardial infarction, ischemia, atherosclerosis, and strokes
[10,51]. According to the WHO, CVDs are the main cause of
mortality in the world, making a total of 7.2 million deaths
each year [10]. The incidence of CVDs is related to lifestyle,
as well as genetic susceptibility [29]. Thus, studies have
provided important information about biological markers
that play a role in the diagnosis of CVDs, for example, the
LTA and LGALS2 genes and the 5-lipoxygenase and 4D-
phosphodiesterase  proteins, among others. These
biomolecules have been found to be overexpressed in
comparative studies with cardiac patients [51,52]. Several
molecular mechanism mediate hypertension-induced
vascular remodeling [9,10,20,52]. One of the main
mechanisms is shown in Figure 2 [51].

The mechanical stretching force exerted by hypertension
on the vascular wall promotes the production of reactive
oxygen species (ROS) [53], which in turn induce Vascular
Smooth Muscle Cell (VSMC) remodeling [54,55].
Hypertension-mediated excessive stretch force also causes
changes in the extracellular matrix, activating the RhoA
pathway, which in turn promotes actin cytoskeleton
remodeling in VSMC [51]; hypertension-induced activation
of extracellular signal- regulated kinases 1 and 2 (ERK1/2)
and protein kinase B (AKT) also results in vascular
remodeling [56,57]. Furthermore, caveolae, which are lipid
raft investigations in the plasma membrane, mediate the
modeling of hypertension induced VSMC via endothelial
nitric oxide synthase (eNOS) and endothelin receptor type A
(ETA) [58,59]. Studies have also shown that angiotensin II
type 1 receptor (ATIL), platelet-derived growth factor
receptor (PDGF-R), and specific ion channels, such as
voltage-gated calcium channels, are implicated in
hypertension-induced VSMC remodeling [60,61]. The forces
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Figure 2 | Scheme of vascular smooth muscle cell (VSMC) remodel-
ing in response to hypertension .
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Table 2 | Overview of the general classes of biomarker assays, highlighting the performance characteristics that

should be evaluated for each type of assay

» Assay performance characteristics
Assay type Definition Examples
Accuracy | Precision | Sensitivity | Specificity
No calibration standards, and the bicanalytical
Qualitative | TESUlts are expressed in tems of test discrete [ mmunohistochemisiry . . . .
sample ¢ haractenistic (discontinuous) and (IHC), imaging
reported in any ordinal or nominal formats.
Does notuse a reference standard (or | C2YMaLC assays (where
. calibration curve). However. the analytical | 2- Y Might be expressed
Semi- ; /- e per unit volume); Anti-drug
quantitative | _TESPONSE S continuous (numeric), and the antibody assays (where the - + + +
bioanalyfical result are expressed in terms of a o .
characteristic of the test sample. readout is a fter or %
bound).
Reference standard that is not wel
characterized, not available in a purified form, or
not fully representative of the endogenous
biomarker; The results of these assays are
Relative | expressed in continuous numeric unifs ofthe | Quantitative -PCR, flow . . . .
quantitative |  relative reference standard; Most biomarker cytometry
assays provide “relative” quantification of the
analyte. The interest is in the temporal c hanges
ofthe marker rather than the absolute
concentration.
Reference standard is well defined or
characterized and is representative of the .y .
Definitve |  endogenous biomarker. Assay results are ai‘;g;”gﬁsaﬁ“; greijg‘_rf'g_ . . . .
quantitative |  absolute quantitation of the analyte and are NS
expressed in continuous numerical units of the
definitive referenc e standard.

exerted by hypertension cause endothelial damage and
dysfunction, resulting in reduced production on nitric oxide
(NO) [51]. Consequently, blood pressure-induced
vasodilation is compromised. In addition, hypertension-
mediated  endothelial  dysfunction  promotes the
development of atherosclerosis, which is associated with the
accumulation of na atheromatous plaque. Atherosclerosis is
primarily composed of oxidized low-density lipoprotein
(LDL) and macrophages inside the artery walls [51,52]. Itis a
risk factor for coronary artery disease, myocardial infarction
(MI), hypertension, stroke, and peripheral arterial disease.
When blood pressure is low, endothelial cells secrete several
vasoactive molecules, such as, endothelin- 1, angiotensin II,
prostanoids, and ROS, which act on VSMCs to promote
VSMC concentration and subsequent vasoconstriction
[51,54]. In contrast, when blood pressure increases,
vasodilating substances, such as NO, prostacyclin, and
endothelium-derived hyperpolarization factor are produced
by endothelial cells [62]. Arterial calcification is associated
with atheroma progression and alters the mechanical
properties of the vascular wall, thus increasing the risk of
atherosclerotic plaque rupture [51,60,61].

5.2 Biomarkers and cancer

Cancer is caused by an excessive multiplication of cells in
certain regions of the body [63].

It is the second leading cause of death in the worldwide,
second only to cardiovascular disease [64]. The most
common types of cancer are skin cancer [65], breast cancer
[66], lung cancre [67], prostate cancer [68] among others.
Strong evidence supports the concept that cancer is a genetic
disease that involves the abnormal growth of transformed
cells, and this abnormal growth is triggered in combination
with extrinsic factors (lifestyle, environmental aspect) [63,65
-68]. Characterizing early-stage tumor cells, researchers
have reported important genetic markers for different
cancers, such as breast cancer (RAD21, PCTAIRE, CDC25B,
CENPF, VEGF, PGK1 and others) [69], prostate cancer
(PSA, PSM) [68], pancreatic cancer (KRAS, TP53, DPC4)
[70] and others [71] that allow for early diagnosis and
monitoring (progression, regression) of such disease. Figure
3 shows intracellular signaling via the P13K-AKT-mTOR
pathways that is dysregulated pathway in human cancers [7].

The P13K-AKT-mTOR signaling pathway is one of the
main unregulated pathways in human cancers [7]. The P13K
-AKT-mTOR pathway is triggered by the activation of
various growth factor receptor tyrosine kinases or G protein-
coupled receptors [72-74]. The class I PI3K proteins are
recruited to the plasma membrane by adapter proteins, such
as insulin receptor substrate (IRS) family members, that
interact with these activated cell-surface receptors, leading to
phosphorylation ofphosphatidylinositol ~ 4,5-bisphosphate
(PIP2) to generate phosphatidylinositol 3,4,5-trisphosphate
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Figure 3 | Schematic of dysregulated pathway in human cancers in-
volving intracellular signaling via the P13K-AKT-mTOR pathway.

(PIP3) [75-77]. PIP3 is a second messenger that activates the
AKT kinases, which can phosphorylate tuberous sclerosis
protein 1 (TSC1) and TSC2, dissociating, thus, the TSCI1-
TSC2 complex [77]. The TSC1-TSC2 complex down-
regulates the mTOR kinase activity; and, therefore, AKT
results in the activation of the mTOR complex 1 (mTORC1),
increasing protein and lipid synthesis and decreased
autophagy, which supports cell growth and proliferation
[7,73,74,76,77]. Notably mTORCI is involved in a negative
feedback loop that serves to avoid overactivation of AKT
(dashed red lines in the Figure 3) [78]. The PI3K- AKT-
mTOR pathway can be upregulated by activating molecular
changes in the PI3K subunits (such as PI3K catalytic subunit
a isoform, encoded by PIK3CA), AKT, and mTOR
(represented by green circles in the Figure 3) or by loss of
function changes in regulatory subunits of PI3K (such as
PI3K regulatory subunit-a, encoded by PIK3R1), PTEN,
TSC1, TSC2, and LKBI (also known as STK11) (depicted by
orange circles in the Figure 3)[74,76]. In parallel, activation
of the growth factor receptor tyrosine kinases and G protein-
coupled receptors induces KRAS-RAF- MEK-ERK signaling,
and ERK activation may further contribute to mTORC1
activation trough dissociation of the TSCI-TSC2 complex
[78]. KRAS can also increase PI3K activation [7,74,76,77].
Notably, the KRAS-RAF-MEK-ERK pathway can also be
constitutively activated by gain of function changes in
components kinases or cell-surface receptors (green circles
in the Figure 3) [7,73].

5.3 Biomarkers and infection diseases

Infectious diseases are categorized as diseases caused by
pathogenic microorganism such as viruses [79]. These
diseases have been major threat worldwide and have a great
impact on public health and the world economy [80,81].
Among the different types of infectious diseases, human
immunodeficiency virus (HIV) [82-84], tuberculosis
[85,86], and malaria [87] are known as the leading causes of
deaths globally [79]. In addition, several types of neglected

Infected Cells

tropical diseases, such as dengue [88,89], yellow fever
[90,91], zika virus [92,93], and chikungunya [94] are also
considered to be major global threats. Although such
diseases emerge in tropical and subtropical regions, the risk
of these infectious diseases may be worldwide due to the
global economy and migration [95]. Recently, the WHO
declared a pandemic state due to viral infection caused by a
new virus of the Coronaviridae family: SRAS-CoV-2.
Coronavirus disease (COVID-19) is currently one of the
main causes of death in the world [79], causing about four
million deaths in June 2021. In this sense, the search for the
ideal biomarkers in infectious diseases (with high sensitivity,
specificity, and predictive capacity) should be focused on the
detection and identification of the infectious agent,
monitoring the clinical response, and guiding the duration
of treatment [95], as in the case of procalcitonin (PCT)
assay, which can discriminate between a viral and a bacterial
infection and has been approved by FAD [95]. Currently, the
SARS-CoV-2 RNA genome serves as a major biomarker for
direct viral detection and the primary COVID-19 diagnosis
[96-98]. Viral proteins encoded by SARS-CoV-2 could
theoretically serve as alternative biomarkers for viral
detection, but due to the complexity of protein detection and
the significantly greater number of biological samples
required, they are often impractical targets [80,99]. Many of
these viral proteins, however, can serve as potential targets
for antiviral drugs or biomarkers of drug development for
COVID-19 treatment [95,98]. Immune defense cells or T-
lymphocytes (particularly CD4p and CD8D cells) are among
the first human cells to respond to the threat of SARS-CoV-2
[98,100,101]. In a recent study, all twenty of the COVID-19
patients produced CD4p T-cells and antibodies (IgG, IgM
and IgA) targeting the viral S-protein, and 70% of cases
produced measurable CD8p T-cells [98] (Figure 4). These
results confirm that the human imune system can mount a
substantial and long-lasting response to the new coronavirus
[79,99]. On the other hand, lymphopenia has also observed
in COVID-19 patients, in which, levels of CD4p and CD8p T
-cells were decreased in severe patients in comparison with
mild cases but restored when the viral infection was cleared
[79,95,98]. Cytokine release syndrome (CRS) is a major
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Figure 4 | Immune system scheme during a viral infection involving
cytokines, macrophages, natural killer cells, and B and T cells and
antibodies that constitute the lines of defense of the immune system.
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cause of multiple organ injury and fatal outcome induced by
SARS-CoV-2 infection in severe COVID-19 patients. Xiao et
al. [102] investigated cytokines/chemokine profiles in the
serum of healthy controls, patients with mild and severe
COVID-19. Correlation analyses show close associations
between metabolites and pro-inflammatory cytokines/
chemokines, such as IL-6, M-CSF, IL-1aq, IL-1B, and imply a
potential regulatory crosstalk between arginine, tryptophan,
purine metabolismo and hyperinflammation [102]. In
addition, it has been shown that targeting metabolism
markedly modulates the release of pro-inflammatory
cytokines by peripheral blood mononuclear cells isolated
from SARS-CoV-2 rhesus monkeys infected ex vivo,
suggesting that exploiting metabolic changes may be a
potential strategy for the treatment of fatal CRS in COVID-
19 [102]. In another study, Huang et al. [103] investigated
cytokines in the serum of patients infected with the dengue
virus during the Guangdong outbreak in 2014, in which
more than 50,000 dengue cases were reported and 6 patients
died. They found that the levels of CCL17 and CXCL5 were
significantly lower than controls, while several pro-
inflammatory cytokines such as CXCL9, IP-10, CXCL11, IL-
8, and IL-10 were highly upregulated in patients after dengue
infection. These results determine the association of clinical
routine indices and inflammatory cytokines and would be
useful to understand the interplay between the virus and the
host responses during the acute stage of dengue infection
[103].

6. Linking the biomarker to the clinical endpoint

The relationship of a biomarker to clinical outcome
requires a firm promise of reliability for surrogate endpoints
through a structured approach and a substantial body of
evidence [5,104]. Three clinical features are required to
obtain a surrogate marker of success: (i) efficiency, (ii)
linkage and (iii) congruence [105]. To be considered
efficient, the surrogate marker must exhibit superior
accessibility in terms of technical and temporal acquisition
allowing acquisition of accurate information in shorter time
intervals and clinical trials with fewer resources and less
subject participation. By linkage, it means that a plausible
underlying relationship between surrogate marker and
clinical endpoint must be demonstrated and substantiated
by comprehensive scientific evidence. For congruence, the
surrogate must produce parallel estimates of risk and benefit
as endpoints. In addition, there must be a clear difference in
surrogate marker measurements between individuals with
and without the disease. In intervention studies, the
expected clinical benefits must be deductible from the
observed changes in the surrogate marker [5,104,105].

7. Outlook

As a perspective on biomarker validation of human
disease, we highlight development of imaging technologies

with accuracy, precision, specificity and sensitivity to
validate a biomarker. For example, the use of both positron
emission tomography and near-infrared imaging has been
reported to quantitatively monitor the initial trafficking of
vaccine to drain lymph nodes after intramuscular injection
in non-human primates [106]. To do this, the researcher
previously labeled a messenger RNA vaccine model a probe
for both techniques. They used near-infrared fluorescence
and flow cytometry to validate tissue extracted from
sacrificed animals [106]. In another study, the intratumoral
metabolic heterogeneity of breast cancer patients were
determined via photoacoustic microscopy, measuring the
oxygen consumption rates of single cells taken from the
tissue after it was homogenized in a single-cell suspension
and the cells deposited in microwell arrays [107].
Heterogeneity has also been observed in how tissues and
even single cells metabolize glucose in cancer progression by
using Raman spectroscopy and stimulated Raman scattering
to trace deuterated glucose in living mice [108]. The research
validated their quantitative measurements of Raman
intensity using nuclear magnetic resonance spectra of tissue
lipid extracts [108]. This optical multiplexing imaging of
glucose metabolites may in the future, discover new
metabolic biomarkers of disease or be used for the metabolic
phenotyping of biopsied tissues from patients.

In addition, as the volume of biomarker data continues to
grow, the scientific discovery of biomarkers based on
artificial intelligence can be a complementary approach to
classical strategies. In some cases, machine learning
algorithms can be leveraged to classify biomolecules that
accurately contribute to the prediction of a disease state, for
example, or treatment, thus generating new and testable
assays. However, additional information needs to be
considered for better diagnostic alignment, such as
standardization of protocols and equipment, large-scale
cross- validation, multicenter trials controlling for age,
gender and culture variables, definition of end points and
use cases, cost-effective and easy to use.

8. Concluding remarks

Different types of human diseases are related to lifestyle
and genetic susceptibility, which determine exposure to
various risk factors and constitute a determining element in
the emergence and development of human diseases. The risk
of suffering health deterioration can be assessed using
biomarkers that express the likelihood that an unwanted
effect will occurs due to exposure to environmental aspects
or gene dysfunction. Although their findings present great
challenges, biomarkers are an important tool in the
prediction, diagnosis, and treatment of human diseases, as
they can reflect possible changes in the biological system,
allowing the unequivocal specification of such disease.
However, it is important to recognize the need for a detailed
and a rigorous path to discovery and validation of human
disease biomarkers in research and clinical settings,
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considering important parameters, such as accuracy,
precision, specificity, and sensitivity. Obviously, several
challenges are observed during these processes.
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Abbreviation

AAPS - american Association of Pharmaceutical Scientists
AKT - protein kinase B

AT1 - angiotensin II type 1 receptor

CA-125 - carcinoembryonic antigen 125

cDNA - complementary DNA

CE-TOF-MS - capillary electrophoresis time of flight
COVID-19 - Coronavirus disease

CSF - cerebrospinal fluid

CVD - cardiovascular diseases

DTT dithiothreitol

ELISA - enzyme-linked immunosorbent assays
eNOS - endothelial nitric oxide synthase

ERK1/ - extracellular signal-regulated kinases 1and 2
ETA - endothelin receptor type A

FDA - Food and Drug Administration

FF - Freshly frozen

FFPE - formalin fixed paraffin embedded

HIV - human immunodeficiency virus

IAA - iodocetamide

IGNT - tolerable normal glycemia

IHC - Immunohistochemistry

IRS - insulin receptor substrate

LDL - low-density lipoprotein

MALDI - TOF MS - matrix-assisted laser desorption/
ionization mass spectrometry

MI - myocardial infarction

mRNAs - messenger RNAs

mTORCI - mTOR complex 1

NIH - National Institute of Health

nLC-QTOF MS - nano-liquid chromatography
quadrupole time of flight

NMR - nuclear magnetic resonance

NO - nitric oxide

PCT - procalcitonin

PDGEF-R - platelet-derived growth factor receptor
PIP2 - phosphorylation of phosphatidylinositol
4,5-bisphosphate

PIP3 - phosphatidylinositol 3,4,5- trisphosphate
RNA-Seq - RNA sequencing

ROC - receiver operation characterization curve
ROS - reactive oxygen species ROS - reactive oxygen
species

RT-qPCR - real-time reverse transcription polymerase
chain reaction

SNP - single nucleotide

SRM/MRM - selected reaction monitoring/multiple
reaction monitoring

TSCI - tuberous sclerosis protein 1

VSMC - Vascular Smooth Muscle Cell

WHO - World Health Organization
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