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literature with the aid of text-mining tools. Here we hopkywuide you in the attempt of building a cus-
tomized pathway or chart representation of a system. Our uahms based on a group of software
designed to look at biointeractions in a set ofabstractsegéed from PubMed. However,they aim to sup-
port the work of someone with biological background, who so®t need to be an expert on the subject

ﬁ?t'm)/f;: and will play the role of manual curator while designing ttepresentation of the system, the pathway.
PubMed We therefore illustrate with two challenging case studieair and breast development. They were cho-
PESCADOR sen for focusing on recent acquisitions of human evolutite produced sub-pathways for each study,
Hair development representing different phases of development. Differgfrdm most charts present in current databases,
Breast development we present detailed descriptions, which will additionadlyide PESCADOR users along the process. The
implementation as a web interface makes PESCADOR a uniquakfoo guiding the user along the bioin-
teractions, which will constitute a novel pathway.
O 2014 Elsevier Inc. All rights reserved.
1. Introduction instance, people interested in comparative genomics caene

before they start sequencing their favorite genome, beggpéct-
Most of the genomic information studied to date is undertine ing, let's say, DNA repair mechanisms (KEGG pathway maps:
in the format of biological pathwaygl]. In its essence, a typical map03410, map03420 and map03430) which will be either pres-

biological pathway to be promptly remembered in biochemyist
is the energy metabolism glycolysis pathway. A personal ooum
nication of Minoru Kanehisa, founder of KEG@] (www.geno-

ent or absent in a species related to the organism of choideeiO
people perhapsinterested in comparing gene expressiomorstt-
uations, can determine which pathways are enriched or mateelr

me.jp/kegq, in a pizza restaurant in S&o Paulo, revealed theafter the treatment. Actually, the current interpretation KEGG

starting motivation for this database: to represent Esché& coli
glycolysis and other metabolic pathways from other micrebleat
were being sequenced, in the year of 1995 As most readers will
be aware, the KEGG database kept on creating pathway-lilketsh

and other pathway databases is the representation of system
therefore contributing for the study of systems biology.

What are the non-usual pathways already depicted in pathway
databases? Reactome (named after a collective for reastide

and today, an inspection of these provides great help with th genome, proteome, etc.) is a database of pathwidysauthored
interpretation of some phenomena of interest to the user. Foby expert biologists, following their interests and expeet stan-

Abbreviations: PMID, PubMed ID; LCA, last common ancestéif;, hair follicle;
MX, matrix; MD, medulla; ORS, outer root sheath; IRS, innept sheath; DP, dermal
papilla; CX, cortex; CL, cuticle; EMT, epithelial to mesemanal transition.
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dardized and integrated with other databases in collabonavith
the Reactome editorial staff. Their homepage states: ‘fétéonale
behind Reactome is to convey the rich information in the waisu
representations of biological pathways familiar from teabks
and articles in a detailed, computationally accessiblanfat”. In
Reactome one can nd charts such as: (i) Circadian Clock, poist
ing 99 proteins; (ii) Reproduction—Fertilization, with Z&oteins;
(iii) under the disease category, HIV infection, subdividen the
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HIV life cycle, with 340 proteins, and host interactions oMfac-
tors,with 170 proteins. Therefore, the trend that startatiwith E.
coli glycolysis back in 1995 is moving further.

A third resource deserving of mention is WikiPathwajfs],
established to facilitate the contribution and mainterao€tpath-
way information by the biology community. In there one cand n
charts on human processes including spinal cord injury,edod
and morphine metabolism, and cardiac progenitor differtian,
with respectively 118, 9 and 53 gene products.

to recent epochs of human evolution, which are not covered by
charts in the available literature.

2. Methods

The initial step for text-mining pathway construction isle&t-
ing a set of 3—10 relevant references on the subject of irdtere
These references should contain highly relevant gene etgn
descriptions and will serve as the basis for the subsequeety

Thus, building biological pathways is an ongoing demand andFor the Hair Development pathway, the initial list considtef 10

might largely bene t from a method for extracting informati
from biomedical literature with the aid of text-mining teo|6].
For the purpose of designing biological pathways, seveoahpu-
tational representation models have been developed: (ikona
languages such as KGMlwww .kegg.jp/kegg/xmly used in KEEG
database; (ii) universal models such as Biological Expigsdan-
guage (BELwww.openbel.ord; (iii) or even completely dedicated
and inter-operational languages as is the case of SystewledBi
Markup Language (SBMlywww.sbml.org. The biological informa-

references (PMIDs: 12533516, 11751679, 14962104, 2092465
15630473, 22506014, 16481354, 15245425, 23602386, 109E)70
and for the breast development pathway we selected sevenm-ref
ences (PMIDs: 15351091, 17877612, 16807800, 16861925,
18947364, 15351091 and 15886886). Considering that thatour
may not be an expert on the subject, this step might be regleate
as he/she faces seminal abstracts along the project, imgutdhem

and repeating the procedure. The best approach for a noeféxp
selecting these reference articles is searching for therthencita-

tion represented using these models might be loaded to downtions of the major reviews in the eld. The major reviews witlost

stream applications for visualization, edition or expamsi For
that purpose, software such as Cytoscdapk CellDesigner[8] or

likely encompass the main interactions established byedéffit
research groups, which will form the basis for the abstractking

PathVisio[9] are broadly used by the pathways design community.step (see below).

Here we hopefully guide you in the attempt of building a cus-

tomized pathway or chart representation of a system. Ourua&n
is based on a group of software designed to look at biointeoas
in a set of abstracts extracted from PubMed. However, they i

The next step is extracting the relevant literature from BFud-
Med databasewww.ncbi.nlm.nih.gov/pubme) The query should
be carefully selected and exclude possibly misleading itssthat
will hinder the text mining approach. The queries used foe th

support the work of someone with good biological background two pathways described here were “(hair AND follicle) NO&dr

who will play the role of manual curator while designing thepr
resentation of the system. The interesting characterisfithis

OR auditory)” and “‘(breast AND development) NOT cancer’
Another suggestion is to start with only few “seed” artéd and

approach is that the curator does not need to be an expert®n themploying NCBI PubMed’s existing “‘Related Articles” seeh func-

subject, but otherwise interested in depicting the phenoare
for further studies. We therefore illustrate with two cas&bey
were chosen to focus on recent acquisitions of human evotuti
If one has information on the distribution of orthologues tbfe
listed genes, it is possible to depict the acquisition of ggmlong
evolution that compose the system or process of intefe@tl1]

tionality. The list of PubMed IDs (PMIDs) resulting from thRub-
Med search should be retrieved as a text le. We obtained 6452
and over 40000 PMIDs for our two queries, respectively.

An ef cient and appropriated (i) choice of relevant refees
and (i) PubMed query as well is expected to produce many
abstracts with marked genes in the nal step, while using ®ES

This manual will guide you along with the necessary care to ADOR (below). If this does not occur, the user can adjust both

address nding a useful PubMed query, inspecting a compnehe
sive and not so large set of abstracts and at last, mining gemees
associated by biointeraction terms. Further than obtagnan
interaction network, this manual aims to teach how to attain
chart for the pathway of desire. Additionally, we will commt
on some approaches that might lead to the de nition of thelevo
tionary history of such a pathway.

procedures.

The results from the literature search can be overwhelmimd a
dif cult to prioritize. The next step makes use of the MeddirRan-
ker software (cbdm.mdc-berlin.de/tools/medlineranketid clas-
sify the full set of references based on their relevant infation
content. At this point the initial list of 3—10 referencesused as
input for the training set. The background or test set is thi f

The approach suggested here has been undertaken in previol®MID list retrieved from your PubMed query. Medline Ranker
work. Our rst case study was instigated by a desire to build a was used to classify the results from both queries and 10&rre
KEGG-like pathway for the preimplantation embryo develogm ences with higher scores (p-value <0.01) were selected @stito
[10]. We could summarize what happens in the embryo Inner Cellthe second software PESCADOR (cbdm.mdc-berlin.dedscador/).

Mass (ICM), where the phosphorylation of Yap transcriptioo-
activator releases it from the association with Tead4, tausiding
the induction of the Cdx2 kinase. This same kinase is expreéss

PESCADOR adds web interface and several features on top bf LA
TOR software [13] designed to depict biointeractions between
terms (genes).

the trophectoderm, and represses Nanog and Oct4, therefore The engine underneath PESCADOR, LAITOR, was designed to be

releasing the action of genes implicated in the differetibia of
this follicle. Remarkably, Nanog is more ancient, with hologues
shared with all Coelomata organisms including Drosophilklano-
gaster, while Oct4 humans share just with sh and other Eeds}
tomi organisms, so it is a recent acquisition of this systgim].
Another previous case was included in the publication of ®ES
ADOR software[12], used in this tutorial. In it, an existing KEGG
pathway, Colorectal Cancer, was roughly doubled with aidaial
genes, therefore suggesting that users interested ondyrpab-
lished pathways might place some effort on supplementing it

Here we give all tips that we use in our procedure and present

two cases representing challenging subjects, phenomestaicted

used as command line software, and it depicts co-occurrence
analysis of terms (either genes or concepts) with a dictigna
of biointeractions (such as induces, represses, regulages).
Co-occurrences are classi ed into four types: (i) type 1,enhthe
structure is term 1 — biointeraction — term 2, in a single sarte;
(ii) type 2, when both terms are in the same sentence but the bi
interaction is not between them; (iii) type 3, when both terare

in the same sentence, but no biointeraction is found in therimal
dictionary of biointeractions and (iv) type 4, when two tesrare
found in the abstract, in different sentences.

The PESCADORonline platform allows the user to input notyonl
the list of PMIDs but also customized biological conceptsath
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facilitate the curation process. Therefore, not only bieiractions
connecting two genes or proteins are highlighted, but addin
‘abscisic acid” as a concept, for instance, will lead toeidtifying
co-occurrences such as “Exogenous abscisic acid (ABA)uiced

the alcohol dehydrogenase gene (Adh) in Arabidopsis roots’

Building of a pathway will require manual curation along the
process. PESCADOR provides a link to UniProt accession fox t
terms labeled by the NLProt algorithrfil6] and Itered against
Gene databas¢l7] with the list of Gene entries of the chosen
organism, avoiding the known occurrence of synonyms inedéht

Moreover, by adding ‘trophectoderm” as a concept, one can species. However, while manually checking UniProt, the ator

retrieve co-occurrences such as “GATA3 is selectively eegsed in
the trophectoderm™ Since a concept is treated as gene otepm,

should pay attention to the existence of subunits (alphdaabe
etc.) and save the accession, which refers to a completeesecpu

one can add as concept a gene name that is absent in of ciahnd to a SwissProt revised version, if present.

databases.

PESCADOR results can be visualized in different mannersa as
starting point, the highlighted abstract list provides asier view
and allows for faster validation ofthe biointeractionsn@eniently,
abstracts comprising terms (genes, proteins or concepipear
highlighted in green, facilitating the navigation alongonmative
abstracts. The validation is the stage that will requireldgical
knowledge, and all interactions must be carefully veri em the
text. In the real world, users pencil a draft sub-pathway Mhi
conducting the analysis. PESCADOR eases the navigatiomalo
the borders of the sub-pathway, since one can quickly jumpso
genes page. Itisrecommended to start with type 1 biointoas,

The co-occurrence to be reported in the pathway will alsdesuf
interference of manual curation. It is possible that the-iterac-
tion is either inferred upon reading or maybe there is a mdasms
dardized way ofreporting it. Therefore, together with thetlpway,
we recommend building a table containing the two UniProtemscc
sions, the edited biointeraction (using standardized veditht will
easily refer to the connections in the pathway), and the PetND
of the most informative abstract for this interaction. Thable can
be provided asSupplementary materidor readers to inspect the
work. Thus, precision is improved by curation and can be ppoiyn
inspected.

As exempli ed with the case studies, it might be convenieat t

then moving to other types. In our experience, much relevantdivide the analysis into separate developmental phasestages

information is retrieved with abstracts containing typewhere
two genes are just in the same abstract but in different seces.

Forthe two pathways presented here, an initial step of exinig
interactions from the PESCADOR result is illustratedfig. 1 and
Supplementary Fig..ln the case of the mammary gland develop-
ment pathwayfig. 1), the rst abstract{14] reveals a type linter-
action that indicates the activation of STAT5 by MYC. The #afast
also indicates the downregulation of CAV1 by MYC (althoudhet
gene name in this form was not recognized by the NLProt dictio
nary) and these rstinteractions are selected for drawing path-
way. With the second abstract showh5] another small hub of
interactions is aggregated to the growing pathway, with 2J&=ad-
ingto an increase in the EIF4E and EIF4G proteins, as welhasic-
ing higher levels of oxytocin. The same logic is followed d®et
reader analyzes more abstracts in the PESCADORtool and atds
theirinteraction. The start of construction for the haive®pment
pathway is shown irSupplementary Fig..1

After selecting enough information for an initial sub-patay

of a response. If necessary, distinct PESCADOR processes nea
triggered. Case studies were prepared, each one by an uratkrg
student on biological sciences, over two months of work,t@ar
time. The number of distinct genes found, respectively fairh
and breast development, was 122 and 85. In order to show the
product in a didactic way, Sectiofi presents the description of
the pathways, which is recommended to accompany the chart.

Thus,the implementation as a web interface makes PESCADOR a
unique tool for guiding the user along the biointeractionkigh
will constitute a pathway, in some sense, acting as an agdritiw
will interface with human curators to convert text-minedarm a-
tion into a productin the format ofa pathway, instead of ametk.

The elaborated pathway cannot be deposited in a pathwaydata
base, such as KEGG Pathway or, Reactome, but it can be sent to
WikiPathways[5]. The pathways built for the case studies in this
manuscript were deposited in WikiPathways. The rst steptfois
depositisto create a login, from which the user can opt tondtlae
pathway using the online editor or send a pathway previously

comprised of several small modules, the interactions can beelaborated in PathVisio. It is also possible to export a padly
expanded by parsing through the PESCADOR results with thedirectly from PathVisio to WikiPathways through a speci tugin.

‘“Terms” page, which provides a list of all gene symbols fod in
the abstracts and links them to the biointeractions. Theultss
after validation can be downloaded as an excel le, altereeic-
essary to include relevant information and used as inputtfo
pathway design software PathVisio(vw.pathvisio.org. The input

The graphical representation can be accompanied by a gdgumi
and bibliographical references, as well as added infororatin the
genes and gene products involved. Each pathway receiveben t
end an identi er allowing their visualization, editing oroavnload
by any WikiPathways user. For the induction, organogeneasid

les used for both pathways generated as case studies and precytodifferentiation stages of hair follicle developmemtetidenti -

sented here can be accessed in the Appendiecgsge A (for hair
development) andable B(for breast development). While design-
ing the pathway in PathVisio or any presentation softwarfegm

ers are, respectively, WP2804, WP2839 and WP2840. The mam-
mary gland development pathways can be accessed through the
identi ers WP2813, for the Embryonic Development stage,

some areas of the growing pathway turn out to be overcrowdedWP2814 for Puberty, WP2817 for pregnancy and lactation and

so hereis a hint. The same tables created to register bicdct®ns
can be used as input to Cytoscapeww.cytoscape.orgwhich can
facilitate the separation of groups of genes involved in Hagne
function and the organization of the pathway landscape. eloav,
we have found PathVisio more useful for producing the nal
pathway.

WP2815 for involution.

After the pathway is completed, it is possible to reveal it®€
lution [10]. Different sources of orthologous groups are available,
such as Kegg orthologywww.genome.jp/kegg/ko.htm,l or pro-
grams can be used to build on&8]. Then, by analyzing the taxo-
nomic distribution with NCBI Taxonomy Common Tree

PESCADOR matches the terms against a dictionary of gene{www.ncbi.nlm.nih.gov/taxonom)yor with scripts that deal with
present in the species which was declared at the setup, talavo NCBI Taxonomy data, retrieved from the Taxonomy FTP, thet las
presenting in the gene page annoying synonyms that stand focommon ancestor (LCA) can be determined, as showiin 4 of

completely different genes from other organisms, howevais
might reduce the marking for species with little inform ation
the Gene databasev(vw.nchi.nlm.nih.gov/genk To correct this,
one can press the link ‘highlight all NLPROT terms” to madl
possible gene names.

Sectionl. Brie y, starting with gene symbol marked in PESCADOR
one can retrieve the protein ID ofa complete amino acid segee
retrieve the cluster from available databases or creatieitermine
the Taxonomic IDs of the clustered proteins and with themd n
the node of Taxonomy Tree which is the father of the encouader
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Fig. 1. Starting a pathway design. Two abstracts selectetth&@PESCADOR interface (left side) show the highlightedeireictions found by the text-mining software. These
interactions are validated and annotated in text tablesclvitan then be used as input for the PathVisio and other pathbwilding software. The result from the two
abstracts selected is the small node of interactions shawthé middle right.

species. It might be a family, an order, or a so called “‘nokamode which is the dermal papilla (DARO]. Classically, the development
of Taxonomy Tree (e.g. Amniota and Eutheria, both from the of the follicle itself can be divided into three stages: iradion,

human lineage).

3. Results

organogenesis and cytodifferentiati¢hl].

In order to try recognizing distinguishable patterns of ueg
tory interactions, a pathway was created for each of theages,
using the PathVisio softwareFi(g. 2A-C, respectively). Moreover,

Hair follicle and mammary gland development are processesthe rsttwo pathway representations are divided into twdwlar

dependent on epithelial-mesenchymal transitions orafa¢st by
many signaling pathway[d 9]. Here we describe the complexregu-
latory pathways assembled from atext mining approach @yitrg
the development of each of these key mammal-speci c stroesu

3.1. Hair follicle development pathway

The hair follicle (HF) is the biological unit responsiblerfpro-
ducing a single hair shaft. The follicles are arranged withncen-
tric epithelial progenitor layers surrounding the dermdare,

compartments,in an attempt to symbolize more preciselymive-
phogenesis, during which the dermis and epidermis maintain
intense interplay of regulatory signald0].

However, the subsequent stage, cytodifferentiation, redtk
increases the number of cell layers and regulatory inteoact
thereby complicating our purpose of illustrating this pess. So
for this stage, representing cell compartments would berathi-
cal. Thus, we decided to represent cytodifferentiation agmaeral-
ized and schematic phenomenon,in which the main charatiesi
or events of the process are emphasized.

Please cite this article in press as: D. Trindade et al., Md&h(2014)http://dx.doi.org/10.1016/j.ymeth.2014.10.006
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Fig. 2. Pathways for hair follicle development. Apathwayswareated for each of these stages: (A) induction; (B) orgeemesis and (C) cytodifferentiation. Epidermis and
dermal mesenchyme and their products are represented cegely in yellow and blue in (A) and (B). For cytodifferemiion (C), the main characteristics or events of the
process are emphasized. See text for detailed explanation.
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Fig. 2 (continued)

Finally, observing all three gures, it is possible to noteatt dif- layers of the HF. Then, the second cell compartment resuits i
ferent nodes are put into clusters (represented as boxesthe the dermal condensate, which thereafter becomes the dermal
more closely related genes or signaling pathway elememdskapt papilla[21-23] The rst signal for induction is given by mesen-
together and didactically individualized. Besides thigrpcularly chymalcells expressing WNTF(g. 2Amiddle left) early in develop-
on Fig. 2A, the most participative found genes are marked with ament[22,24-26] Although it is not known what speci ¢ Wnt is
dashed line circle, while gene symbols of main transcripti@ctors responsible for this rst signal, some authors consider Wt as

appear in bold. a reasonable candida{é7]. Anyhow, activation of Wnt signaling
pathway blocks b-catenin cytoplasmic degradation fatégasing
3.1.1. Induction this transcription factor to get in the nucleus and startgression

3.1.1.1. Mesenchymal Wnt as the rst signal. In hair foléc(HF) of placode formation genes.

development, the induction stage marks the beginning of the Duringembryogenesis,b-catenin in the HF epithelium, tdgps
crosstalk between epithelium and mesenchyme (represeated with two transcription factors, Lefl and Tcf3-26], is capable of
Fig. 2A as yellow and blue cell compartments, respectively). The activating the expression of several crucial genes for HRuiction

rst compartment will result in the small focal epitheliahicken- and morphogenesis. Between them are MYC, SP5, DKK4, SHH, EDA
ing, named placode, which, later, will give origin to most tdfe and EDAR[28-33]

Please cite this article in press as: D. Trindade et al., Md&h(2014)http://dx.doi.org/10.1016/j.ymeth.2014.10.006
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In mice HF, MYC expression is predominantly expressed in the 3.1.1.5. Inhibitory signals. At induction, as well as at theo later

epithelium and is related to the differentiation and preidtion
of keratinocytes and stem cells migration during HF morpémwog-

HF developmental stages, there are countless other sigmatkat-
ing the existing interface between epithelial and mesemtaly

sis [34]. SP5, in its turn, is a direct target of b-catenin capable ofcells. Strong induction suppressor signals are presenth sas

inhibiting expression of KRT10 and IVL Both products of tde
genes are associated with epidermal differentiation fatd,as a

Bmp, Fgf7 and Egf47,48] Molecules such as Noggin, Follistatin
and CTGF act as BMP signal suppressors, preventing its ibdvip

consequence, they may be suppressed to promote placodeaform effects against placode formati9s9,47,49] Crucial placodal genes

tion [29].
Dkk molecules are widely recognized for its inhibitory edffs
against Lrp5 and 6, which are crucial co-receptors in thévatton

downregulated by BMP are LEF1 and NCAM, but BMP is also capa-
ble of inducing early upregulation of differentiation fateanscrip-
tion factor Msx2 [47,49,50] Noggin however, is expressed by

of Wnt pathway[35]. Strong evidences have shown that DKK4 mesenchymal cells and acts as a BMP repressor by directlyibgmn
expression is a Wnt target gene in epidermis, an evidence thathe molecules in the extracellular spalge®]. Follistatin and CTGF

Dkk4 acts as Wnt pathway negative feedback loop, ne-tuntinig
signaling effects on placode shap®0].

3.1.1.2. shh pathway. SHH expression starts in the indunctsitage
and is also upregulated by Wnt pathway in HF epithelil®®6].
After secretion, Shh signal activates Shh signaling pathwathe
mesenchyme compartment activating transcription factGis
which induces expression of Shh receptor Ptch, increasallgsen-
sibility to Shh[31,37].

3.1.1.3. Eda pathway. Until this point in HF development, \\amd
Shh pathways are strongly operating between epitheliumraed-
enchymal compartments. Following MYC activation, epitiaél
cells proliferate and thus the placode begins to get its fo@o-
transfection studies have shown that the Wnt pathway is able

(expressed in epithelial cells) are controlled by Eda/NdpgaB
activity and also repress BMP signdl39,47,51]

Two other signals Fgf7 and Egf direct differentiation towlahe
epidermal fate, instead of inducing HF placode formatiohe3e
signals persist during induction stage, and their recep{&GFR1
and EGFR, respectively) are downregulated in the placodallow
the correct HF developmerj#8].

3.1.2. Organogenesis

3.1.2.1. Placode downgrowth. After hair follicle placodedadermal
condensate are successfully formed, the organogenesi®e gieo-
ceeds. The placode receives a “second signal” originatredn the
dermis, which determines the maintenance of some signaling
pathways seen on induction. Therefore, the placodal growgre-
served, but this time advancing toward the deep derfiis. So,

increase EDA expression, whereas Eda pathway does nottaffeGpq pair peg is gradually formed by the proliferating celigyich,

Wnt signal leveld32]. As Fig. 2Ashows in the Epidermal compart-
ment, Eda receptor’s gene EDAR is a direct Wnt target, andvict
A acts as another upregulat¢33,38]. Furthermore, the Eda—Edar
interaction activates the transcription factor NF-kappaBich

upregulates a considerable number of genes, including SHH

later on in this process, end up enveloping the dermal papill
[22,52]

As shown inside the blue compartment biy. 2B, Shh pathway
is the upstream inducer of Wnt5a, which promotes placodaktWn
pathway activation and, thus, the upregulation of the geoditive

DKK4, WNT genes as WNT10A and WNT10B, FOXI3, FGF20, CTGF growth gene MY(J27,28,34]

and FST[33,36,38]
Similarly to Wnt, the Eda/NF-kappaB pathway upregulate HHSH

and DKK4[39-41] Eda also activates expression of Wnt genes such

Several genes have their expression maintained in the argan
genesis stage, this can be noticed by compafigg2A and B. Sim-
ilar to MYC, other genes also found at induction stage aretkep

as WNT10A and WNT10B in the epithelial cells, which are indi- upregulated by the placodal Wnt pathway: SHH, EDA and EDAR

rectly and directly stimulated by NF-kappaB, respectivelinose

two Wnt proteins activate the Wnt pathway in the mesenchymaliS

cells, where released b-catenin activates expressiontodo¥Wnts
and further upregulates its own expression, maintainingtissue

crosstalk and enhancing the signaling pathway performancepreviously together with Runx231,54]
[33,42]. It is also known that mesenchymal b-catenin activity is ' ’

important for epithelial b-catenin maintenani@s5].

3.1.1.4. Placode and dermal condensate formation. Onceirthial
crosstalk is established and the placode has started fagnthe
tissues require instructions that guide cell proliferati®nce again
the Eda/NF-kappaB pathway has an important role. NF-kapigaB
responsible for upregulating FOXI3, a forkhead box familgmber
expressed in teeth and HF during embryogené48s. It has roles
in skin appendages shape formation and possibly in placbdps
patterning. Furthermore, Activin Ais also capable of upu&ging
Foxi3 in the epidermig43].

Other genes also related to placode formation include gag4u
tion protein genes CDH3 and GJB6, both induced by transipl
activator TP6344].

After its establishment, the placode emits epidermal sigria
the underneath mesenchymal cells,in a way to start theireggr

[32,33,36] Although activation by NF-kappaB is maintained, SHH
repressed by FGF signaling, mediated by placodal FGFR2
(Fig. 2B, center)[40,53] Dermal Shh signaling is in uenced by
PTCH1, and PTCH1 upregulation is achieved by GLIs as deectib

BMP signaling still has inhibitory effects for the HF formiah
during organogenesis, and placode downgrowth is deprivgd b
BMP [55]. Noggin directly suppresses BMP, and NOG gene activa-
tion is induced by dermal GLIg49]. Eda/Edar signaling present in
placodes is also responsible for indirectly suppressingPBRB].

The expression of epidermal genes CCND1 and CCND2 and the
Tgf-b2 pathway is specic to the organogenesis stage. CCND1
induced by NF-kappaB56], and both CCND1 and CCND2 are
induced by Gli2 activation, downstream of Shh signalifbg ,58].

In conjunction with cyclins, the Tgf-b2 signaling pathwayrieces-

sary for induction of SNAI1 and Ras—MAPK pathway. Both of whi

have major roles in events that guide hair bud formation nith
the developing skirf59].

Lefl transcriptional complexes in the placode were identi as
possible downregulators of epidermal CDHAS5]. The reason for
this rests in the observation that high levels of E-cadheane
known to block epidermal invagination and follicle prodiost as

tion [22]. The Eda pathway induces FGF20 expression in the epi-well as downregulation of CDH1 resulting in Ras—MAPK actiim
thelium that when secreted binds to its mesenchymal reaepto[59].

Fgfrl, promoting the dermal condensate aggregative grot.
Moreover, this aggregation is also sustained by VersicaGARY
expression mediated by mesenchymal Wnt pathWg).

The gap junction protein GJB6 is highly expressed in haitifol
cles [60] and induced by TP6360]. Mutations associated with
GJB6 lead to hypotrichosig0].
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3.1.2.2. Primary cilia and the dermal papilla formationinPary cilia
are sensory organelles that display speci c receptors amdchan-
nels, which transmit signals from the extracellular enwinoent
via the cilium to the cell, and control tissue homeostasid &mc-
tion. Additionally, primary cilium plays a critical role idermal
papilla formation and maintenance, mainly by stimulatinget
Shh pathway via PDGRR[61,62]. PDGFRa ligand PDGF-A is pro-
duced in the epidermis and has a role in stimulating the pecdi-
tion of dermal cells that may contribute to the formation o D
[63].

Laminin-511 mutants lack the key BMP inhibitor Noggin and
the absence of laminin-511 receptor ITGB1 can disrupt Dingniy
cilia formation impairing hair developmen62]. These functions
are a critical to direct ciliary function and maintenancetioé der-
mal papilla.

3.1.3. Cytodifferentiation
The cytodifferentiation starts after HF has achieved itsxina

BMPR1A encodes a BMP receptor in the surface epithelium and
regulates terminal differentiation in HF. Mutations assded with
this receptor markedly downregulate expression of the know
transcriptional regulator of follicular differentiatiolsx1 [72].

On the second pathway cluster, Notchl and Tp63 maintain a
cross-regulation in keratinocyte differentiation prosesTP63
expression is suppressed by Notchl activation in both m sk
human keratinocytes. In its turn, Tp63 functions as a seélect
modulator of Notchl-dependent transcription and functjdg].

CUX1, also known as Cutll, is a transcriptional repressor in
diverse processes such as terminal HF differentiafiof]. Finally,
Tcf3 controls multipotent stem cells to generate the karatiytes
ofthe epidermis, sebaceous gland and hair follicles. lis®@&hown
that Tcf3 can act independently of its b-catenin interagtédlom ain
to promote features of the follicle outer root sheath (OR®J anul-
tipotent stem cells (bulge), the compartments that natwural
express Tcf375].

mum size and when the hair bulb nally surrounds the dermal 3.1.3.2. Hair shape main actors. Our pathw&ig(2C) shows that a

papilla. From this moment on, the different layers seen ivale
oped hair follicles begin to differentiate. Dermal papil{BP) is
believed to control this process, sending crucial signalthe over-
laying matrix (MX), a lineage of compromised germinativdlsef
the hair bulb[20-22].

In response to DP’s signal, MX cells proliferate and daughte
cells are pushed up along the HF longitudinal axis towarch skir-
face. During migration, these cells gradually differeréiagiving
rise to the hair shaft and its channel, the inner root she#ik.hair
shaft is in the center and consists of a medulla (MD), corté€X)(
and a cuticle (CL) layer. The inner root sheath (IRS) surrosithe
hair shaft and consists of cuticle and Henley and Huxley faye

lot of different genes act by controlling or participating the hair
follicle shape formation. This time, the related genes apar-
ently, more diffused, except for the two major gene clustecated

in the middle of the gure (circulated HR, CASP14, MSX2, FOXN
and DSG4) and the other on its right side (circulated KLK5 and
KLK7).

The cluster in the middle contains the gene that encodes-Hair
less (HR), which is a transcriptional cofactor that playspiontant
roles in HF morphogenesis and is capable of upregulating°CAS
Caspl4 is known to play a role in apoptosis, and in additions i
directly associated with epidermal cell differentiatidi6,77].
Caspl4is also upregulated by NF-kappaB and FOS, althougindo

[20,21]. Fully outside and surrounding these layers, is the outerregulated by JUN78]. However, both upregulators are suppressed

root sheath (ORS), which is a continuation of the basal lagér
the epidermig64].

3.1.3.1. Main regulators of hair follicle differentiatiomhe regulatory
cytodifferentiation pathway constructiorrig. 2C) allowed us to
nd out four distinguishable clusters in which internal elents
seem to be more closely related than with outsiders. The
two, are directly related to the differentiation fate. Orselocated
on the middle top of the gure, having DLX3 and HOXC13 as the
most participative genes on the analysis. The second cluista

by GPRC5D and NR3C1, respectively9,80]. Similarly, NR3C1 is
capable of blocking expression of FOSB too, as well as at¢ting
the transcription of ve different types of genes encodingr&-
tin-associated proteins (KRTAP2-4, KRTAP3-3, KRTAP6- IRTRP8-1
and KRTAP15)[80]. These KRTAPs play an important role on kera-
tin-bundle assembly in the hair cortex and provide impottan

rstphysical properties to the hair shdfil].

Going back to Hr, our pathway also shows that its expressson i
associated with the upregulation of Wnt signaling inhib@®uch
as Wifl and Dkk1. The only exception is Sfrpl that also sumges

small one located on the middle bottom of our pathway, beingWnt, but is downregulated by H{76,82]. Since the hair follicle

composed by three genes (TP63, CUX1 and TCF3).

Transcription factor DIx3 has a central role as a crucialntra
scriptional regulator of hair morphogenesis, differetniba and
regeneration[65]. It is expressed in MX cells and activated by
the BMP pathway. Evidence of this consists of mutations in
Smadl/Smad4-binding sites downregulating DIX®]. Moreover,
the same study elucidated that DIx3 is positioned upstreaheo
transcriptional factors such as GATA3 and HOXC13 products.

Gata3 is crucially involved in epidermis and HF differertian,
integrating diverse signaling networks to regulate the anake
between HF and epidermal cell fatgs7]. However, this transcrip-
tion factor is downregulated in the absence of ADAM17, sugtireg
a critical relation between therf68]. Concerning HOXC13, FOXQ1
is a downstream target and both control medulla differetidia
through a common regulatory pathwd§9]. In addition, direct
involvement of HOXC13 in the control of hair keratin gene e&p-
sion is seen during differentiatiofy 0].

downgrowth has to be stopped at the end of organogenesis, Wnt
signaling, as a central stimulator of cell proliferationathto be
indeed stopped.

Another gene downregulated by Hr is MSX2 and its related tar-
get gened83]. Athough Hr counteracts against it, Msx2 is stimu-
lated by GDSMA[84]. Among the genes that are upregulated by
Msx2 are NOTCH1, FOXN1, LEF1 and keratin genes (KR[&},85].
Notchl is capable of modulating Wnt signaling, what is imizart
due the fact that the establishment and stability of cekfaduring
development depend on the integration of multiple signalsich
ultimately modulate specic patterns of gene expressi@o].
Wnt5a, a speci c dermal papilla signature gene is found to be
under direct Notch controB7].

Lefl associates with b-catenin, and participates in theresp
sion controls mediated by Wnt signaling. It is known that 166
upregulated in lack of ADAM17, an important gene that hasiind
rect effects also against another Wnt stimulator, Lgr5.uAdty,

Another member of the rst cluster is Sox2, which acts as a key LGR5 inhibition occurs through Lhx2, which in turn is upregted

regulator of hair growth, controlling progenitor migratioby
ne-tuning BMP-mediated mesenchymal-epithelial crodkta
Transcriptional pro ling of Sox2 null DPs reveals increak8mp6
and decreased BMP inhibitor Sostdcl, a direct Sox2 trapsicmal
target[71].

by Adam17 stimulation68,88,89]

Functional rescue experiments establish Wnt5a as an eisdent
downstream mediator of Notch-CSL signaling, resulting inet
sustained expression of FoxN&7]. Inactivation of FOXN1 in mice
causes defective assembly of the hair medulla, what revéals
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critical role in proper hair morphogenesis. In addition,cRsis a
downstream effector of Foxnl activity and its expression
restricted to the hair medull®0]. Desmocollins (DSCs) interact
extracellularly to link neighboring epithelial cells.

is

Desmoglein 4 mutations are known to cause hypotrichosis in

humans. DSG4 protein is expressed in the more highly difi¢éire
ated layers of the epidermis. It is an important adhesioneauoole
maintaining the integrity of the hair shaf®1,92] Multiple tran-
scriptional factors seem to aim for Dsg4 production. DSGgres-
sion decrease is provided by upstream counteractions otlatr
by three transcriptional factors already mentioned: Lefbxnl
and Hoxcl3[93]. Still, three other regulatory elements seem to
act as stimulants: Hoxcl12, Bmp and Notch sign@g,93].

Concerning the hair shape, important related signalinghpat
ways are FGF, IGF, TGF-b and SHH, whose effectors contropgha
formation. They are shown in the middle right of the pathway.
The rst two pathways activate EGR2 expression, though FGB a
activates IGFBP5[94]. TGF-b and SHH stimulate, respectively,
Runx3 and Foxe195-97]

Other elements that closely participate in hair shape faiioma
are the Desmoglein 1 (Dsgl), Elane and Kallikreins (encotgd
genes such as KLK4, KLK5, KLK6, KLK13 and KLK14)98-102]
KLK5 upregulates Elane and KLK7, and also inhibits DSGE101].
Both KLK5 and KLK7 are downregulated by SPINK5 and SPINK6,
which is particularly inhibited by INF-gammpL01,102]

Finally, the same TP63, which participates in HF differextion
as an inhibitor, acts this time as an activator of PERP and6éGJB

the hair shaft and is termed buldé08]. During the hair cycle,
the dermal papilla and the regressed hair follicle are ledaadja-
cently to the hair bulge and signal to the stem cells that they
should enter a differentiation program and form a new haimge
Here we list some genes that are overexpressed in these stem
cells: CD200, PHLDA1, FST and FzZDl108]; NFATC1, PROM1 (also
known as CD133), CD34, BCL11B and LRIG109]; and KRT15 and
ZFP145[110]. In addition, targeted transcriptional pro ling indi-
cates that KRT19, DKK3, DKK4, TCF3, S100A4, GAS1, EGFR andzET
are also preferentially expressed by human bulge cells,ramad
to differentiated HF keratinocytegl11]. In the same way, so are
SOX9, TCF4 and LGR%88]. Sox9 is upregulated by the Shh pathway
and Lhx2[88].

3.2. Mammary gland development pathway

The breast is composed by a connective tissue matrix, in twhic
the glandular tissue is inserted. It is composed by many jrede
dent glands, each one constituted by ducts and lobules.eTmeke-
pendent glands form a network, which opens to the outsidénén t
nipple for milk secretion.

There are four morphological types of mammary gland: imma-
ture, mature inactive, mature active and in process of intioh.
This de nition is according to the stage of development.dsltpios-
sible to distinguish four phases in the mammary gland depelo
ment, each one having speci ¢ pathways associated. The ¢has
are embryonic development, puberty, pregnancy and lagchati

[60,103] Gjb6 has crucialrolesin morphogenesis and developmentand involution.

of skin and its appendages. Inmunostaining in normal humam s
sections demonstrated predominant expression of GJB6 iinfbla

licles[60]. Perp in turn is a critical component of the desmosome, a

cell-cell adhesion complex whose constituents are fredlyen
mutated in human diseases affecting the skin and fl(B].

3.1.3.3. Some controllers of hair shaft pigmentation. Haolor
depends on pigment-producing melanocytes that remainostat
ary at the base of matrix (MX) and transfer melanin-contami
organelles to adjacent keratinocytes that are pushed ugvaar
they proliferate. During development, however,the nompéntary
components ofthe hair follicle are built rst,and melanaeynove-
ment is a secondary and stepwise process that proceeds tnem t
dermis to the epidermis and then into developing follicleg4].

Concerning this process, SCF/c-kit signaling and FoxNlyma
important role. Stem cell factor (SCF) and its receptor t-&ie
important for melanocyte survival during development andtar
tions in these genes result in unpigmented hair85]. Foxn1, in
turn, already seen as a regulator of HF keratinocyte diffieigtion
(Section3.1.3.0) is also fundamental in signaling speci c transfer of
pigment from melanocytes to keratinocytes of the hair crrte
[104,106]

Pigmentation regulators Adamts20 and Kit ligand (KITLG)ear
believed to act as mediators of the effects of b-catenin sligy
on pigmentation[29]. This nding provides evidence for a new
paradigm in which, in addition to promoting hair follicle adode
and hair shaft fate, b-catenin signaling actively directs
pigmentation.

Additionally, Notch signaling has a role in the regeneratiof
the melanocyte population during hair follicle cycles. Tieletion
of NOTCH1 and NOTCH2 or RBPJin the melanocyte lineage resinlt
the elimination of melanoblasts and melanocyte stem déls/].

3.1.3.4. Stem cells compartment expressions. Hair falchre self-
renewing structures that cycle and reconstitute themselve
throughout life because they contain keratinocyte stensc®lur-
ing the hair follicle development, a reservoir of those sa#l cre-
ated. It resides in a region of the outer root sheath surrémgd

3.2.1. Embryonic development

The mammary gland has its embryonic origin in the ectoderm.
In human, there is a formation of two ectoderm lines, callednm
mary lines, from the anterior to posterior limb in the vertsar-
face [112]. These mammary lines give rise to two placodes,
located in the thoracic regiofi 13]. The ectoderm then penetrates
the underlying mesoderm to form the rst mammary ductal sys-
tem [112]. The immature mammary gland, or the primary mam-
mary gland, persists from birth to puberty.

Two processes that should be highlighted at this stage are ep
thelial to mesenchymal transition (EMT) and placode forioat

3.2.1.1. Epithelial-to-mesenchymal transition (EMT).eTtepithelial

to mesenchymal transition (EMT) in the embryonic developmhe
occurs during gastrulation and neurulation. Zinc nger &b
binding homeobox 2 (ZEB2) is an EMT regulatofFig. 3A). It
represses the expression of CCND1, SFRP1, MIR200A, MIR200B
MIR429, TERT, CDH1, CLDN4 and ALPL, and also upregulates the
expression of mesenchymal markefd14]. Both cyclin D1
(CCND1) and secreted frizzled-related protein 1 (SFRP1g ar
related to cell proliferation, and SFRP1 is a modulator ok th
WNT signaling pathway. The microRNA genes MIR200A, MIR200B
and MIR429 are repressed as well, and unable to regulater thei
target genes expression. TERT encodes the telomerase sever
transcriptase, responsible for elongation of telomere :ncad-
herin-1 (CDH1) and claudin 4 (CLDN4) are involved in cell agth
sion, and alkaline phosphatase, tissue-nonspeci c isogyiLPL)
may play a role in skeletal mineralization. Many genes madel
ZEB2. Hypoxia signals, TGFB1, TNF, IL1 and AKT1 upregulate
ZEB2, and Hedgehog signals upregulate ZEB2 via TGHB14].
Transforming growth factor beta-1 (TGFB1), tumor necrofsistor
(TNF) and interleukin-1 (IL1) are cytokines and AKT1 is a kise
that plays a role in many processes like proliferation, selfvival
and growth.

3.2.1.2. Placode formation. Conversely, in embryonic depenent,
neuregulin 3 (NRG3) appears to in uence cell fate. NRG3 kartd
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its receptor, ERBB2. This association results in MYC indioat 3.2.2. Puberty

which downregulates ITGA6 (integrin alpha-6) and ITGB1tggrin In this stage of development, the mammary gland network
beta-1). The result is a change in cell adhesion and pralifen grows and becomes branched, giving arise to the secondarg-ma
and consequent exit from the stem cellcompartment. NRG3is a mary gland. This is followed by development of the surroungli

a signal for placode formation along the mammary lifiel5]. stroma. The result is the mature inactive mammary gland. &om
Invagination of cells within placode into the mesenchym enic genesinvolved in this phase are AP1, ESR1, NRIP1 and estrege
the mammary primordium. naling pathway genes-(g. 3B).

Fig. 3. Pathways for mammary gland differentiation. A padywas created for each of these stages: (A) embryonic deweent; (B) puberty; (C) pregnancy and lactation
and (D) involution. See text for detailed explanation.
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Fig. 3 (continued)

AP1 is an important regulator of mammary epithelial cell ifro 3.2.3. Pregnancy and lactation
eration along postnatal development, mainly in pubertySEQ The mature active mammary gland appears at this stage. Its
MYC, CCND1, VIM, FN1 and TIMP1 are examples of AP1-dependent main characteristic is the presence of alveoli, the struetespon-
geneg116]. FOSL1 encodes a protein of the FOS family. Proteins of sible for milk production. There are four inputs for signadi the
FOS family dimerize with proteins of the JUN family to form AP  breast development during pregnancy and lactatiéig.(3C):
complex. MYC and CCND1 are involved in cell proliferationIMW through prolactin receptor (PRLR), epidermal growth factecep-
encodes vimentin, a component of intermediate lamentsl1FN tors (ERBB1, ERBB2, ERBB3 and ERBB4), estrogen receptoISRE
encodes bronectin, a protein related to adhesion and ntigra and ESR2) and progesterone receptor (PGR).
TIMP1 encodes a protease inhibitor.

ESR1 (estrogen receptor) and the nuclear receptor intér@ct 3.2 3.1. Via PRLR and JAK2/STAT5 pathway. In this rst cageplac-
protein 1 (NRIP1) are co-regulators of progesterone reoept tjn (PRL) binds to its receptor, leading to its phosphoridat by
(PGR), STAT5A and amphiregulin (AREG), which control prfelia-  janus kinase 2 (JAK2) and subsequent coupling of the sigmalst-
tion and differentiation during mammary gland developm.elnt ducer and activator of transcription 5 (STAT$)13]. JAK2 then
puberty, NRIP1 expression is necessary in the epithelidlstnom al phosphorylates STAT5, inducing its migration to the nudeu
compartments for ductal elongatigh17]. STATS targets are related to proliferation (TNFSF11, CCNRiiffer-

One pathway used by estrogen to execute its growth effect ingntiation (CSN2, WEDC, ELF5, and GJB2) and survival (BCLPLL
the mammary gland is through epidermal growth factor (EGF)[113]. CSN2 and WFDC encode for milk proteins beta-casein and
and EGF receptors (ERBB). In this case, ERBB2 in special mety-a \WgEpC protein, respectively (WFDC is also known as whey acidi
vate or inhibit the growth according to the development €ag  protein). CSN2 promoter has binding sites for CEBP and YYIENC
puberty, ERBB2 impairs the mammary epithelial cell profééion promoter has sites for ELF5 and NFI, and both have bindingssfor
[118]. the glucocorticoid receptor, encoded by NR3{113,119] CEBP
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product isoforms alpha and beta are both related to the ke@lan
between proliferation and differentiation of epitheliadlks [119].
GJB2 expresses the gap junction beta-2 protein, the magmeht
of this junction type. Moreover, CCND1 and TNFSF11 signalior
proliferation. STAT5 induces proliferation directly by 8&@1, and
indirectly through TNFSF11; TNFSF11 (also known as RANK-L)
binds to its receptor (TNFRSF11A, also known as RANK); aated
by TNFRSF11A, IKKA relieves inhibition over NFKB, resultin its
activation; NFKB then also induces transcription of CCNO11 3].
Lastly, Bcl-2-like protein 1 (BCL2L1) is related to surviband as
an inhibitor of cell death. PRLR can also propagate the sligna
through the MAPK pathwayl113].

3.2.3.2. ia ERBB and STAT5. Another route for signaling leough
epidermal growth factor receptors. In this case, neureg(NRG)
binds to one of its receptors (ERBB1, ERBB2, ERBB3 or ERBB4)
and the signal is transmitted by ERBB4 to STAT5, from wheriit
lows as described abovig 13]. ERBB4 substitutes JAK2 by phos-
phorylating STATS.

3.2.3.3. Regulation of JAK2/STATS pathway. MYC induces SBHA
directly and indirectly through CAV1. CAV1 negatively relges
JAK2. By negatively regulating CAV1l, MYC positively regulas
JAK2 and, therefore, STAT514,113] MYC is also associated with

a group of transcription factors implicated in cell cyclentool:
UFS. UFS2, a member of this group, in uences the expressibn o
translation initiation factors EIF4AE and EIF4G, as well & tcon-
centration of oxytocin in the bloofl5].

Another STAT5 modulator is galanin. Galanin is a hormone,
which stimulates PRL and therefore STAT5. Furthermore agai
also stimulates STATS directljyl13].

Conversely, PTPN1 seems to negatively regulate STAT50].
Being a phosphatase, PTPN1’s action might be impairing STAT
migration to the nucleus. PTPN1 also appears to negative@yur
late PGR[120].

3.2.3.4. Via ESR1, ESR2 and PGR. Estrogen binds to its rems@ESR1
and ESR2. Both receptors stimulate the progesterone recept
which is associated with the TNFSF11 receptor (TNFSF11A) an
to its downstream pathway. TNFSF11 pathway is related taiizxd
tion of cellular proliferation, as previously describéd13].

Estrogen receptor 1 (ESR1) also affects adhesion throudhdn
tion of TTC9, which interacts with TPM3 that expresses a gint
associated with actin laments, playing a role in involuni¢121].

3.2.3.5. PNCK and differentiation along pregnancy. Thecuah/cal-
modulin-dependent protein kinase type 1B, expressed byKPNC
appears to negatively regulate EGFR during pregnancy. |8nlyi
the MAPK signaling pathway also seems to be negatively rated

in response to the effect over EGFR. Consequently proltiera
decreases and terminal differentiation of epithelial €8 trig-
gered[122].

3.2.3.6. Transport of G4 and differentiation along lactation. The
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In the presence of lactogenic hormones, such as prolactin,
hydrocortisone and insulin, the chitinase-3-like proté&iencoded
by CHI3L1 mediates the inhibition of mammary epithelial lceif-
ferentiation and polarization. Moreover, CHI3L1 suppretdse
expression of CDH1 and increases the expression of MMP9 (im at
metalloproteinase-9, a remarkable protein related toa&oceHular
matrix degradation). This is an important process for intadn
[124].

Another signi cant pathway to involution is the SOCS3/STAT
signaling pathway. STAT5 induces the suppressor of cyteksig-
naling 3 (SOCS3), which binds to and activates its receptbe,
interleukin-6 receptor (IL6ST). Activation of IL6ST indes the acti-
vation of STAT3[113]. SOCS3/STAT3 signhaling pathway is associ-
ated with MYC and, thereafter, with MYC target genes such as
TP53, BAX and E2F1. Changes in the SOCS3/STAT3 signalindhpat
way affect MYC. As SOCS3 has an anti-apoptotic function and
MYC an apoptotic function, SOCS3 is considered an importaag-
ulator of involution[125].

3.3. Deciphering a pathway origin

Although it is not the aim of this manual to guide users on
accessing or creating a cluster of homologues for the genetef-
est, this is the secret underneath the cracking of a pathwiyno
along evolution. Whenever a researcher understands theasie
of regulation of a phenomenon such as hair and breast develop
ment, exempli ed here, it is possible to verify that protsibuild-
ing the pathway in a complex organism, are actually playing
similar roles, although not equal, in less complex orgarmssifur-
thermore, it becomes clear that some key partners sometimes
originated in very distinct epochs. We have exempli ed thigh
Nanog and Oct-4, partners in keeping the totipotency ofscéil
the embryonic Inner Cell Masig. 0], which have originated, in the
human lineage, together with, respectively, the rising IGoeata
and Theria organisms, remarkably separate evolutionarjops.

How can one reveal the origin of a gene and, furthermore, the
pathway evolution? We will initially exemplify with the genHr,
one of the hair shape main actors (Secti®di.3.29. Using the pro-
tein ofinterest as Seed, the rst step is to obtain a clustfesroho-
logues for it Fig. 4). With those in hand, one can easily retrieve the
Taxonomy IDs (man is 9609, mouse is 10,090 and so on). Asimple
way of discovering the origin is to send all TaxIDs to a tooINICBI
named Taxonomy Common Tree, and the output will present the
clade Theria as the Lowest Common Ancestor (LCA) for the Hige
Acomplete tutorial on looking for orthologues escapes tbhepe of
this manual, however we present an example that gives a persp
tive for understanding the evolution of a system, constedlcivith
text-mining, using a subset of the hair development cytiedénti-
ation pathway as a case studyid. 5).

Similarly to what was explained for Hr gene, we searched for
orthologues of the human genes of interest. We used a combina
tion of searches with software from our groypl] and KEGG
orthology clusters enriched with UniProt clusters underraqge-
dure developed by ud 26], however any other approach as nding

ATPase 2C2 encoded by ATP2C2 is co-expressed with the compothe organisms that comprise a pFam famifiy27], or looking at

nent of Calcium in ux channel encoded by ORAIL. Togethereyh
regulate C&" uptake, in uencing differentiation and supporting
the large calcium transport requirements for milk secretadong
lactation[123].

3.2.4. Involution

After pregnancy and lactation, the breast undergoes a ¢issu
remodeling process, known as involution. This process iarelk-
terized by the alveoli degeneration through apoptosis. Sganes
implicated in this stage of development are CHI3L1, SOCS3 an
STAT3 (Fig. 3D).

Panther familieg128], OrthoMCL-DB [129], KEGG orthology|[2],

etc. will provide the putative taxonomic distribution oféhgene.

To determine the clade in the human lineage when the genesis r
seen, we use a program that walks along the NCBI taxonomy tree
and determines the node that rst concentrates the leavasain-

ing the orthologues, but this can be done in Taxonomy Common
Tree as shown above. The results are showiiin 5.

Each gene presents a numeric notation that represents the
node, counted from root, in the human lineage where it is rst
seen. Therefore the number corresponds to a Lowest Common
Ancestor level in the human lineage. Circles with number ser
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Fig. 4. Discovering the last common ancestor (LCA). The UptPID obtained for the gene symbol mined from literature sed to search for orthologues with proper
software, and the taxonomic IDs (TaxIDs) of the organismattihear them are collected (lower left panel). TaxIDs aredus® input to the NCBI tool Taxonomy Common Tree.
The resulting tree is obtained, in which the LCAis deterndras the lowest taxon achieved (Theria).

colored with different colors according to periods of humewolu-
tion. From the clade Cellular Organisms (a gene is mappedisa t
ancestrality level if it is shared for example with bactgrigp to
Gnathostomata, circles are not colored. In this example owm#é
genes originated in the epoch of Metazoa (5), EumetazoaBf),
teria (1), Deuterostomia (1), Chordata (2), and Gnathosttan(1).

In the Euteleostomi period, many genes have been originated
human (not shown), so we depicted those separately, caorin
the circles in yellow. In this example ve genes appearedofimer
set of genes were rst seen in Tetrapoda (2) and Aminiota (id a
those are colored in green. For example, human and chicken li
eages separate at the Amniota clade. Completing the zoom#gd p

FOXN1 and MSX2; although the rst did not have a role in this
machinery, the other two could be activating NOTCH1, as vaesl|
participating in the synthesis of keratins (KRTs). FOXN1udd
already be involved in the transference of melanin betweeiam
nocytes and keratinocytes.

In EuteleostomiFig. 5, yellow circles), the EDA pathway might
have started becoming functional, after the origin of EDARda
RelA, which could be acting with a remote ancestor of RelB or
alone. Moreover, WNT signaling would become more complex
with the appearing of LEF1, leading to a more ef cient acttivmn
of FOXN1 by b-catenin. IFN¢ is already present, however without
a role in the present pathway.

way, some genes appeared in the epoch of Mammalia (2), Theria After this and up to the origin of Mammalia(g. 5, green cir-

(6) and Eutheria (4) (circles labeled in blue). A completeabsis
ofallgenes in two case studies will be reported elsewheu¢ this
zoom exempli es how the present pathway has originated.

A brief analysis offFig. 5 reveals that before the appearance of
Euteleostomi organisms (zebra sh as a reference), a caraidle
portion of this machinery already existed, like the WNT an®H
CH signaling pathways. WIF1, SFRP1 and DKK1 already coulg-su
press the WNT pathway, impairing the association of b-caten
with TCF in the nucleus. As described before, this supprasss
required for the cytodifferentiation to proceed. Convdysét is
plausible that b-catenin and TCF could activate expressadn
FOXN1. EDA was already present, although its speci c recapt
EDAR appears later, as well as the NF-kappaB subunits Reld an
RelB. Three transcription factors were already presentX8Q,

cles), three more acquisitions are accomplished: RelB, \@SD
and ELANE, RelB can then work with its counterpart RelA as the
NF-kappaBcomplex. GSDMAis required for placode differarion
into the hair shaft, regulates MSX2 and its absence is known t
cause hairless phenotyp®4], so thisimportant dependence might
have originated in Amniota organisms. Moreover, ELANE eag+
sion is associated with abnormalities in hair developm gIri0],
and might be impairing its origin in this period.

Furthermore, in the period that encompasses the origin of
Mammalia organisms and subsequent evolution, a set of eglev
genes appears and the complete regulation is accomplished
(Fig. 5, blue circles). Aseries of kallikrein-related peptidaggkKs)
are originated. KLKs are related to skin desquamation anldemwin
high levels, cause hair abnormalities in hair shap&0]. However,
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Fig. 5. Deciphering a pathway origin. Azoomed sectiorFaf. 2C was used to illustrate the evolution of the cytodifferextion stage of hair follicle differentiation. For each
gene, the orthologues as [hl] and the LCAdetermined as exempli ed ifig. 4. Numbers and colors in circles represent the clades of hulimaage respectively shown in

the legend where they have putatively originated.

in this epoch the specic inhibitors of KLKs also arise, knowas
serine protease inhibitor of Kazal-type (Spink), which aele to
control KLK activity and therefore, provide a micro-habtt&avor-
able to hair developmentL02]. Thus, with the presence of Spinks,
production of ELANE and KLK7 would be impaired due to inhibi-
tion of KLK5, as shown inFig. 5. This regulation might also moder-

4. Discussion

PESCADOR works as a web-based tool for users to study bioin-
teractions text-mined from a speci c PubMed query. Althdugev-
eral online databases describe protein—protein inteoacti such
as iHop[133] or STRING[134], it is hard to associate the interac-

ate the suppression of DSG1, a desmoglein required for nbrmation with a speci c biological event of interes135]. This is accom-

cellular adhesion between hair follicle ce[l500]. The sub-regula-
tory network could have originated with Spink6é already pees
controlling KLK6 (since they are present in Mammalia) andfet
ing modulation according to IFN>- levels, already present since
Euteleostomi epoch.

Remarkably, in organisms that give birth to live young witito
using a shelled egg, the most important elements of cytedeffiti-
ation process arise: HR and CASP14 in Theria, and DSG4 in &uth

plished with PESCADOR, which allows users to add customized
biological concepts as search terms.

The success relies partially on a successful query as resitly
Jensen and colleague/d36]. For instance, while searching for
abstracts on breast development, it was dif cult to exclyzbpers
on breast cancer. Hair development was also a challengenQfie
PubMed query is easy to formulate, such as “embryo preimpda
tion developmentT10]. In cases where the query is not straight-

ria. As shown inFig. 5, HR networks with several genes, suggesting forward, it is important to have a super cial knowledge aliou

a central importance for hair development. HR controls thieild-
itors of WNT pathway and promotes activation of CASP14. CA&P
is present in hair follicles and is also stimulated by the Bbs#th-
way, playing a role in the terminal differentiation of kemasdcytes

the phenomenon and start with a couple of more speci c querie
such as (i) “(hair[Title/Abstract] AND follicle[Title/Astract]) NOT
(ear[Title/Abstract] OR auditory[Title/Abstract])”; i) “hair AND
cortex AND matrix AND (inner OR IRS)" or (iii) “(hair AND follicle)

[131]. Furthermore, HR regulates the suitable expression of MSX2AND (organogenesis OR morphogenesis OR prenatal OR nebnata

and its target genes, implicated in cellular differentéati[83].
DSG4 is another desmoglein whose function is implicatedhwit
desmosome integrity in the hair shdft32]. DSG4 is stimulated

OR initiation OR primordia OR onset OR induction)”. Theseeve
used for deeply querying hair development.
Subsequently, the success also relies on selecting a feiwlest

by the NOTCH pathway and by HOXC12, more ancient compo-that describe the phenomenon in a particular way, mentignin

nents, while it is inhibited by FOXN1 and LEF1, originatedHatel-
eostomi, therefore exerting a role in the ne-tuning betwee
proliferation and differentiation in the hair folliclg®3].

Thus, adding information of ancestrality to a pathway, ose i
allowed to depict the scenario of its evolution up to the et
Hair development relies on more ancient counterparts, amel t
key components for the machinery function become apparettt w
this simple analysis.

genes, regulation of the phenomenon or its particularitiéese
abstracts are represented as vector of terms and used tsifglas
the thousands of PubMed abstracts returned with the queny-me
tioned above[137]. The software used for this is MedlineRanker
[138]. Itisrecommended to work with the top 500-1000 abstracts
which pass the threshold of 1e-2. Whenever the PESCADORgr®C
is ready, it is possible to inspect the number of abstracthvait
least one gene-pair extracted, since they appear highdighh
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Term 1 Biointeractions Term 2 PMID
“Eda/Edar pathway” Indirectly inhibits BMPs 17164417
“Notch/RBPJ pathway” Related to “HF pigmentation” 188646
“Tgf-B2 pathway” Induction of “‘Ras—MAPK pathway” 1568473
“Tgf-B2 pathway” Induction of Snail 15630473
? Inhibition of Egfr 19474150
? Inhibition of Fgfr2 19474150
“Primary cilia” Stimulation of “Shh pathway” 18676816
“‘Ras—MAPK pathway” Induction of “Placode downgrowth” 15630473
“SC compartment” Upregulation of BCL11B 22383956
“SC compartment” Upregulation of CD200 16395407
“SC compartment” Upregulation of CD34 22383956
“SC compartment” Upregulation of CTGF 20050020
“SC compartment” Upregulation of DKK3 20050020
“SC compartment” Upregulation of DKK4 20050020
“SC compartment” Upregulation of EGFR 20050020
“SC compartment” Upregulation of FST 16395407
“SC compartment” Upregulation of GAS1 20050020
“SC compartment” Upregulation of KRT15 20050020
“SC compartment” Upregulation of KRT15 22383956
“SC compartment” Upregulation of KRT19 20050020
“SC compartment” Upregulation of LGR5 22028024
“SC compartment” Upregulation of LRIG1 22383956
“SC compartment” Upregulation of NFATC1 21892602
“SC compartment” Upregulation of PHLDA1 16395407
“SC compartment” Upregulation of PROM1 (CD133) 22383956
“SC compartment” Upregulation of S100A4 20050020
“SC compartment” Upregulation of Sox9 21892602
“SC compartment” Upregulation of TCF3 20050020
“SC compartment” Upregulation of TCF4 22028024
“SC compartment” Upregulation of Zfp145 21892602
“SCF/c-kit signaling” Induction of ‘HF pigmentation” 11259383
‘Wnt pathway” Upregulation of DIx3 18684741
Activin A Actv. Expression of Edar 11973284
Activin A Actv. Expression of Foxi3 23441037
Activin A Upregulation of Foxi3 23441037
ADAM17 Regulation of ‘SC compartment” 22696231
ADAM17 Upregulation of Gata3 22696231
ADAM17 Downregulation of Lefl 22696231
ADAM17 Upregulation of Lhx2 22696231
ADAM17 Upregulation of Sox9 22696231
ADAMTS20 Related to “HF pigmentation” 18480165
B-catenin Actv. Expression of CTNNB1 24451143
B-catenin Upregulation of Edar 24451143/19619491
B-catenin Binds Lefl 12646922
B-catenin Actv. Expression of MYC 22971575
B-catenin Actv. Expression of Shh 12917489
B-catenin Actv. Expression of Sp5 18480165
B-catenin Upregulation of Edar 24451143/19619491
B-catenin Actv. Expression of MYC 22971575
B-catenin Actv. Expression of Shh 12917489
Bmp Inhibition of “Placode downgrowth” 12646922
Bmp Downregulation of Lefl 12646922
Bmp Downregulation of Ncam 10559902
Bmp4 Upregulation of Gata3 14610062
BMPR1A Actv. Expression of MSX2 15102710
BMPs Inhibition of ‘Placode formation” 16769906
BMPs Inhibition of Lefl 10559902
BMPs Upregulation of Msx2 17301089
BMPs Inhibition of NCAM 10559902
BMPs Inhibition of Lefl 10559902
BMPs Inhibition of NCAM 10559902
CDH1 Induction of “Hair Bud Shape” 12646922
CDH1 Downregulation of “‘Ras—MAPK pathway” 15630473
CDH1 (overexp.) Inhibition of ‘Hair Bud Shape” 12646922
CDH3 Induction of “Placode shape” 18199584
CTGF Inhibition of BMPs 17164417
Cux1 (Cutll) Inhibition of ‘HF differentiation” 11544187
Cyclin D1 (CCND1) Induction of “Placode downgrowth” 164854
Cyclin D2 (CCND2) Induction of “Placode downgrowth” 1258516
Dkk4 Inhibition of “Wnt Pathway” 18508042
Dkk4 Inhibition of LRP5/6 16672341
DIx3 Induction of “HF differentiation” 18684741
DIx3 Regulation Gata3 18684741
DIx3 Regulation Hoxc13 18684741

(continued on next page)
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Term 1 Biointeractions Term 2 PMID
DSC2 Related to “‘HF shape” 15739220
DSG1 Related to “‘HF shape” 15606502/15482466
Dsg4 Related to “‘HF shape” 18677469
Eda Induction of CTGF 17164417
Eda Induction of Fgf20 23431057
Eda Upregulation of Foxi3 23441037
Eda Upregulation of Foxi3 23441037
Eda Actv. Expression of Shh 21926481
Edal Actv. Expression of Dkk4 18508042
Edal Binds Edar 11973284
Edal Actv. Expression of Shh 21926481
Egf Inhibition of “Placode formation” 19474150
Egfr Inhibition of “Placode formation” 19474150
EGFR (Krox20) Actv. Expression of lgfbp5 16875803
EGR2 Inhibition of ‘HF shape” 16875803
ELANE (Ela2) Inhibition of ‘HF shape” 23344365
FGF Inhibition of Shh 23123965
FGF Modulates lgfbp5 16875803
Fgf20 Induction of ‘Dermal aggregative growth” 23431057
Fgf20 Binds FGFR1 24451143
Fgf7 Inhibition of “Placode formation” 19474150
Fgfr2 Inhibition of “Placode formation” 19474150
Follistatin Inhibition of Bmps 17164417
Fos Actv. Expression of Caspl4 18424262
FOXE1 Related to “‘HF shape” 15367491
Foxi3 Induction of “Placode Shape” 23441037
Foxi3 Induction of “Hair Bud Shape” 23441037
Foxnl Induction of “Hair pigmentation” 17803901
Foxnl Induction of ‘HF differentiation” 15739220
Foxnl Inhibition of Dsg4 19683850
Foxnl Actv. Expression of KRTs 19103190
Foxnl Actv. Expression of Notch1 19103190
Foxqgl Induction of “HF differentiation” 11309849
Gata3 Induction of ‘HF differentiation” 17151017
GJB6 Induction of “Hair Bud Shape” 23219093
GJB6 Related to “‘HF shape” 23219093
Gli2 Actv. Expression of Cyclin D1 (CCND1) 12533516
Gli2 Actv. Expression of Cyclin D2 (CCND2) 12533516
Gli2 Actv. Expression of Foxel 15367491
Glls Actv. Expression of PTCH1 12917489
GPRC5D Downregulation of Nf-kappaB 15746257
Hoxc12 Actv. Expression of Dsg4 19683850
Hoxc13 Induction of “HF differentiation” 9420327
Hoxc13 Inhibition of Dsg4 19683850
Hoxc13 Actv. Expression of Foxnl 21191399
Hoxc13 Actv. Expression of Foxqgl 16835220
HR Upregulation of Caspl4 21083932
HR Upregulation of Dkk1 24447645
HR Downregulation of DIx3 22442153
HR Downregulation of Msx2 23702391
HR Downregulation of SFRP1 21083932
HR Upregulation of Wifl 21083932
IGFBP5 Inhibition of ‘HF shape” 16024235
Jun Inhibition of Caspl4 18424262/19747408
KITLG Related to “HF pigmentation” 18480165
KIk5 Actv. Expression of ELANE (ELA2) 23344365
KIk5 Actv. Expression of KLK7 23344365
KLK7 Inhibition of ‘HF shape” 23344365
Laminin-511 (laminin-10) Binds ITGB1 18676816
Laminin-511/ITGB1 Induction of “Primary Cilia” 18676816
Lefl Downregulation of CDH1 12646922
Lefl Inhibition of Dsg4 19683850
Lhx2 Actv. Expression of Sox9 22028024
Msx2 Inhibition of ‘Placode formation” 17301089
Msx2 Actv. Expression of Foxnl 23702391
Msx2 Actv. Expression of KRTs 19103190
Msx2 Actv. Expression of Lefl 23702391
Msx2 Actv. Expression of Notch1 19103190
MYC Induction of “Placode downgrowth” 21621827
Nf-kappaB Actv. Expression of Dkk4 19619491
Nf-kappaB Actv. Expression of FST 17164417
Nf-kappaB Upregulation of Wntl0a 19619491
Nf-kappaB Actv. Expression of Wnt10b 19619491
NF-kappaB Upregulation of Shh 16481354
Nf-kappaB Actv. Expression of Caspl4 18424262
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Term 1 Biointeractions Term 2 PMID
Noggin Inhibition of BMP4 10559902
Noggin Inhibition of BMPs 10559902
Notch Modulates “Wnt Pathway” 15772135
Notch Inhibition of TP63 16618808
Notch Upregulation of Wnt5a 20634318
NR3C1 (GR) Downregulation of FOS 17935973
NR3C1 (GR) Downregulation of FOSB 17935973
NR3C1 (GR) Upregulation of KRT73 17935973
NR3C1 (GR) Upregulation of KRTAP15 17935973
NR3C1 (GR) Upregulation of KRTAP2-4 17935973
NR3C1 (GR) Upregulation of KRTAP3-3 17935973
NR3C1 (GR) Upregulation of KRTAP6-1 17935973
NR3C1 (GR) Upregulation of KRTAPS8-1 17935973
PDGF Binds PDGFRA 10331973
PDGFRA Induction of “Primary cilia” 10331973
PERP Related to “‘HF shape” 15970683
Runx2 Actv. Expression of PTCH1 18262513
Runx2 Upregulation of Shh 1391898414
RUNX3 Related to “‘HF shape” 15937937
Shh Actv. Expression of Ptch 12917489/9882493
Shh Induction of “Placode downgrowth” 9768360
Shh Upregulation of Cyclin D1 (CCND1) 14623238
Shh Activates GL1 9882493
Shh Actv. Expression of Noggin (NOG) 9882493
Shh Upregulation of PTCH1 9882493
Shh Actv. Expression of WNT5A 11520664
Shh Actv. Expression of Sox9 16085486
Smad1l Actv. Expression of DIx3 11788714
Smad4 Actv. Expression of DIx3 11788714
Smad4 Upregulation of Dsg4 16533311
Snail Regulation of “Placode downgrowth” 15630473
Sox2 Downregulation of Bmp6 23153495
Sox2 Upregulation of Sostdcl 23153495
Sox9 Induction of ‘HF differentiation” 16085486
Sox9 Induction of “‘SC compartment” 16085486
Sp5 Inhibition of ‘Epidermal fate” 18480165
Sp5 Inhibition of Involucrin (IVL) 18480165
Sp5 Inhibition of Krt10 18480165
Spink5 Inhibition of ELANE (ELA2) 23344365
Spink5 Actv. Expression of KLK5 23344365
Spink5 Inhibition of KLK7 23344365
SPINK6 Inhibition of KLK12 24352040
SPINK6 Inhibition of KLK13 24352040
SPINK6 Inhibition of KLK14 24352040
SPINK6 Inhibition of KLK2 24352040
SPINK6 Inhibition of KLK4 24352040
SPINK6 Inhibition of KLK5 24352040
SPINK6 Inhibition of KLK6 24352040
SPINK6 Inhibition of KLK7 24352040
Tcf3 Inhibition of ‘HF differentiation” 11445543
TGFB2 Actv. Expression of RUNX3 15156178
TNFA/IFNgamma Downregulation of SPINK6 24352040
TP63 Actv. Expression of CDH3 18199584
TP63 Actv. Expression of GJB6 23219093
TP63 Upregulation of GJB6 23219093
TP63 Inhibition of “‘HF differentiation” 16618808
TP63 Actv. Expression of Gjb6 23219093
TP63 Activates PERP 15970683
Versican Induction of ‘Dermal aggregative growth” 23099107
Wnt5a Activates “Placode downgrowth” 23099107
Wnt5a Upregulation of Foxnl 20634318
WNTs Stabilizes B-catenin 24451143
WNTs Actv. Expression of Dkk4 17397822
WNTs Actv. Expression of Eda 12039047
WNTs Actv. Expression of Versican 23099107
WNTs Actv. expression of Eda 12039047
green, therefore sensing the amount of information thathh ige importantly, it is not required to be an expert. Actually theoce-

mined from this particular PESCADOR run. In cases where thep  dure described here drives the user on the knowledge of thee ph

nomenon might comprise several aspects, it is always ptssh nomenon and its details. PESCADOR does this by guiding the

add up the result of several jobs. curator from one gene to the other. Usually after depictingpae
One important point is that the user might have a backgroundregulatory interaction, it is possible to promptly checkriaca-

in Biological Sciences, which may not be so uncommon. More tions upstream and downstream, consequently clarifyingtfoe
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Table B

Mammary gland development.
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Term 1 Biointeractions  Term 2 PMID
AKT1 Upregulates ZEB2 19424592
AP1 Regulates TIMP1 16678816
AP1 Regulates VIM 16678816
AP1 Regulates FOSL1 16678816
AP1 Regulates FN1 16678816
AP1 Regulates MYC 16678816
AP1 Regulates CCND1 16678816
CAV1 Sequesters JAK2 16231422
CEBP Binds CSN2 9513715
CEBPA Suppress CEBPB 9513715
CHI3LL Increases MMP9 21991364
CHI3LL Suppress CDH1 21991364
EGF Binds ERBB2 11146549
EGFR Activates MAPK 18562482
ELF5 Binds WFDC 16231422
ERBB2 Associated Estrogen signaling 11146549
pathway
ERBB4 Stimulates STATS 16231422
ESR1 Regulates AREG 23404106
ESR1 Regulates PGR 23404106
ESR1 Regulates STAT5A 23404106
ESR1 Stimulates PGR 16231422
ESR1 Induces TTC9 22917536
ESR2 Stimulates PGR 16231422
Estrogen Binds ESR1 16231422
Estrogen Binds ESR2 16231422
Galanin Regulates PRL 16231422
Galanin Activates STAT5 16231422
Hedgehog signals Upregulates TGFB1 19424592
Hypoxia signals Upregulates ZEB2 19424592
IKKA Activates NFKB 16231422
11 Upregulates ZEB2 19424592
IL6ST Activates STAT3 16231422
JAK2 Phosphorylates PRLR 16231422
MYC Downregulates ITGA6 17880691
MYC Downregulates ITGB1 17880691
MYC Activates STATS 15689376
MYC Downregulates CAV1 15689376
MYC Associated USF 12907752
MYC Binds TP53 17377501
MYC Binds BAX 17377501
MYC Binds E2F1 17377501
NFI Binds WFDC 9513715
NFKB Binds CCND1 16231422
NR3C1 Binds CSN2 9513715
NR3C1 Binds WFDC 9513715
NRG Binds ERBB1 16231422
NRG Binds ERBB2 16231422
NRG Binds ERBB3 16231422
NRG Binds ERBB4 16231422
Nrg3 Binds ERBB4 17880691
Nrg3 Induces MYC 17880691
NRIP1 Co-regulates AREG 23404106
NRIP1 Co-regulates PGR 23404106
NRIP1 Co-regulates STAT5A 23404106
ORAIL Co-expressed ATP2C2 23840669
PGR Induces TNFRSF11A 16231422
PNCK Downregulates EGFR 18562482
PRL Binds PRLR 16231422
PRLR Activates STAT5 16231422
PRLR Activates MAPK 16231422
Progesterone Binds PGR 16231422
PTPN1 Inhibits STATS 23154416
PTPN1 Inhibits PGR 23154416
SOCSs3 Binds IL6ST 16231422
STAT3 Associated MYC 17377501
STATS Binds CSN2 16231422
STATS Binds WFDC 16231422
STATS Binds ELF5 16231422
STATS Binds GJB2 16231422
STATS Binds TNFSF11 16231422
STATS Binds CCND1 16231422
STATS Controls BCL2L1 16231422
STATS Controls SOCsS3 16231422

Table B (continued)

Term 1 Biointeractions Term 2 PMID
TGFB1 Upregulates ZEB2 19424592
TNF Upregulates ZEB2 19424592
TNFRSF11A Activates IKKA 16231422
TNFSF11 Binds TNFRSF11A 16231422
TTC9 Interacts TPM3 22917536
USF2 Induces EIF4AE 12907752
USF2 Induces EIF4G 12907752
USF2 Induces Oxytocin 12907752
YY1 Binds CSN2 9513715
ZEB2 Represses CDH1 19424592
ZEB2 Represses CLDN4 19424592
ZEB2 Represses CCND1 19424592
ZEB2 Represses TERT 19424592
ZEB2 Represses SFRP1 19424592
ZEB2 Represses ALPL 19424592
ZEB2 Represses MIR200A 19424592
ZEB2 Represses MIR200B 19424592
ZEB2 Represses MIR429 19424592
ZEB2 Upregulates Mesenchymal markers 19424592

curator the details of the studied phenomenon and expantheg
pathway.

Producing a pathway of a simple biological event or a complex
one, such as those presented here, allows for an understgrodi
the contribution of individual genes to the system. Chants aften
seen in seminal papers, orin reviews, but the tendency afssiag
them in databases such as KEGG and Reactome is rem arkabde.,Of
only partial pathways are found in independent publicasion

The absence of certain pathways in these databases insp#ed
to develop software which could resolve that. Athough some
implementations try to computationally automate the netkiog
ofgenesrelated to a given phenomenon, our experience shioats
interactions of type 4, as quali ed by PESCADOR (those whew®
genes or biological terms are found in different sentenceshie
abstract), contribute with much important information. Uy
manual curation that does not disregard type 4 interactigiedds
denser networking and speeds up the procedure. PESCADOR sup
ports jumping from one gene to another very quickly, in such a
way that the curator reveals the biological aspects of thenmdm-
enon while learning about the biointeractions implicated ii.
PESCADOR therefore relies on curation to greatly expandubage
of the underlying software LAITORL3].

Curators might be concerned about how good, both in terms of
precision and completeness,the produced pathway is. Caslfee
way of looking for feedback is depositing the pathway in thékiw
Pathways databas®]. Experts in the eld might spot them and
either edit it or send feedback. However, often the end usdni
the same curator’s research group or institution. Buildenpath-
way is a useful approach for those engaged in differentialege
expression approaches, since sometimes the subject ofiige
tion does not have a pathway in any database. And as morerdiffe
entially expressed genes appear in the pathway, most likleéy
pathway will be useful for this immediate goal. Furthermomhat
might make a pathway useful for general researchers is tloe pr
duction of an accompanying detailed text as exempli ed here
and in previous worK10]. Authors encourage users of this manual
to also generate similar descriptions, thus inspectionofavel of
details, strategy for covering all genes and biointeratsioetc.,
might help on guiding the creation of novel pathways.

Although existing information about orthologues are retr
able from databases such as KEGG Orthology, within KEG&9],
or Panthef128]and this can be used to feed NCBI Taxonomy Com -
mon Tree, clustering of orthologues with software is alsegible.
OrthoMCL [129], Inparanoid[140] require comparisons of com-
plete genomes. Our group contributed with software thastdus

Please cite this article in press as: D. Trindade et al., Md&h(2014)http://dx.doi.org/10.1016/j.ymeth.2014.10.006




D. Trindade et al./Methods xxx (2014) XXX—XXX 19

cognate proteins among distinct proteomes, which are lihteea
seed sequencél8]. Combined with KEGG orthology (KO) and
other additions, we searched for enzymes implicated in tlosym-
thesis of amino acid$11]. Thus, with some extra bioinformatics
analysis it is feasible to understand the evolution of théhpaay,
as we did for the preimplantation embryo developméh@] and
exempli ed here for part of the hair development pathway ttha
presented several recent genes. The case studies shownafilere
be further explored in respect to the origin of their pampiiing
genes, since they involve pathways or systems which are iaedqu
relatively recently in human evolution.

5. Conclusions

Text mining was applied to two challenging issues, hair and
breast development. A work in partial time conducted by non-

experts for two months resulted in comprehensive pathw ayg t
covered the distinct stages of development. The methodocddg

guide provided and exemplied with the two case studies

presented, aim to support future initiatives. The nal puod,
pathways along with descriptions, may assist biologicaldsés
such as comparative transcriptome analysis.

Appendix A

(SeeTables AandB)

Appendix B. Supplementary data

Supplementary data associated with this article can be dgim
the online version, athttp://dx.doi.org/10.1016/j.ymeth.2014.10.
006.
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