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RESUMO

CARDOSO, A. P. M. M. Mecanismo de acdo do 17p-estradiol no corpo liteo de cadelas
nio prenhes. [Action mechanism of 17B-estradiol in the corpus luteum of non-pregnant
bitches]. 2016. 84 f. Tese (Doutorado em Ciéncias) — Faculdade de Medicina Veterinaria e
Zootecnia, Universidade de Sdo Paulo, Sdo Paulo, 2016.

O corpo lateo (CL) canino ¢ responsavel pela sintese de E2 durante o diestro. O E2 atua de
forma autdcrina e/ou paracrina sobre essa glandula. O mecanismo de atuacdo do E2 depende
da razdo entre receptor alfa (ERa) e receptor beta (ERPB). A ligacdo ao ERa tem efeito
proliferativo e ao ERp antiproliferativo. O objetivo deste trabalho foi entender a sinalizagao
mediada pelo ERa e ER no processo de formagdo e regressdao do CL. CLs foram obtidos de
cadelas ndo prenhes (n=30) nos dias 10, 20, 30, 40, 50 e 60 (n=5/grupo) ap6s a ovulagdo (po).
No dia da ovariossalpingohisterectomia foi colhido sangue para mensuragdo das concentracdes
de P4 ¢ E2. Dezoito CLs (n=3/grupo) foram submetidos ao sequenciamento de RNA (RNAseq).
Os genes diferencialmente expressos (DE) identificados pelo RNAseq foram submetidos ao
software oPOSSUM3 para identificacdo das regides de ligagdo mais representadas nos fatores
de transcrigdo relacionados aos genes do ERa (ESR1) e ERB (ESR2). A analise de expressao
temporal revelou a presenga de 5.116 diferencialmente expressos (DE) em pelo menos uma
comparagdo e 1.106 ndo foram anotados ainda no genoma canino, destes genes DE 295
apresentavam regioes de ligacdo de fatores de transcricdo em comum com ESR1 e ESR2. Dez
genes DE foram selecionados para validacdo dos resultados de RNAseq através do qPCR;
usando o GAPDH como gene de referéncia. Desses genes, quatro apresentaram regides em
comum com ESR2 (LEF-1; PAPPA; NDGR2; ATP1A1) e um com ESR1 (CAV1) e os demais
controlam prolifera¢do celular (CTNNB1; CCND1; IGFBP 3, 4 e 5). A expressao proteica de
PAPPA e IGFBP 3, 4 ¢ 5 (componentes do sistema IGF) foi avaliada também por imuno-
histoquimica. Durante a primeira metade do diestro, nossos resultados indicam que a
sinalizacdo mediada pelo E2 ocorre via interacdo do ERa com CAV-1 (sinalizagdo ndo
gendmica), ativando as vias de sinalizacdo IGF e WNT/Bcatenina, regulando o processo de
proliferagdo celular. Enquanto na segunda metade, o ERP regularia a expressdo génica de
NDGR2 e ATP1A1, contribuindo para a regressdao do CL. Assim nos resultados sugerem que o
E2 atue tanto como um fator luteotréfico e quanto regulador da regressdo do CL canino.

Palavras-chave: Estradiol. Corpo luteo. RNAseq. ESR1. ESR2



ABSTRACT

CARDOSO, A. P. M. M. Action mechanism of 17B-estradiol in the corpus luteum of non-
pregnant bitches. [Mecanismo de a¢do do 17B-estradiol no corpo luteo de cadelas nao
prenhes]. 2016. 84 f. Tese (Doutorado em Ciéncias) — Faculdade de Medicina Veterindria e
Zootecnia, Universidade de Sao Paulo, Sao Paulo, 2016.

The canine corpus luteum (CL) is responsible for E2 synthesis during diestrus, which acts in an
autocrine and / or paracrine manner in this gland. The E2 mechanism of action depends on the
ratio between alpha (ERa) and beta (ER) receptor The binding to ERa has a proliferative effect
whereas to ER[} an antiproliferative. The objective of this study was to understand the signaling
mediated by ERa and ERp in the formation and regression of the CL. CLs were obtained from
non-pregnant bitches (n = 30) on days 10, 20, 30, 40, 50 and 60 (n = 5 / group) post-ovulation
(po). On the day of ovariohysterectomy blood was collected for measurement of P4 and E2
concentrations. Eighteen CLs (n = 3 / group) were subjected to RNA sequencing (RNA-Seq).
Genes differentially expressed (DE) identified by RNA-Seq were submitted to o0POSSUM3
software for detection of over-represented transcription factors binding sites (TFBS) related to
the ERa (ESR1) and ERPB (ESR2) genes. The temporal expression analysis revealed the
presence of 5116 differentially expressed (DE) genes in at least one comparison, and 1106
genes, which have not been recorded to the canine genome yet From these, 295 genes showed
TFBS in common with ESR1 and ESR2. Ten DE genes were selected to validate the results of
RNA-Seq by qPCR; using GAPDH as reference gene. Of these genes, four had TFBS in
common with ESR2 (LEF-1; PAPPA; NDGR2; ATP1A1) and one with ESR1 (CAV1) and
others genes were chosen because they control cell proliferation (CTNNB1; CCND1, IGFBP
3, 4 and 5). Protein expression of the IGF related genes (PAPPA and IGFBP 3, 4 and 5) was
also evaluated by immunohistochemistry. During the first half of diestrus, it appears that E2
mediated signaling occurs via interaction of ERa with CAV-1 (non-genomic signaling),
activating signaling pathways of IGF and WNT / Bcatenin, then regulating the cell proliferation
process. Whereas in the second half, ERP appears to regulate NDGR2 and ATP1A1 gene
expression, contributing to the regression of the CL. Thus our results suggest that E2 may act

as a luteotrophic and also a luteolytic factor in the canine CL.

Keywords: Estradiol. Corpus luteum. RNAseq. ESR1. ESR2.
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1 INTRODUCTION

The corpus luteum (CL) is a temporary endocrine gland responsible for the production
of progestrone (P4) and estrogens in the case of canine species (PAPA; HOFFMANN, 2011).
CL develops from theca and granulosa cells, remnants of the ovarian follicle (DAVIS; RUEDA,
2002). It comprises luteal steroidogenic and non-steroidogenic cells such as fibroblasts,

endothelial cells and immune system cells (WEBB;WOAD; ARMSTRONG, 2002).

The CL undergoes a cyclic development process, which comprises development,
maintenance and regression. It reaches full secretory capacity when its formation is complete
(NISWENDER et al, 2000). . The CL gene expression varies constantly after ovulation and its
life span differs among species (SUGINO; OKUDA, 2007). In dogs, CL steroidogenic profile
differs along the diestrus, and there are a regency of P4 in the initial phase of development of
CL, decreasing values of P4 and increasing of 17p-estradiol (E2) in the maintenance phase

(PAPA et al., 2014).

In contrast to other species, in dogs the duration of functional CL is almost identical in
pregnant and non-pregnant animals, except that in non-pregnant dogs regression phase is slower
and may last for 1 to 3 months (median 70 days) until P4 reaches baseline levels <1 ng / ml

(KOWALEWSKI, 2012).

There are three main mammalian estrogens: E2, estrone and estriol. In the reproductive
tract, estrogens regulate many biological processes such as cell growth, development and gene
regulation in a tissue-specific manner  MATTHEWS; GUSTAFSSON, 2003). These biological
actions are mediated by binding to estrogen receptors (ERs): receptor alpha (ERa) or receptor

beta (ERB) (MATTHEWS; GUSTAFSSON, 2003; DRUMMOND; FULLER, 2012).

These receptors belong to the superfamily of nuclear receptors, and exert their effects
through two signaling pathways: genomic and non-genomic. In genomic signaling E2 binding
to its ERs present in the nucleus or cytosol, forming a complex that interacts with elements
responsives to estrogens (EREs) in the DNA in the promoter and regulatory region of the target
gene or by receptor interactions with another transcription factor that mediates the association

between ER and DNA, thereby regulating gene expression and cell function (SILVA; KABIL;
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KORTENKAMP, 2010; PROSSNITZ; BARTON, 2014).On the contrary, non-genomic
signaling is mediated by ERs present in the plasma membrane that promote signaling cascade
activation as ERK / MAPK and PI3K / AKT (MARINO; ASCENZI, 2008; VIVAR et al., 2010;
ZHAO; DAHLMAN-WRIGHT; GUSTAFSSON, 2010; WALL et al., 2014). While ERa and
ERp share similar mechanisms of action, several differences in transcriptional skills have been
identified (MATTHEWS; GUSTAFSSON, 2003). Studies show that when both ERs are co-
expressed, the ERf exhibits an inhibitory effect on gene expression mediated by ERa (HALL;
MCDONNELL, 1999; MATTHEWS; GUSTAFSSON, 2003; GAO; DAHLMAN-WRIGHT,
2011), as seen for example in ovarian epithelial cells and breast cancer cells, in which the ER]}
decreases gene expression of cyclin D1, a target gene of proliferative signaling mediated by
ERa activation (HARING et al., 2012). In general, the ERa has proliferative action, whereas
ERp is considered an antagonist of ERa and the ratio between them is important for the action

of E2 in the target cells (HALL; MCDONNELL, 1999; DRUMMOND; FULLER, 2012).

E2 regulates function of the corpus luteum in non-pregnant bitches in an autocrine /
paracrine manner (PAPA; HOFFMANN, 2011) and during diestrus the concentration of E2 is
highest on day 40 post-ovulation (PAPA et al., 2014), whereas the expression of its receptors
(ERa and ERP) varies along diestrus: in the early phase ERa gene expression is higher, and

near to regression, ERP expression increases (BONFIM NETO, 2014).

Thus based on reported evidences, we hypothesized that E2 regulates CL function
mediated by its receptor (ERB and ERra) signaling along diestrus.
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2 GLOBAL GENE EXPRESSION OF TRANSCRIPTOMES IN CORPUS LUTEUM
OF NON-PREGNANT BITCHES

ABSTRACT

The mechanisms regulating corpus luteum (CL) function and life span in non-pregnant bitches
are not completely understood, although many inputs have been added in the last 4 decades.
Under these circumstances new generation high-performance sequencing technologies appear
as an effective tool for studying large-scale transcriptome and scanning different molecular
pathways that might be activated at the same time. In the present study, we performed RNAseq
technology to compare the difference in CL mRNA expression during diestrus. The corpora
lutea were submitted to RNA sequencing strategy (RNA-seq). [llumina HiScanSeq generated a
total of 771.208.718 reads (approximately 42 million per sample), which showed an average
lengh of 100bp. The software Cufflinks revealed that the reads corresponded to 34.408 genes,
from which 9000 were not annotated to the canine genome and 29.011 showed some level of
expression in at least one of the studied time points. Additionally, the analyses showed that
5116 genes were differentially expressed, although 1106 among them were not annotated yet
to the canine genome. A total of 5116 genes were differentially expressed (DE), although 1106
among them were not annotated yet to the canine genome. Gene ontology (GO) and KEEG
analysis showed that the plenty of genes were related to cell proliferation, cell survival and
angiogenesis and the immune system regulated luteal formation and regression. This study
provides mega data that could drive researches reproduction related to the regulation of CL

lifespan.

2.1 INTRODUCTION

The domestic dog (Canis lupus familiaris) is classified as a monoestrus, i.e., non-
seasonal breeder with a long period of luteal activity (diestrus) and it is known that the canine
reproductive function is controlled by specific mechanisms (KOWALEWSKI, 2012). So, the

corpus luteum (CL) seems to be a key gland in the regulation of the reproductive cycle in dogs
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(KOWALEWSKI, 2014). This gland is responsible to produce progesterone (P4) and 17p-
estradiol (E2) in pregnant and non-pregnant bitches.

In contrast to other species, the duration of functional CL in dogs is almost identical in
pregnant and non-pregnant animals, therefore the physiological luteal lifespan is analogous in
both (KOWALEWSKI, 2014). However, the regression phase in non-pregnant is slower than
in pregnant bitches. Also unlike to other species, the canine CL is independent of gonadotropic
support during the first third of diestrus and luteal regression/luteolysis occurs in spite of an
increased gonadotropic support.

The prostaglandin E2 (PGE2) has been proposed as one of the most important
luteotrophic factors during CL formation, i.e., during the first third of diestrus and it acts in an
autocrine and/or paracrine manner (KOWALEWSKI et al., 2008; KOWALEWSKI et al.,
2011). During the second half of diestrus, prolactin (PRL) is the main luteotrophic factor and
its role is to sustain CL function and/or slowing down luteal regression (KOWALEWSKI,
2014). But CL function suffers regulation by others factors like: components of the immune
system through a set of cytokines produced by them may be involved in luteal formation and
regression (HOFFMANN et al., 2004b), E2 can exert luteotrophic or luteolytic action through
activation of its receptors, respectively, estrogen receptors-alfa (ERa) and estrogen receptors-
beta (ERB) (BONFIM NETO, 2014) and many others, as vascular endothelial growth
factor (VEGF) (MARIANI ET AL., 2006) , insulin-like growth factor (IGF)
(KOWALEWSKI, 2012) and glucose transporter member 1 (SLC2A1) (PAPA et al., 2014)
which are currently under discussion and / or research.

In pregnant dogs, P4 declines during prepartum luteolysis and prostaglandin F2a
(PGF2a) levels increases in maternal blood at the same time. These events are associated with
strong apoptotic signals in those animals (KOWALEWSKI, 2014). The endogenous
prostaglandin F2a (PGF2a), as opposed to what occurs in pregnant bitches, does not present a
crucial role in the luteal regression in non-pregnant bitches (KOWALEWSKI et al., 2006). So
far, studies were not able to decipher the mechanism of action that leads to CL regression in
non-pregnant dogs. Thus, the characterization of molecular mechanism involved in the control
of CL lifespan appears to be essential for a better understanding of female dog’s reproductive
physiology.

The use of techniques of high-performance sequencing can be an effective tool for large-

scale study of transcriptome, (LAN et al., 2014). Global gene expression patterns may vary in
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space (within different cell types or tissues), and the time, for example, during development
(MARTINEZ-LOPEZ; OCHOA-ALEJO; MARTINEZ,2014).

The RNA sequencing (RNAseq) may identify: rare transcripts and not yet known, new
splice variants, events of gene fusion and chimeras, single nucleotide polymorphisms (SNP)
and differentially expressed genes (LING et al., 2014). The primary goal of whole-
transcriptome analysis is to identify, characterize, and catalog all the transcripts expressed
within a specific cell or multiple tissues, either at a static given stage or across dynamic time-
varying stages (OH et al., 2014).

In reproduction, data obtained using this technology already exist. The ovarian follicle
transcriptome of sheep and women (BONNET et al., 2013; YERUSHALMI et al., 2014) and
somerelated to ovarian tissue in primates, cattle and goats (BABBITT et al., 2012; CANOVAS
et al., 2014; LAN et al., 2014; LING et al., 2014) have been published, but there is not data
about CL development, maintenance and regression to the knowledge of the authors. Thus, we
used the transcriptoma sequencing to characterize the CL function during diestrus in non-
pregnant dogs since this species presents a long diestrus (about 60 days) and some
particularities, which would be of interest to comparative reproduction. The aim of this study
was therefore to identify genes and pathways in which they are involved, which are

differentially expressed during diestrus to obtain a broader insight of CL function and control.

2.2 MATERIAL E METHODS

2.2.1 Animals and experimental design

Eighteen healthy mongrel bitches were included in this study. This study was approved
by the Committee of Ethics in the Use of Animals of the Faculty of Veterinary Medicine and
Animal Science, University of Sao Paulo, Sao Paulo, Brazil (protocol number 2719/2012).
After the onset of pro-oestrous bleeding, blood samples were collected every two days to
determine the progesterone (P4) concentrations. The day of ovulation was considered, the day
when P4 plasma concentrations reached 5ng/ml (CONCANNON et al., 1989). Six groups (n=3

animals per group) were established. The corpora lutea (CLs) were collected via
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ovariosalpingohysterectomy on days 10, 20, 30, 40, 50 and 60 post- ovulation (p.o.). After
collection, the CLs were dissected from the surrounding ovarian tissue and immediately frozen

in liquid nitrogen for total RNA extraction.

2.2.2 RNA extraction

Total RNA was extracted using TRIzol reagent (Life Technologies, Carlsbad, CA,
USA), in accordance with the manufacturer’s instructions. The quantification and
determination of A260/A280 ratio were determined using a Biophotometer (Eppendorf,
Hamburg, Germany). Subsequently, the samples were diluted to a concentration of 150 ng/uL.

Integrity of RNA was assessed by analysis in Agilent 2100 Bioanalyser (Agilent Technologies).

2.2.3 ¢cDNA library construction and RNA sequencing

All RNAseq libraries were constructed from 150 ng of RNA using Truseq RNA sample
Prep (Ilumina, San Diego, CA, USA) in accordance with the manufacter’s standard procedure.
The quality of the produced libraries was assessed using the Agilent 2100 Bioanalyser (Agilent
Technologies, Santa Clara, CA, USA) using a DNA chip 1000. Samples were considered valid
when presented fragments next to 260 bp. The quantification of the individual libraries was
performed using the PCR real time through the kit KAPA Library Quantification (KAPA
Biosystems, Willmigton, MA, USA).

Sequencing was performed on an [lumina HigSeq 200 using the pair-end reads protocol
and the Ilumina TruSeq PE cluster kit v3-cBotHS (Ilumina, San Diego, CA, USA), in
accordance with the manufacter’s instructions. In each lane, 6 samples were run sequenced and

generated 10 million reads per library.
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2.2.4 Data Analysis

The CASAVA 8.2 software (Ilumina, San Diego, CA, USA) was used to obtain the raw
data. The reads were mapped against the reference genome (Canis familiaris. CanFam
3.1.75.dna.toplevel.fa) using TopHat v2.0.9 and the transcripts were assembled using Cufflinks.
The relative abundance of transcripts of RNAseq fragments was measured by Cufflinks in
FPKM (Fragments per kilobase of exon per million fragments mapped). For each gene, we
compared the expression levels pairwise among groups. Cufflinks first computes the logarithm
of the ratio of FPKM between the subjects within each group, so it uses delta method to
estimative the variance of log ratio. The statistical method is log ratio of FPKM divided by the
standard deviation of log ratio (TRAPNELL et al., 2012). A gene was considered differentially
expressed if the FDR adjusted p value was < 0.05.

The differentially expressed (DE) genes detected by Cufflinks were converted in their
human  orthologs  using the  Inparanoid  eukaryotic ortholog  database
(http://inparanoid.cgb.ki.se/) which 1is a collection of pairwise ortholog groups between 17
whole genomes (O'BRIEN;REMM; SONNHAMMER, 2005).

Clustering of gene expression profiles for different post ovulation days was performed
with the self-organizing tree algorithm (SOTA; Pearson correlation, cell variability, P-value
0.0001) of Multi Experiment Viewer (MeV) v4.8.1 based on mean-centered normalized log2
transformed read counts (normalized value of a sample minus mean of all normalized values).
Co-regulated orthologous genes pooled in co-expression clusters and DE genes found in the
comparison 20x40 and 40x60 were used to extract Gene Ontology (GO) information from
public databases using Database for Annotation, Visualization and Integrated Discovery
(DAVID) (http://david.abcc.nciferf.gov/).

In order to identify the significantly enriched biological pathways, all DE genes were
mapped to KEGG database using the Functional Annotation Charts tools of DAVID. Pathways
with p-value (adjusted) < 0,05 were considered significant.

Venn diagram was constructed using all differentially expressed genes using day 10 p.o.

as reference.
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2.3 RESULTS

RNA integrity number ranged from 6,3 to 9,70. A total of 771 208 718 reads were
generated by Illumina HiScanSeq with an average size of 100 bp. Each sample produced an
average of 42 million reads. Alignment analysis showed that 673.577.446 (87,3%) of total
reads were mapped to the canine genome. The mapped reads were aggregated within 34.408
genes, and of this total 9.000 were not annotated in the canine genome. Our study showed that
29.011 genes had some level of gene expression in some point during diestrus. The temporal
gene expression analysis revealed the presence of 5.116 genes differentially expressed (DE) at
least one comparison and 1106 genes s had not yet been annotated in the canine genome. This
analysis showed that 1141 genes were DE in one of 15 possible comparisons and three were
DE in almost all diestrus (PAPPA, CAPN6 and NKD2). The gene PAPPA was more expressed
at the beginning of diestrus (Figure 1) and the NKD2 and as well as CAPN6 genes were more
expressed at the end of diestrus (60 p.o.), but their expression increased gradually (Figure 1).
In relation to isoforms, the analysis dectected 1215 DE isoforms and of this a total of 499 did

not show a corresponding described gene.

Figure 1 - Genes differentially expressed in almost all diestrus

A PAPPA B CAPN6
204 QA 25+

b

a b

20 30 40 50 10 20 30 40 50
Days after ovulation Days after ovulation

C NKD2

FPKM

10 20 30 40 50 60
Days after ovulation

Source: (CARDOSO, A. P. M. M., 2016).
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Those transcripts found to be differentially expressed at least in one of days p.o. were
subject to SOTA clustering. Cluster methods are frequently used for grouping genes by their
expressions patterns. Expression profiles were visualized as 12 clusters of similar expression
profiles during diestrus (Figure 2). The clusters 10, 11 and 12 contained genes up regulated in
the beginning of diestrus during the CL formation (day 10 p.o.) The cluster 9 contained genes
that had the highest expression on day 20 p.o. The clusters 1,3 and 4 included the genes that
their expression began to increase on day 35, 40 and 20 p.o., respectively until the end of
diestrus. The cluster 6 showed genes which were upregulated at the end of diestrus ( day 50
p.o.) when started the structural regression. The cluster 7 added the genes up regulated until the
second third of luteal phase (day 40 p.o.). The genes upregulated during the midle of luteal
phase were showed in the cluster 8. The clusters 2 and 5 contained the genes with highest

expression on day 40 and 50 p.o., respectively.

Figure 2- Clustering of genes expression profiles during diestrus.SOTA of MeV software (version 4.7.1) was used
to obtain group of genes with similar expression profiles. Clusters 1 to 12 from left to right and top to
down. Numbers of genes for each cluster are shown at top left
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Source: (CARDOSO, A. P. M. M., 2016).
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A Functional Annotation Clustering analysis to GO terms was performed using DAVID
for the individual SOTA clusters (Table 1). GO categories are organized into three groups:
biological process (BP), cellular compartiment (CC) and molecular function (MF). The clusters
3 (up- regulated on days 40 and 50 p.o.) did not show enrichment for any above described
categories. The cluster 1 (up-regulated on days 40, 50 and 60 p.o.) exhibited enrichment of
functions related to extracellular region and negative regulation of biological process. Genes
with highest expression on day 40 p.o (cluster 2) were enriched with functional terms as plasma
membrane and process that modulates a qualitative or quantitative trait of biological quality.
Genes down-regulated on the beginning of diestrus (Cluster 4) presented functional terms
related to membrane, such as endoplasmatic reticulum membrane and plasma membranes, as
well as anatomical structure development. Cluster 5 corresponded to genes up-regulated on 50
p.o. and the enriched functional categories were structural constituent of ribosome, intracellular
organelle and cellular metabolic process. Cluster 6 contained genes with highest expression at
the end of diestrus (days 50 and 60 p.o.), the most enriched terms were similar to the cluster 5,
except the immune response. The genes down-regulated at the end of diestrus (days 50 and 60
p.o.) were represented in cluster 7 and their overrepresented functional terms were cell motility,
development process and regulation of biological process. Cluster 8 exhibited genes up-
regulated on day 30, but with average lower levels on days 20 and 40. Enriched terms were, for
example, anatomical structure morphogenesis, plasma membrane part and cell motility. Only
one annotation cluster was found to cluster 9 (up-regulated on day 20 and less on day 40) and
this was related to extracellular membrane vesicle. The genes up-regulated at the first half of
diestrus (days 10, 20 and 30) were represented at cluster 10 and overrepresented functional
terms were related to cell motility, development process, plasma membrane and positive
regulation of cellular process. Strong enrichment of functions related to immune system was
found for genes up-regulated on day 10 and 50 p.o. (Cluster 11). Only one enriched functional

category, reproductive process, was found to cluster 12 (genes up-regulated on day 10 p.o.).
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In addition to understand better the CL dynamic during proliferative phases, luteal
physiological regression and structural, we performed GO analysis between groups 20x40 and
40x60. In both comparisons, the majority of enriched genes was up-regulated at the first group
of comparison (on days 20 and 40 p.o, respectively). At the comparison 20x40, the majority of
genes enriched to this category were up-regulated on day 20 p.o. (Figure 3) and various terms
were related to immune process. The term, single-organism cellular process (process that is
carried out at the cellular level), was the most enriched term and could be observed in both
moments. The other enriched terms were: positive regulation of biological process, metabolic
process and change in state or activity of a cell. In relation to 40x60 comparison (Figure 4), the
term single-organism cellular process was again the most enriched, followed by single-
organism developmental process (likewise a progression of an anatomical structure) and
positive regulation of biological process and some terms enriched on day 60 p.o. were related

to immune process and response to stress.
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Figure 3 — GO analysis of differentially expressed genes in comparisons 20x40. The differentially expressed

genes are classified in biological process

G0:0032879~regulation of localization
G0:0040012~regulation of locomotion
G0:0040017~positive regulation of locomotion
G0:0009719~response to endogenous stimulus
G0:0002252~immune effector process
G0:0002682~regulation of immune system process
G0:0040008~regulation of growth
G0:0032844~regulation of homeostatic process
G0:0007155~cell adhesion

G0:0009605~response to external stimulus
G0:0044703~multi-organism reproductive process
G0:0006955~immune response
G0:0050793~regulation of developmental process
G0:0044702~single organism reproductive process
G0:0044706~multi-multicellular organism process
G0:0048522~positive regulation of cellular process
G0:0065008~regulation of biological quality
G0:0051239~regulation of multicellular organismal process
G0:0042221~response to chemical
G0:0044710~single-organism metabolic process
G0:0008283~cell proliferation
G0:0048518~positive regulation of biological process

G0:0044763~single-organism cellular process

G0:0051241~negative regulation of multicellular organismal...

GO0:0006950~response to stress

D up-regulated day 20

Source: (CARDOSO, A. P. M. M., 2016).

e e

0 20 40

60 80 100 120 140
COUNT OF GENES

[ up-regulated day 40

160



30

Figure 4 — GO analysis of differentially expressed genes in comparisons 40x60. The differentially expressed

genes are classified in biological process

G0:0065009~regulation of molecular function
G0:0065008~regulation of biological quality
G0:0051716~cellular response to stimulus
G0:0051674~localization of cell
G0:0051239~regulation of multicellular organismal process
G0:0050793~regulation of developmental process
G0:0048870~cell motility

G0:0048856~anatomical structure development
G0:0048584~positive regulation of response to stimulus
G0:0048583~regulation of response to stimulus
G0:0048523~negative regulation of cellular process
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The pathways analysis was performed with all DE genes to predict the significantly
enriched metabolic pathways and signal transduction based on Kyoto Encyclopedia of Genes and
Genomes (KEEG) pathway. The significantly enriched pathways are showed in Figure 5. In total,
1229 DE genes had KEGG pathways annotations. The results showed that the significant
signaling pathways included 18 pathways, for example, pathways in cancer (as Wnt signaling,
VEGEF signaling, PI3K-AKT signaling, MAPK signaling), focal adhesion (that regulates cell
motility, cell proliferation and cell survival), Rapl signaling pathways (regulate cell
proliferation and survival), proteoglycans in cancer (regulate angiogenesis, proliferation and

survival), cytokine-cytokine receptor interactions (as IGF-1/IGFR, TGFo/EGFR, IL/ILR).

Figure 5 - The significant signaling pathways based on KEGG pathways annotations
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Source: (CARDOSO, A. P. M. M., 2016).
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Using day 10 as reference, the Venn diagram showed the possible intersection among
DE genes (Figure 6). The results show that 395 genes occur in all comparisons which have day
10 p.o. as reference. Through comparisons between different days studied: 10vs20, 10vs30,
10vs40, 10vs50 and 10vs60 showed 72, 108, 162, 464 and 870 different genes in each type of
comparison, respectively and the number of the DE genes was increased when comparison time

points were more distant from each other.

Figure 6 - Venn diagram comparing significant differentially expressed genes between days 20, 30, 40, 50 and 60
p.o. compared to 10 p.o

Source: (CARDOSO, A. P. M. M., 2016).

2.4 DISCUSSION

To the knowledge of the authors, there are no studies related to the transcriptome of the
corpus luteum in other domestic species using the new generation sequencing technology.

Differential gene expression analysis during the luteal phase showed the presence of 5116
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differentially expressed genes, which is a higher number than that found by Bogan and cols
(BOGAN et al., 2008) when assessing the gene expression of the primate corpus luteum through
microarray. The largest amount of differentially expressed genes obtained in our experiments
must be due to the capacity of RNAseq to detect low abundance transcripts (GUO et al., 2013;
ZHAO et al., 2014). However, likewise the data obtained by Bogan and cols (BOGAN et al.,
2008), the larger amount of differentially expressed transcripts were observed when CL from
the early luteal phase was compared with CL from the end of luteal phase.

Our data indicated that plenty of genes related to cell proliferation, cell survival and
angiogenesis were differentially regulated during diestrus, mainly during the first third of
diestrus (days 10 and 20 p.o.). The PAPPA gene, one of three DE genes in almost all
comparisons in diestrus, was an example. This gene encodes the protein denominated as
pregnancy-associated plasm protein-A (PAPP-A) in human and domestic animals
(NYEGAARD et al., 2010), which is a secreted metalloproteinase responsible for cleavage of
the insulin-like growth factor binding protein 4 (IGFBP4), the most abundant IGFBP in the
ovary (HOURVITZ et al., 2000; BROGAN et al., 2010; NYEGAARD et al., 2010). The PAPP-
A is a marker of corpus luteum formation (HOURVITZ et al., 2000; CONOVER et al., 2001;
CONOVER, 2012), which could be corroborated by our experiments. The highest expression
of this gene was found on day 10 p.o., which points towards its role in luteal steroidogenesis,
survival and proliferation (BROGAN et al., 2010; LODDO et al., 2014). Furthermore, insulin-
like growth factor 1 (IGF1) and some IGFBPs (as 3, 4 and 7) were DE genes in the early diestrus
too, relating the modulator role of IGF system in cellular differentiation and steroidogenesis
(NYEGAARD et al., 2010; BOTKJAR et al., 2015). Another different signaling proliferative
and angiogenic pathway molecules were also DE, such as Wnt-5 and B-catenin (SAITO-DIAZ
etal., 2013; ROSENBLUH et al., 2014) regulating Wnt pathway, MAP2K1 in MAPK pathway
(NADEAU et al., 2009), EGFR in EGF signaling (SESHACHARYULU et al., 2012),VEGFA
and VEGFC in VEGEF signaling (MARIANI ET AL., 2006; KOCH; CLAESSON-WELSH,
2012; LAURENZANA ET AL., 2015). In addition, proteins required for transport, such as iron
uptake TFRC1, amino acid transporter SLC36A1 and monocarboxylate transporter SLC16A7,
are also DE at beginning of diestrus. Most of these genes was up-regulated on day 10 p.o,
emphasizing data of high proliferative activity found in early luteal phase (HOFFMANN et al.,
2004a; PAPA; HOFFMANN, 2011). Indeed we observed that the majority of regulatory
mechanisms controling CL lifespan is expressed during the period of increased cell growth and

tissue modeling.
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Some enriched terms up-regulated on days 40, 50 and 60 p.o. were related to negative
regulation of biological processes. These periods correspond to observed structural regression
and degeneration (KOWALEWSKI, 2014). Two of three DE genes in almost all studied
comparisons were clustered here. The Naked 2 gene (NKD?2) encodes a protein, which is a
member of Naked family protein and a negative regulator of canonical Wnt signaling (CAO et
al., 2013), a proliferative pathway. The NKD2 expression gradually increased during diestrus,
being highest on day 60 p.o. Axin 2 and SFRP4, other inhibitors of Wnt signaling (GOTZE et
al., 2010; SAITO-DIAZ et al., 2013), were found DE at this moment as well; thus these
increases seem to be important to reduce cell proliferation. The calpain 6 (CAPNG6) is a protein
encoded by the CAPNG6 gene. This protein is a member of the calpains family, which comprises
intracellular cysteine proteins, whose activity is highly dependent upon Ca?’ ions
(SORIMACHTI et al., 2011; SMITH; SCHNELLMANN, 2012). It is known that the calpains
regulate various biological processes like cell migration and apoptosis (TONAMI et al., 2007;
SORIMACHI et al., 2011; SMITH; SCHNELLMANN, 2012; TONAMI et al., 2013), through
the limited proteolytic activity, which transforms their substrates into new functional states
(TOMANI et al., 2013; SORIMACHI et al., 2011). In cultured cells, CAPN6 regulates
microtubule dynamics and actin reorganization (TONAMI et al., 2007), but its ir vivo function
is still unclear (TONAMI et al., 2013). CAPNG6 is a suppressive modulator for differentiation
and growth in skeletal muscle (TONAMI et al., 2013) and perhaps this gene can suppress the
growth in CL, because its expression increased gradually during the luteal phase, being highest
on day 60 p.o., but more studies are necessary to understand the involvement of these calpains
in CL physiology. On day 60 p.o., moment for observation of the first apoptotic signals
(HOFFMANN et al., 2004a), some apoptosis related genes were DE. Likewise NOXAT1, which
encodes the enzyme NADPH oxidase, responsible to generate superoxide anion, a reactive
oxygen species (ROS), leading to ROS-mediated apoptotic cell death (PARK et al., 2012) was
upregulated, as well as IGFBP6, a glycoprotein inhibitor of IGFII actions, although it may act
independently of IGF action, promoting apoptosis and inhibition of angiogenesis (BACH,
2015Db).

DE genes related to immune system were found during early and regression luteal
phases: CD44, CD209, IL10 and TNFRSF18, and the enriched pathway related to cytokine-
cytokine interaction confirm that the immune system regulates luteal formation and regression

(HOFFMANN, BUSGES; BAUMGARTNER, 2004; HOFFMANN et al., 2004a).
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Our transcriptome results also confirmed the role of prostaglandins as a luteotrophic
factors (KOWALEWSKI et al., 2006; KOWALEWSKI et al., 2008), since COX-2 gene was
up-regulated during early diestrus. The expression of CYP1B1 and KIAA1324 genes suggests
the importance of E2 controlling CL lifespan. The CYP1B1 codes a cytochrome P450 enzyme
responsible of producing a cathecol estrogen, which is a strong agonist of estrogen receptors
(PICCINATO et al., 2016) and its expression was higher on day 10 p.o, decreased afterwards,
but increased again during regression (days 50 and 60 p.o). Whereas KIAA1324, an estrogen
regulated gene (ESTRELLA et al., 2014), was more expressed during regression. The encoded
protein has been characterized as a transmembrane protein, which is related to autophagic
vacuole formation (DENG et al., 2010) and in pancreatic tumor cells its expression may be
regulated by ERPB (ESTRELLA et al., 2014). Thus, these results suggest a role of E2 during CL
formation and regression.

The number of reads obtained in our sequencing, approximately 770 million, was larger
than reported for other animal reproduction experiments, or even the transcriptome of ovarian
follicles in women (BONNET et al., 2013; YERUSHALMI et al., 2014), and the ovarian tissue
of primates, cattle, goat and sheep (BABBITT et al., 2012; CANOVAS etal.,2014; LAN et al.,
2014; LING et al., 2014; CHEN et al., 2015). The only study able to obtain a larger number of
reads was the one from Bonnet and cols. (BONNET et al., 2013) , who reported a total of 2
billion reads, when sequencing the ovarian follicle during folliculogenesis in sheep. Ours results
demonstrated also a great depth in this sequencing.

On the average, 80% of reads generated from each sample were mapped in the canine
genome, similar to results obtained in the sequencing of ovarian tissue in goat, cattle and sheep
(CANOVAS et al., 2014; LAN et al., 2014; LING et al., 2014; CHEN et al., 2015) and larger
than that observed by Yerushalmi and cols (YERUSHALMI et al., 2014), when they analyzed
humans oocytes, from which the average alignment of each sample relative to the reference
genome was 70%.

In summary, the results provide an overview of the distribution of transcriptome along
the canine diestrus, bringing valuable data that will be explored in the future for a better

understanding of the physiological functions of this gland along canine diestrus.



36

REFERENCES

BABBITT, C. C.; TUNG, J.; WRAY, G. A.; ALBERTS, S. C. Changes in gene expression
associated with reproductive maturation in wild female baboons. Genome Biol Evol, v. 4, n.
2, p. 102-109, 2012.

BACH, L. A., Recent insights into the actions of IGFBP-6. J Cell Commun Signal, 9 (2), 189-
200, 2015.

BOGAN, R. L.; MURPHY, M. J.; STOUFFER, R. L.; HENNEBOLD, J. D. Systematic
determination of differential gene expression in the primate corpus luteum during the luteal
phase of the menstrual cycle. Mol Endocrinol, v. 22, n. 5, p. 1260-1273, 2008.

BONFIM NETO, A. P. O papel do 17p-estradiol no processo luteolitico de cadelas nao
prenhes. 2014. 52 f. Dissertagdo (Mestrado em Ciéncias) - Faculdade de Medicina
Veterinaria e Zootecnia, Universidade de Sdo Paulo, Sao Paulo, 2014.

BONNET, A.; CABAU, C.; BOUCHEZ, O.; SARRY, J.; MARSAUD, N.; FOISSAC, S.;
WOLOSZYN, F.; MULSANT, P.; MANDON-PEPIN, B. An overview of gene expression
dynamics during early ovarian folliculogenesis: specificity of follicular compartments and bi-
directional dialog. BMC Genomics, v. 14, p. 904, 2013.

BOTKIJAR, J. A.; JEPPESEN, J. V.; WISSING, M. L.; KLOVERPRIS, S.; OXVIG, C.;
MASON, J. I.; BORGBO, T.; ANDERSEN, C. Y. Pregnancy-associated plasma protein A in
human ovarian follicles and its association with intrafollicular hormone levels. Fertil Steril,
v. 104, n. 5, p. 1294-1301, 2015.

BROGAN, R. S.; MIX, S.; PUTTABYATAPPA, M.; VANDEVOORT, C. A.; CHAFFIN, C.
L. Expression of the insulin-like growth factor and insulin systems in the luteinizing macaque
ovarian follicle. Fertil Steril, v. 93, n. 5, p. 1421-1429, 2010.

CANOVAS, A.; REVERTER, A.; DEATLEY, K. L.; ASHLEY, R. L.; COLGRAVE, M. L ;
FORTES, M. R.; ISLAS-TREJO, A.; LEHNERT, S.; PORTO-NETO, L.; RINCON, G.;
SILVER, G. A.; SNELLING, W. M.; MEDRANO, J. F.; THOMAS, M. G. Multi-tissue
omics analyses reveal molecular regulatory networks for puberty in composite beef cattle.
PLoS One, v. 9,n. 7, p. €102551, 2014.

CAO, C.; WANG, S.; LV, S.; LI, Z.; WANG, X.; ZENG, F.; ZHANG, H.; DAL Y.; DOU,
X.; CHEN, X.; LI, X.; LUO, L.; HU, T.; YAN, J. A monoclonal antibody produced against
Naked2. Monoclon Antib Immunodiagn Immunother, v. 32, n. 4, p. 290-294, 2013.

CHEN, H. Y.; SHEN, H.; JIA, B.; ZHANG, Y. S.; WANG, X. H.; ZENG, X. C. Differential
gene expression in ovaries of Qira black sheep and Hetian sheep using RNA-Seq technique.
PLoS One, v. 10, n. 3, p. €0120170, 2015.

CONOVER, C. A.; FAESSEN, G. F.; ILG, K. E.; CHANDRASEKHER, Y. A_;
CHRISTIANSEN, M.; OVERGAARD, M. T.; OXVIG, C.; GIUDICE, L. C. Pregnancy-
associated plasma protein-a is the insulin-like growth factor binding protein-4 protease



37

secreted by human ovarian granulosa cells and is a marker of dominant follicle selection and
the corpus luteum. Endocrinology, v. 142, n. 5, p. 2155, 2001.

CONOVER, C. A. Key questions and answers about pregnancy-associated plasma protein-A.
Trends Endocrinol Metab, v. 23, n. 5, p. 242-249, 2012.

DENG, L.; FENG, J.; BROADDUS, R. R., The novel estrogen-induced gene EIG121 regulates
autophagy and promotes cell survival under stress. Cell Death Dis, 1, 32, 2010.

ESTRELLA, J. S.; MA, L. T.; MILTON, D. R.; YAO, J. C.; WANG, H.; RASHID, A;
BROADDUS, R. R., Expression of estrogen-induced genes and estrogen receptor P in
pancreatic neuroendocrine tumors: implications for targeted therapy. Pancreas, 43 (7), 996-
1002, 2014

GOTZE, S.; WOLTER, M.; REIFENBERGER, G.; MULLER, O.; SIEVERS, S. Frequent
promoter hypermethylation of Wnt pathway inhibitor genes in malignant astrocytic gliomas.
Int J Cancer, v. 126, n. 11, p. 2584-2593, 2010.

GUO, Y.; SHENG, Q.; LI, J.; YE, F.; SAMUELS, D. C.; SHYR, Y. Large scale comparison
of gene expression levels by microarrays and RNAseq using TCGA data. PLoS One, v. &, n.
8, p. 71462, 2013.

HOFFMANN, B.; BUSGES, F.; ENGEL, E.; KOWALEWSKI, M. P.; PAPA, P. Regulation
of corpus luteum-function in the bitch. Reprod Domest Anim, v. 39, n. 4, p. 232-240, 2004a.

HOFFMANN, B.; BUSGES, F.; BAUMGARTNER, W. Immunohistochemical detection of
CD4-, CD8- and MHC II-expressing immune cells and endoglin in the canine corpus luteum
at different stages of dioestrus. Reprod Domest Anim, v. 39, n. 6, p. 391-395, 2004b.

HOURVITZ, A.; WIDGER, A. E.; FILHO, F. L.; CHANG, R. J.; ADASHL E. Y.;
ERICKSON, G. F. Pregnancy-associated plasma protein-A gene expression in human ovaries
is restricted to healthy follicles and corpora lutea. J Clin Endocrinol Metab, v. 85, n. 12, p.
4916-4920, 2000.

KOCH, S.; CLAESSON-WELSH, L., Signal transduction by vascular endothelial growth factor
receptors. Cold Spring Harb Perspect Med, 2 (7), a006502, 2012.

KOWALEWSKI, M.; SCHULER, G.; TAUBERT, A.; ENGEL, E.; HOFFMANN, B.
Expression of cyclooxygenase 1 and 2 in the canine corpus luteum during diestrus.
Theriogenology, v. 66, n. 6-7, p. 1423-1430, 2006.

KOWALEWSKI, M. P.; MUTEMBEI, H. M.; HOFFMANN, B. Canine prostaglandin E2
synthase (PGES) and its receptors (EP2 and EP4): expression in the corpus luteum during
dioestrus. Anim Reprod Sci, v. 109, n. 1-4, p. 319-329, 2008.

KOWALEWSKI, M. P.; MICHEL, E.; GRAM, A.; BOOS, A.; GUSCETTL F.;
HOFFMANN, B.; ASLAN, S.; REICHLER, I. Luteal and placental function in the bitch:
spatio-temporal changes in prolactin receptor (PRLr) expression at dioestrus, pregnancy and
normal and induced parturition. Reprod Biol Endocrinol, v. 9, n., p. 109, 2011.



38

KOWALEWSKI, M. P. Endocrine and molecular control of luteal and placental function in
dogs: a review. Reprod Domest Anim, v. 47, p. 19-24, 2012. Supplement, 6.

KOWALEWSKI, M. P. Luteal regression vs. prepartum luteolysis: regulatory mechanisms
governing canine corpus luteum function. Reprod Biol, v. 14, n. 2, p. 89-102, 2014.

LAN, D.; XIONG, X.; WEL Y.; XU, T.; ZHONG, J.; ZHI, X.; WANG, Y.; LI, J. RNA-Seq
analysis of yak ovary: improving yak gene structure information and mining reproduction-
related genes. Sci China Life Sci, v. 57, n. 9, p. 925-935, 2014.

LAURENZANA, A.; FIBBI, G.; CHILLA, A.; MARGHERI, G.; DEL ROSSO, T.; ROVIDA,
E.; DEL ROSSO, M.; MARGHERI, F., Lipid rafts: integrated platforms for vascular
organization offering therapeutic opportunities. Cell Mol Life Sci, 72 (8), 1537-57, 2015.

LING, Y. H.; XIANG, H.; LL Y. S.; LIU, Y.; ZHANG, Y. H.; ZHANG, Z. J.; DING, J. P.;
ZHANG, X. R. Exploring differentially expressed genes in the ovaries of uniparous and
multiparous goats using the RNA-Seq (Quantification) method. Gene, v. 15, n. 1, p. 148-153,
,2014.

LODDO, M.; ANDRYSZKIEWICZ, J.; RODRIGUEZ-ACEBES, S.; STOEBER, K.; JONES,
A.; DAFOU, D.; APOSTOLIDOU, S.; WOLLENSCHLAEGER, A.; WIDSCHWENDTER,
M.; SAINSBURY, R.; TUDZAROVA, S.; WILLIAMS, G. H. Pregnancy-associated plasma
protein A regulates mitosis and is epigenetically silenced in breast cancer. J Pathol, v. 233, n.
4, p. 344-356, 2014.

MARIANI, T. C.; DO PRADO, C.; SILVA, L. G.; PAARMANN, F. A.; LIMA, M. C,;
CARVALHO, I.; CAMPOS, D. B.; ARTONI, L. P.; HERNANDEZ-BLAZQUEZ, F. J.;
PAPA, P. C. Immunohistochemical localization of VEGF and its receptors in the corpus

luteum of the bitch during diestrus and anestrus. Theriogenology, v. 66, n. 6-7, p. 1715-1720,
2006.

MARTINEZ-LOPEZ, L. A.; OCHOA-ALEJO, N.; MARTINEZ, O. Dynamics of the chili
pepper transcriptome during fruit development. BMC Genomics, v. 15, n., p. 143, 2014.

NADEAU, V.; GUILLEMETTE, S.; BELANGER, L. F.; JACOB, O.; ROY, S.; CHARRON,
J., Map2kl and Map2k2 genes contribute to the normal development of syncytiotrophoblasts
during placentation. Development, 136 (8), 1363-74, 2009.

NYEGAARD, M.; OVERGAARD, M. T.; SU, Y. Q.; HAMILTON, A. E;
KWINTKIEWICZ, J.; HSIEH, M.; NAYAK, N. R.; CONTI, M.; CONOVER, C. A,;
GIUDICE, L. C. Lack of functional pregnancy-associated plasma protein-A (PAPPA)

compromises mouse ovarian steroidogenesis and female fertility. Biol Reprod, v. 82, n. 6, p.
1129-1138, 2010.

O'BRIEN, K. P.; REMM, M.; SONNHAMMER, E. L. Inparanoid: a comprehensive database
of eukaryotic orthologs. Nucleic Acids Res, v. 33, p. D476-480, 2005.



39

PAPA, P. C.; HOFFMANN, B. The corpus luteum of the dog: source and target of steroid
hormones? Reprod Domest Anim, v. 46, n. 4, p. 750-756, 2011.

PAPA, P. E. C.; SOUSA, L. M.; SILVA, R. O. S.; DE FATIMA, L. A.; DA FONSECA, V.
U.; DO AMARAL, V. C.; HOFFMANN, B.; ALVES-WAGNER, A. B.; MACHADO, U. F.;
KOWALEWSKI, M. P. Glucose transporter 1 expression accompanies hypoxia sensing in the
cyclic canine corpus luteum. Reproduction, v. 147, n. 1, p. 81-89, 2014.

PARK, K. J.; LEE, C. H.; KIM, A.; JEONG, K. J.; KIM, C. H.; KIM, Y. S., Death receptors 4
and 5 activate Nox1 NADPH oxidase through riboflavin kinase to induce reactive oxygen
species-mediated apoptotic cell death. J Biol Chem, 287 (5), 3313-25, 2012.

PICCINATO, C. A.; NEME, R. M.; TORRES, N.; SANCHES, L. R.; CRUZ DEROGIS, P.
B.; BRUDNIEWSKI, H. F.; E SILVA, J. C.; FERRIANI, R. A.

ROSENBLUH, J.; WANG, X.; HAHN, W. C. Genomic insights into WNT/B-catenin signaling.
Trends Pharmacol Sci, 35 (2), 103-9, 2014.

SAITO-DIAZ, K.; CHEN, T. W.; WANG, X.; THORNE, C. A.; WALLACE, H. A.; PAGE-
MCCAW, A.; LEE, E. The way Wnt works: components and mechanism. Growth Factors, 31
(1), 1-31, 2013.

SESHACHARYULU, P.; PONNUSAMY, M. P.; HARIDAS, D.; JAIN, M.; GANTI, A. K;
BATRA, S. K. Targeting the EGFR signaling pathway in cancer therapy. Expert Opin Ther
Targets, 16 (1), 15-31, 2012.

SMITH, M. A.; SCHNELLMANN, R. G. Calpains, mitochondria, and apoptosis. Cardiovasc
Res, v. 96, n. 1, p. 32-37, 2012.

SORIMACHI, H.; HATA, S.; ONO, Y. Impact of genetic insights into calpain biology. J
Biochem, v. 150, n. 1, p. 23-37, 2011.

TONAMI K.; KURIHARA, Y.; ABURATANI, H.; UCHIUIMA, Y.; ASANO, T.;
KURIHARA, H. Calpain 6 is involved in microtubule stabilization and cytoskeletal
organization. Mol Cell Biol, v. 27, n. 7, p. 2548-2561, 2007.

TONAML K.; HATA, S.; OJIMA, K.; ONO, Y.; KURIHARA, Y.; AMANO, T.; SATO, T.;
KAWAMURA, Y.; KURIHARA, H.; SORIMACHLI, H. Calpain-6 deficiency promotes
skeletal muscle development and regeneration. PLoS Genet, v. 9, n. 8, p. €1003668, 2013.

YERUSHALMI, G. M.; SALMON-DIVON, M.; YUNG, Y.; MAMAN, E.; KEDEM, A_;
OPHIR, L.; ELEMENTO, O.; COTICCHIO, G.; DAL CANTO, M.; MIGNINI RENZINU,
M.; FADINI, R.; HOURVITZ, A. Characterization of the human cumulus cell transcriptome

during final follicular maturation and ovulation. Mol Hum Reprod, v. 20, n. 8, p. 719-735,
2014.

ZHAO, S.; FUNG-LEUNG, W. P.; BITTNER, A.; NGO, K.; LIU, X. Comparison of RNA-
Seq and microarray in transcriptome profiling of activated T cells. PLoS One, v. 9, n. 1, p.
e78644, 2014.



40

3 NEW INSIGHTS ON THE ROLE OF 17B-ESTRADIOL IN CORPUS LUTEUM
LIFESPAN OF NON-PREGNANT BITCHES

ABSTRACT

Canine corpus luteum (CL) is responsible for E2 synthesis during diestrus, which acts in an
autocrine and/or paracrine manner within this temporary endocrine gland. The mechanism of
action of E2 depends on the expression ratio of ERa and ERB. Binding to ERa has a
proliferative and to ERP an antiproliferative effect. The aim of this study was to better
understand the signaling mediated by ESR1 and ESR2 in the formation and regression of canine
corpus luteum (CL). For this purpose, we applied RNA sequencing (RNAseq) to identify
differentially expressed (DE) genes during diestrus and used these genes to detect over-
represented conserved transcription binding sites (TFBS) related to ESR1 and ESR2. We found
that during the first half of diestrus, E2 signaling appears to be mediated by ERa via interaction
with caveolin-1 (non-genomic pathways): IGF system and Wnt/B-catenin signaling were
identified as one of the cascades activated by this interaction, with a major role in the
proliferative process. During the second half of diestrus, ERP appears to regulate NDGR2 and
ATP1ALI gene expression, contributing to the regression of the CL. Thus our results suggest

that E2 might activate both luteotrofic and regression-related factors in canine CL.

3.1 INTRODUCTION

The canine corpus luteum (CL) produces progesterone (P4) and 17B-estradiol (E2) and
these hormones regulate CL lifespan in an autocrine and/or paracrine manner (HOFFMANN et
al., 2004a; PAPA; HOFFMANN, 2011). During its lifespan, CL undergoes development,
maintenance and regression processes, which are regulated by local factors controlled to induce

both morphological and physiological changes (KOWALEWSKI, 2014).
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Studies in different species reported E2 as a luteotrofic factor for example, in rabbits
and rats, whereas in humans and bovines it acts as a luteolytic factor (SHIBAYA et al., 2007;
KOHEN et al., 2013; TRIPATHY et al., 2016). The effects mediated by E2 depend on the
binding of E2 to estrogen receptors: estrogen receptor alpha (ERa) and estrogen receptor beta
(ERp), are encoded by two distinct genes, ESR1 and ESR2, respectively. These receptors
belong to the nuclear receptor family and show similar structure, although their proteins have
showed distinct regulatory function. In general, ERa promotes cell proliferation and ERJ
appears to have an anti-proliferation role (VIVAR et al., 2010), as in cells where both receptors
are expressed, ERB appears to inhibit ERa transcriptional activity; therefore the E2 response
signaling depends on the ERo/ERp ratio MATTHEWS; GUSTAFSSON, 2003).

Upon ligand activation, ERs produce genomic and non-genomic effects. The genomic
effects regulate gene transcription and occur through direct binding of ERs to estrogen
responsive elements (EREs) in the regulatory regions of E2 target genes; alternatively, ERs can
interact with other transcription factors such as AP-1 (activating protein-1) and SP-1
(stimulating protein 1) to indirectly influence gene expression (VIVAR et al., 2010; ZHAO;
DAHLMAN-WRIGT; GUSTAFSSON, 2010; WALL et al., 2014). Non-genomic effects
regulate ion channel and signal transduction, and are mediated by ERs located in the plasma
membrane within caveolar rafts (MARINO; ASCENZI, 2008). Their actions regulate the
majority of known estrogen extranuclear responses and are mediated by activation of
downstream cascades such as ERK/MAPK and PI3K/AKT (MARINO; ASCENZI, 2008;
(VIVAR et al., 2010; ZHAO; DAHLMAN-WRIGT; GUSTAFSSON, 2010; WALL et al.,
2014).

Canine CL expresses ESR1 and ESR2. ESR1 expression is highest at the beginning of
diestrus (PAPA; HOFFMANN, 2011), whereas ESR2 expression is highest at the end of
diestrus (BONFIM NETO, 2014) and the ratio ERa/ERf varies throughout diestrus (PAPA;
HOFFMANN, 2011). However, E2 signaling mechanisms in the canine luteal tissue are still
poorly understood.

The evaluation of global transcriptome sequencing using high-throughput sequencing
(RNA-seq) is a key step to understand the complex biological process of several conditions or
tissues, since this method is very sensitive, quantifies RNAs expressed at very low levels and
is able to detect splicing variants/isoforms, even if previously unknown. Thus, this tool is a
good method to determine differentially expressed genes (DE) and to characterize their

temporal spectrum within a biological process. Gene expression is controlled by regulating
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elements denominated cis-regulatory elements (CRES) (KWON et al., 2012; LI et al., 2015)
such as promoters, enhancers and silencers. CRES are represented by DNA motifs and they
determine which genes are specifically active in a cell (LOVEN et al., 2013; LI et al., 2015).
Therefore, the identification of CRES that control gene expression helps understanding the
network of gene interactions in a biological process identifying the sequence motifs that are
over-represented in the cis-regulatory regions, i.e., identifying over-represented transcription
factor binding sites (TFBS) (KIM; JUNG, 2006; WANG et al., 2009; KWON et al., 2012;
SURYAMOHAN; HALFON, 2015).

In the present study, deep-sequencing technology (RNA-seq), was used to determine the
CL transcriptome of non-pregnant bitches during diestrus and to identify over-represented
TFBS related to ESR1 and ESR2 through enrichment analyses of TFBS among DE genes. The
aim of the study was to gain further insights on the signaling mediated by ESR1 and ESR2 in

the formation and regression of canine CL.

3.2 MATERIAL AND METHODS

3.2.1 Animals and experimental design

Thirty healthy mongrel bitches were included in this study after approval by the
Committee of Ethics in the Use of Animals of the School of Veterinary Medicine and Animal
Science, University of Sao Paulo, Sao Paulo, Brazil (protocol number 2719/2012). After the
onset of pro-oestrous bleeding, blood samples were collected on alternate days to determine
plasma progesterone (P4) concentrations. In the day of ovulation, P4 plasma concentrations
reached Sng/ml (CONCANNON et al., 1989). Six groups (n=5 animals per group) were
established. The CLs were collected via ovariosalpingohysterectomy on days 10, 20, 30, 40, 50
and 60 post -ovulation (p.o.). After collection, CLs were dissected from the surrounding ovarian
tissue and immediately frozen in liquid nitrogen for total RNA extraction and further RNA
sequencing (RNAseq) or fixed in 4% buffered formalin for 24h for immunohistochemistry.
Blood samples were also collected just before anesthesia to determine the hormonal profile of

P4 and E2during diestrus.
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3.2.2 Library construction and sequencing

Eighteen healthy mongrel bitches were included in the RNA sequencing (RNAseq)
experiment (n=3 per group). Total RNA was extracted using TRIzol reagent (Life
Technologies, Carlsbad, CA, USA), in accordance with the manufacturer’s instructions.
Samples were diluted to a concentration of 150 ng/uL. Integrity of the RNA was assessed
through analysis in an Agilent 2100 Bioanalyser (Agilent Technologies). All RNAseq libraries
were constructed using Truseq RNA sample Prep (Ilumina, San Diego, CA, USA) in
accordance with the manufacter’s standard procedure. The quality of the produced libraries was
assessed using the Agilent 2100 Bioanalyser (Agilent Technologies, Santa Clara, CA, USA)
with a DNA chip 1000. Samples were considered appropriate when fragments presented close
to 260 bp. The quantification of the individual libraries was performed using PCR real time
through the kit KAPA Library Quantification (KAPA Biosystems, Willmigton, MA, USA).

Sequencing was performed on an [lumina HiqSeq 200 using the pair-end reads protocol
and the Ilumina TruSeq PE cluster kit v3-cBotHS (Ilumina, San Diego, CA, USA), in
accordance with the manufacturer’s instructions. Six samples were ranged per lane, sequenced

and generated 10 million reads per library.

3.2.3 RNAseq analysis

CASAVA 8.2 software (Ilumina, San Diego, CA, USA) was used to obtain the raw data.
The reads were mapped against the reference genome (Canis familiaris. CanFam
3.1.75.dna.toplevel.fa) using TopHat v2.0.9 and the transcripts were assembled using Cufflinks.
The relative abundance of transcripts of RNAseq fragments was measured by Cufflinks in
FPKM (Fragments per kilobase of exon per million fragments mapped). For each gene,
expression levels were compared among groups. The differential expression of the genes is
assayed by log ratio of FPKMm divided by the standard deviation of log ratio. A gene was
considered differentially expressed if the FDR adjusted p value was < 0.05.
The differentially expressed (DE) genes detected by Cufflinks were converted into their

human  orthologs  using the  Inparanoid  eukaryotic ortholog  database
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(http://inparanoid.cgb.ki.se/), which is a collection of pairwise ortholog groups among 17 whole

genomes. Finally, we used o0POSSUM3 (http://opossum.cisreg.ca.) to identify over-represented

conserved transcription factor binding sites (TFBS) related to ERs.

3.2.4 Quantitative Real-Time RT-PCR

We performed qRT-PCR for validation of RNAseq results The relative transcripts
levels of 10 target genes were measured, five presented over-represented TFBS with ERs, three
were related to the IGF system and two with Wnt/beta catenin signaling. RNA samples (n=5
per group) were used to measure the relative gene expression by quantitative real-time RT-PCR
(qPCR). Concentration and quality of RNA were determined using a Biophotometer
(Eppendorf, Hamburg, Germany) and integrity was analysed by electrophoresis through 2%
agarose gel. The samples (1 pg of total RNA) were transcribed to cDNA (complementary DNA)
using Superscript III reverse transcriptase (Life Technologies, Carlsbad, CA, USA) according
to the manufactures instructions. PCR reactions were performed using an automated
fluorometer ABI PRISM 7500 Sequence Detection System (Applied Biosystems) and 96-well
optical plates. Each sample (25 ng of total RNA) was analyzed at least in duplicate. Gene-
specific primers used are listed in table 2. GAPDH was selected as reference gene based on
Normfinder (ANDERSEN; JENSEN; ORNTOFT, 2004) results. Relative gene expression of
lymphoid enhancer-binding factor 1 (LEF1), betacatenin (CTNNBI1), cyclin D1 (CNND1),
pregnancy-associated plasma protein A (PAPPA), insulin-like growth factor-binding protein 3
(IGFBP3), insulin-like growth factor-binding protein 4 (IGFBP4), insulin-like growth factor-
binding protein 5 (IGFBPS), caveolin 1 (CAV1), N-myc downstream-regulated gene 2
(NDGR2) and ATPase Na'/K" (ATP1A1) was calculated by the Pfafll method (PFAFFL, 2001)
followed by Linear Regression (LingRegPCR 7.0) fluorescent analysis (RAMAKERS et al.,
2003).
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Table 2- List of primers for ¢ PCR

Gene Primer Sequence Probe Genbank number
LEF1 cf02686726_mh FJ374770.1
CTNNBI Forward 5" ACTGAGCCTGCCATCTGTGC3’ TTCGTCATCTGACCAGCCGACAC  FJ268743.1
Reverse S’TCCATAGTGAAGGCGAACAGC3” CA
CCNDI cf02626707-m1 AY620434.1
PAPPA ¢f02700554_ml XM_538813.2
IGFBP3 Cf02655026_gl XM_548740.2
IGFBP4 Cf02656701_m1 XM_845091.1
IGFBP5 Cf02691124 sl XM_847792.1
NDGR2 Cf02722935 ml XM_858273.1
ATP1A1 Cf02627969_ml 142173.1
CAV-1 Cf02628396_ml U47060.1
GAPDH ID cf04419463_gH AB038240.1

Source: (CARDOSO, A. P. M. M., 2016).

3.2.5 Immunohistochemistry

The immunoperoxidase immunohistochemistry protocol was applied on tissue sections
prepared from four CLs per dog, after a microwave pre-incubation in TRIS-EDTA buffer
(10mM Tris base, ImM EDTA, pH 9.0). The primary antibodies used were monoclonal
antimouse for PAPPA, IGFBP3, IGFBP4 and IGFBPS5 (table 3). Negative controls were
prepared using IGg isotype control antibody (normal mouse IGgl, Santa Cruz Biotechinologies,
Dallas, TX, USA) for IGFBP4 and IGFBP5, 1Gg2a isotype control antibody (normal mouse
IgG2a, Abcam, Cambridge, UK) for IGFBP3 and 1Gg2b isotype control antibody (normal
mouse IGg2b, Abcam, Cambridge, UK) for PAPP-A. Positive controls were human placenta
sections for PAPP-A and IGFBP5 (BAXTER, 2014; OXVIG, 2015) and human liver sections
for IGBP3 and IGFBP4 (BACH, 2015a; BAXTER, 2015).
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Table 3- List of antibodies for immunohistochemistry

Antibody Isotype Immunogen Diluition Catolog number
PAPPA 1gG2b Full length native protein 1:80 Abcam (Ab52030)
IGFBP3 1gG2a Recombinant full length 1:40 Abcam
(Ab 89331)
IGFBP4 IgGl Human recombinant IGF 1:80 Abcam (Ab4252)
binding protein 4
IGFBP5 IgGl Human IGFBP5 1:80 Novus Biological (NBP2-
12366)

Source: (CARDOSO, A. P. M. M., 2016).

3.2.6 Hormone assay

Serum steroid hormones (P4 and E2) were determined by validated chemiluminescence
immune assay. The analytical sensitivity of P4 and E2 assay were 0.10ng/mL and 15pg/mL
respectively. The inter-assay coefficient of variation (CV) for P4 and E2 was 7.51% and 9.3%
respectively. The intra- assay CV was 6.11% and 9.5% respectively.

3.2.7 Statistical Analysis

Data were tested for homogeneity and normality using the Kolmogorov- Smirnov test.
Data are presented as mean +SEM.

The qPCR data were compared by the one-way ANOVA test, followed by the Bonferroni
test, for normal distributed data. The correlations between the RNAseq and qPCR results were
verified by Pearson’s correlation. The difference was considered significant when p<0.05. All
statistical analyses were performed with GraphPadPrism 5 (GraphPad Software, Inc, San

Diego, CA, USA).
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3.3 RESULTS

3.3.1Transcripton factor binding sites related with estradiol receptor

The temporal gene expression analysis revealed the presence of 5.116 differentially
expressed genes in at least one comparison, and 1106 genes which have not been annotated in
the canine genome yet. We converted 4010 genes into their human orthologs in order to identify
the over-represented TFBS related to ERs. In our ortholog approach to TF analysis, we assumed
that the TF binding sites are conserved evolutionarily, as demonstrated elsewhere (WANG et
al, 2012). Fifty genes showed TFBS with ESR1 and 293 with ESR2 (supplementary data S1
and S2); ESR1 and ESR2 shared the same TFBS (in 48 genes).

3.3.2 Validation of selected mRNA levels as estimated by gPCR and RNAseq

We used qPCR analysis to validate the results obtained by RNAseq. Genes were
selected after being identified as DE by RNAseq analysis and shared TFBS with ERs or genes
associated with the proliferation process. The selected genes included IGF system (PAPPA,
IGFBP3, IGFBP4 and IFGBPS5), Wnt/betacatenin signaling (CTNNBI1, LEF-1 and CCND1),
genes regulated by estrogen hormones (NDRG2 and ATP1A1) and plasma membrane ER
(CAV1). Results showed that the expression levels detected by qPCR were consistent with the
results from RNAseq analysis. Ralues of correlation|(r) from all genes ranged from 0.3775 (for
CCND1) to a maximum of 0.9984 (for PAPPA) with a mean value of 0.756 (p<0.05) (Figure
7).
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Figure 7 - Validation of differentially expressed genes identified by RNAseq, using qRT-PCR. Genes are indicated
by their official gene symbols. Data are presented as mean of FPKM (RNAseq) and of relative gene
expression (qQPCR). The correlation information in each analysis is indicated by Pearson (r)
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3.3.3 CTNNBI, LEF-1, CCNDI, PAPPA, IGFBP3, IGFBP4, IGFBPS5, NDGR2, ATPIAI and
CAV1 gene expression in CL during diestrus

No significant differences were observed for CTNNBI, LEF-1, CCND1, IGFBPS,
NGDR2 or ATP1A1 mRNA expression (Figures 8A, 8B, 8C, 8G, 8H and 8I) during diestrus.
PAPPA, IGFBP3 and IGFBP4 mRNA expression changed significantly (Figures 8D, 8E and
8F) with the highest expression on day 10 p.o (p<0.001) and a decreased thereafter. Caveolin-

1 gene expression showed no variation from days 10 to 40 p.o (Figure 2J), and then decreased
after day 50 p.o (p<0.001).
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Figure 8 - Gene expression of CTNNB1(A), LEF-1(B), CCND1(C), PAPPA(D), IGFBP3(E), IGFBP4(F),
IGFBP5(G), NGDR2(H), ATP1A1(I) AND CAV-1(J) in canine CL during diestrus (10 — 60 days
p-o.). Data are presented as mean =+ standard error of relative gene expression (n=5 animals group).
Bar with different letters indicate significant differences between groups
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3.3.4 Localization of PAPPA and IGF binding proteins

To get further insights on the role of IGF system over CL lifespan, we verified the
localization of PAPPA and IGF binding proteins (IGFBP3, IGFBP4 and IGFBPS). All proteins
presented immunopositive staining, which could only be observed in the cytoplasm of luteal
and endothelial cells in all studied phases (days 10-60p.o., Fig 4). PAPPA exhibited a stronger
positive signal on day 10 p.o.; whereas IGFBP3 and IGFBP4 on days 40 and 50 p.o.(Fig. 4).
IGFBPS5 showed a stronger staining in the beginning of diestrus and a qualuitative decrease on

days 50 and 60 p.o. (Figure 9).



52

Figure 9 - Immunolocalization of PAPPA, IGFBP3, IGFBP4 and IGFBP5 in CL during diestrus (days 10-60
p.0.).NC=negative control. Scale bars = 50pm
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3.3.5 Progesterone (P4) and 17f- estradiol (E2) concentrations

The steroidogenic plasma profile of bitches variated over diestrus. P4 is abundant during
the developing phase and it presented the highest plasma concentration on day 20 p.o.
(p<0.0001) decreasing gradually thereafter (Figure 10A). E2 concentrations reached highest
plasma concentrations on day 50 p.o., which differed significantly from days 10 and 60 p.o.

(Figure 10B).

Figura 10 - Mean £SEM concentrations of serum progesterone (A) and estradioll7-f (B) in periferical plasma of
30 bitches during diestrus.Different letters indicate a significant difference (p<0,05)
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3.4 DISCUSSION

This is the first study that used a high sequencing technology to focus on the continuous
changes of cellular transcriptome probably mediated by E2 in cyclic canine CL. Our results
suggest an action of E2 during proliferative and regression phases of canine CL mediated by
binding of E2 to ERa and ER, respectively.

An essential step to identify the regulatory network is the analysis of the promoter region
(HO SUTI et al., 2007; KWON et al., 2012; LI et al., 2015) and this can be perfomed by the
identification of over-represented TFBS. This region is modeled using position specific scoring
matrices (PSSMs), which are constructed from alignments of binding sites sequences

characterized experimentally or identified in high-throughput protein-DNA binding assays (HO



54

SUI et al., 2005, LEE; HUANG, 2013). The use of PSSMs to detect TFBS is well established
(HO SUI et al., 2005, LEE; HUANG, 2013) and studies indicate that oPPOSSUM produces
few false positive results (MENG; MOSIG; VINGRON, 2010; KWON et al.,, 2012).
Furthermore, the presence of gene and protein were demonstrated in canine CL by Bonfim Neto
(2014) and Papa and Hoffmann (2011), confirming that this analysis may be a complement to
understand deeper the role of E2 in canine lifespan. We found 295 genes showing TFBS related
to ERs, from which 48 were shared between ESR1 and ESR2. This finding is not surprising,
since it has also been observed by other researchers in cancer cells (CHANG et al., 2006;
ZHAO; DAHLMAN-WRIGHT; GUSTAFSSON, 2010; GROBER et al., 2011), although in
these studies each receptor had distinct effects on target genes (and this possibility cannot be
rouled out in canine CL). Some ERs target genes were related to different signaling pathways,
showing that E2 signaling in CL is, probably, mediated by cross-talk. For example, our results
showed that LEF-1 and PAPPA had TFBS with ESR2 and they are key elements in different
signaling pathways (Wnt/B-catenin signaling and IGF system, respectively).

Our P4 results were similar to those reported previously by Hoffmann et al (1992) and
our research group Papa et al (2014). E2 results were similar to those published previously
(PAPA et al., 2014), confirming our hypothesis that E2 plasma concentrations may influence
CL dynamic, especially its regression, as the first signs of regression (HOFFMANN et al.,
2004a) matches highest E2.

The Wnt/ B-catenin signaling is a pathway related to cell differentiation, cell
proliferation and apoptosis (MACDONALD; TAMAI;, HE, 2009; BAARSMA;
KONIGSHOFF; GOSENS, 2013; SHY et al., 2013). The activity of this pathway is controlled
by B-catenin protein stability (MACDONALD; TAMAI; HE, 2009), which depends upon the
action of the B-catenin destruction complex. Glycogen synthase kinase (GSK3) is the main
protein of this complex; when GSK3 is inhibited, B-catenin stabilizes and translocates to the
nucleus (CLEVERS; NUSSE, 2012; BODNAR et al., 2014). In the nucleus, B-catenin interacts
with DNA binding transcriptional regulators, such as LEF-1. When B-catenin and LEF-1 are
bound, they act as transcriptional co-activator and activate the transcription of WNT signaling
of specific genes such as CCND1, VEGF, c-Myc and Mmp7 (RIDER et al., 2006; RAY et al.,
2008; YANG et al., 2010; GUPTA et al., 2011).

In the absence of nuclear B-catenin, LEF-1 acts as a transcriptional repressor
(MACDONALD; TAMALIL HE, 2009; CLEVERS; NUSSE, 2012). As described by Holmes

and cols. (2008), LEF-1 binds to several ER-cis regulatory elements and acts as transcriptional
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a repressor of estrogen, since LEF-1 competes with ERs to bind to DNA. Our results showed
that LEF-1 had over-represented TFBS with ESR2 and LEF-1 expression is higher at the
beginning of diestrus. Thus, probably, LEF-1 was a repressor of ERf signaling in canine CL
during early luteal phase or can active the proliferation process via binding to -catenin, because
the CTNNBI and LEF-1 gene expression showed a similar behavior pattern during diestrus:
although no significant difference was observed, their qualitative expression was highest on
day 10 p.o. and decreased over the studied period, pointing towards a relation with CL
proliferation. In mouse uterine stromal and epithelial cells, neural cells, colon and breast cancer
cells, E2 stimulated B-catenin translocation to the nucleus through ERa signaling and increased
the amount of this protein binding to LEF-1 (KOUZMENKO et al., 2004; RIDER et al., 2006;
RAY et al., 2008; VAREA et al., 2010; WANDOSELL et al., 2012). As ERS1 expression is
highest at the beginning of diestrus (PAPA; HOFFMANN, 2011), probably, a similar signaling
could be observed in CL.

In neural and hepatoma cells, IGF-I estimulates -catenin translocation to the nucleus
via activation of PI3K/AKT signaling, which inhibits GS3K and stabilizes B-catenin
(DESBOIS-MOUTHON et al., 2001; VAREA et al., 2010; WANDOSELL et al., 2012). In
neural cells, Varea and cols. (2010) and Wandosell and cols. (2012) observed that E2 induced
the association between ERa and IGF-IR and this complex activated PI3K/AKT signaling. Our
results bring some members of IGF system to the factors related with CL lifespan in bitches,
and the observed alterations in gene and protein expression are probably homologous to that
described for other species, as bovines (BROWN; BRADEN, 2001; UNIYAL et al., 2015),
ovines (HASTIE; HARESIGN, 2006), porcines (GE et al., 2003; GADSBY et al., 2006),
humans (SUGINO et al., 1999; FRASER et al., 2000; INIGUEZ et al., 2001), rats (SUGINO et
al., 1999) and non-humans primates (BROGAN et al., 2010).

The IGFBPs are a group of six proteins that bind IGF with high affinity and block their
interaction with IGF receptors. IGFBPs cleavage by enzymes such as matrix metalloproteinases
(MMPs) and PAPPA can increase IGF bioavailability and activate its cell surface receptor
(BUNN; FOWLKES, 2003; BAXTER, 2014; BACH, 2015; BRAHMKHATRI; PRASANA;
ATREYA, 2015; DENDULURI et al., 2015). As IGFBPs modulate the effects of IGF, they are
probably involved in luteal function (BROWN; BRADEN, 2001) and their presence in the CL
has been reported also for bovines (BROWN; BRADEN, 2001; NEUVIANS et al., 2003;
UNIYAL et al., 2015), humans (FRASER et al., 2000; INIGUEZ et al., 2001), porcines (GE et
al., 2003) and ovines (HASTIE; HARESIGN, 2006).
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In our study, we demonstrated IGFBPs 3-5 mRNA and protein expression in CL of non-
pregnant bitches. IGFBP3 and IGFBP4 mRNA expression was highest at the beginning of
diestrus, but staining was stronger when luteal regression started, whereas IGFBP5 mRNA and
protein expression did not vary significantly during diestrus. These protein results could be
explained by IGFBP protease, such as PAPP-A. This enzyme is a marker of corpus luteum
formation (HOURVITZ et al., 2000; CONOVER et al., 2001; CONOVER, 2012); which was
corroborated by our experiment, in which it exhibited a time-dependent gene and protein
expression, with highest values at the beginning of diestrus. Although its gene expression
decreased during CL maintenance phase, its protein signals could still be observed. PAPP-A
cleaves IGFBP4 and IGFBPS, but cleavage of IGFBP4 is enhanced by the presence of IGF,
whereas the IGFBPS cleavage is slightly reduced (SOE et al., 2002). PAPP-A is an important
regulator of IGF bioavailability and this function is important to determinate the follicular fate,
since its expression is restricted to dominant follicles and CL (HOURVITZ et al., 2000;
CONOVER et al., 2001; CONOVER, 2012). This protease is a key regulator of ovarian
steroidogenesis in mice and humans (NYEGAARD et al., 2010; BOTKJAR et al., 2015).
IGFBP3 is cleaved by other proteinases such as MMPs, mainly MMP1, MMP2 and ADAM12
(OXVIG, 2015) and these proteinases were also found among our DE genes, showing highest
expression on day 10 p.o. (data not shown). Thus, our data suggest strong presence of IGFs
during CL proliferation and maintenance phases.

The increased protein expression of IGFBP3 and IGFBP4 could be related to CL
structural regression in our study, as they are growth-inhibitory in many systems in vitro and in
vivo (BACH, 2015; BAXTER, 2015). This inhibitory role for IGFBP3 has been described in
porcine and bovine CL (BROWN; BRADEN, 2001; GE et al., 2003), whereas IGFBP4 just in
bovines (SCHAMS et al., 2002). Some IGFBP3 inhibitory effects are mediated by induction of
apoptosis (GRIMBERG, 2000; JOHNSON; FIRTH, 2014; BAXTER, 2015; RANKE, 2015)
and inhibition of angiogenesis (KIM et al., 2011), whereas IGFBP4 inhibits steroidogenesis
(BACH, 2015), angiogenesis (RYAN et al., 2009; MORENO et al., 2013; BACH, 2015) and is
a PB-catenin signaling inhibitor (BAXTER, 2015). Therefore, our data suggest a wide and
complex regulation of the IGF system in canine CL.

Caveolin-1 (CAV-1) is a membrane protein present in caveolae, a unique type of lipid
raft that is responsible for signal transduction. The presence of caveolae was observed in early
CL of bitches and humans (CRISP; DESSOUKY; DENYS, 1970; ABEL et al., 1975).Our

results showed highest CAV1 expression at the beginning of diestrus, but its expression did not
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change from day 20 to 40 p.o. when it started decreasing. This suggests that CAV-1 is necessary
during CL formation and maintenance, due to its importance during angiogenesis. CAV-1 is
considered an excellent marker for vascularization (LUPIANEZ etal., 2012; LAURENZANA
et al., 2015) and is necessary for optimal neovascularization (SOWA, 2012). However, CAV-1
can bind to ERa and potentiates ERa activity (SCHLEGEL et al., 2001; ANWAR et al., 2015).
This engagement with ERa occurs at the cell membrane and activates many signal transduction
cascades (non-genomic pathways) related to proliferation and differentiation (MARINO;
ASCENZI, 2008; LA ROSA et al., 2012; PEDRAM et al., 2012; HAMMES; DAVIS, 2015),
confirming our TFBS results, which emphasized a co-regulation between CAV1 and ERSI.
The presence of ERa in plasma membrane was first observed in endometrial cell trough intact
cell binding to estradiol immobilized on nylon fibers (PIETRAS; SZEGO, 1977) and it was
supported by other studies that have also demonstrated its presence by enzyme-linked
immunocytochemistry, confocal microscopy, flow cytometric analysis and affinity
chromatography in pituitary tumor cells, endothelial cells and breast cancer cells lines,
(NORFLEET et al., 1999; RUSSELL et al, 2000,PEDRAM; RAZANDI; LEVIN, 2006).

In order to be located in the plasma membrane and associated with CAV-1, ERa
undergoes a post-translational modification denominated palmitoylation, which is mediated by
palmitoyltransferase (PAT) (MARINO; ASCENZI, 2008; LA ROSA et al., 2012; PEDRAM et
al., 2012).Palmitoylation promotes the physical association of ER with caveolin-1, thus
facilitating ER translocation to the plasma membrane. We found some differentially expressed
PATSs during diestrus, with highest expression during the proliferation and maintenance phases
(10-30 p.o.) as demonstrated by our RNAseq results (data not shown). These results lead to
speculation of plasma membrane-localized ERa in canine CL. Scientific community has come
to a consensus model that E2 exerts its proliferative effects exclusively mediated by binding to
membrane ERa (LA ROSA et al., 2012; HAMMES; DAVIS, 2015). This E2-ERo membrane
complex promotes rapid activation of growth factors, such as epidermal growth factor receptor
(EGFR) and insulin-like growth factor receptor (IGFR), which results in the activation of
several kinases and enhancement of ERa-mediated transcription as seen in CCNDI
transcription, a key regulator of cell cycle progression (MARINO; ASCENZI, 2008; LA ROSA
et al., 2012; HAMMES; DAVIS, 2015). Thus, this signaling could be responsible for CCND1
expression (depicted from our RNAseq results), which increased during the proliferation phase
with no changes until the start of structural regression, when this expression decreased.

Therefore, our results suggest that genomic and non-genomic ERa pathways are linked to the
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control of CL proliferation and these processes may also depend on cross-talk mediated by the
IGF system and Wnt/P catenin signaling (Figure 11). Therefore, we intend to deeper the study

of these complicated cross-talk pathways.

Figure 11- Proposed model for the interaction between ERa, the IGF system and WNT/B-catenin signaling in CL
of non-pregnant bitches. When E2 activates ERa present at the plasma membrane, this receptor separates from
CAV-1 and interacts with IGFR, activating PI3/AKT, which stabilizes p-catenin and improves ERa control of

transcription.
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NDRG?2 is a cytoplasmic protein and member of the NDRG family that belongs to the
o/P hydrolase family and is known as a tumor suppressor gene (MA et al., 2012; OBRADOVIC
et al., 2013; SHEN; YAO; ZHANG, 2015). NDRQG2 is a target gene of E2 through binding to
ERP, which in turn regulates its expression via transcriptional activation (LI et al., 2011),
reinforcing our TFBS data: on day 60 p.o. its expression was highest, which coincides with
increased ESR2 mRNA (BONFIM NETO, 2014). In many malignant tumors, this protein is
able to suppress endothelial cell proliferation and enhance apoptosis by increasing p53
expression (MA et al., 2012; SHEN; YAO; ZHANG, 2015). The highest p53 gene expression
was found on day 60 p.o. in our RNAseq results, suggesting a contribution of E2 in CL

regression mediated by ER involving also the apoptotic mechanism (Figure 12).
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The ATP1A1 gene encodes the catalytic subunit of Na'/K"™ ATPase protein (NKA).
NKA is responsible for creating an electrochemical gradient across the plasma membrane, but
exerts other functions like cell adhesion, motility and signal transduction (OBRADOVIC Et al.,
2013; CHEN et al., 2014; LI; LANGHANS, 2015). In porcine preovulatory luteinized follicles,
ATP1A1 was functionally classified as a cell growth inhibitor (AGCA et al., 2006). A decrease
in ATP1A1 expression has also been observed in several human cancers such as prostate,
kidney and bladder (ESPINEDA et al., 2003; SELIGSON et al., 2008; LI et al., 2011). These
data corroborate our study, as ATP1A1 expression increased when the structural regression
started and its expression showed a positive correlation with NDGR2 protein and gene
expression (LI et al., 2011). These genes had TFBS with ESR2, indicating that their activity is
necessary to reduce CL proliferation. Li and cols (2011) demonstrated that the NKA a1l subunit
regulates cellular kinases activity through its interaction with c-Src (Proto-oncogene tyrosine-
protein kinase) inhibiting Src cellular action, through reduction of VEGF production and
angiogenesis. To act as a signal transduction factor, the NKA al subunit must be located in
tight junctions (RAJASEKARAN; RAJASEKARAN, 2009), enabling us to further
comprehend the role of ATP1A1 in CL regression (Figure 12).
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Figure 12- Proposed model for ERf signaling in CL of non-pregnant bitches. E2 signaling activates ERB, which
increases the genic transcription of NDGR2 and ATP1Al. NDGR2 increases p53 expression, triggering
components of the apoptotic process. ATP1ALI inhibits SRC action, reducing angiogenesis.
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The correlation analysis between the RNAseq and qPCR results was satisfactory,
showing that RNAseq may be a good tool for finding DE genes, as demonstrated already by
others researches (NAGALAKSHMI ET AL. 2008; SAMBORSKI ET AL. 2013;
MARTINEZ-LOPEZ; OCHOA-ALEJO; MARTINEZ, 2014). Transcriptome evaluation is a
key step to understanding the complex tissue formation process, especially when weakly
expressed genes are involved. Although, no significant difference has been observed for the
majority of the qPCR validated genes, these could be explained by the low level of expression
of some genes (NAGALAKSHMI et al., 2008).

In summary, our study suggests a possible role of E2 in the regulation of the CL lifespan.
During the first half of diestrus, E2 seems to act as a luteotrofic factor throughout, via non-
genomic signaling mediated by ERa and interacting with the IGF system and Wnt/p catenin
signaling. In the second half of diestrus, one pro-luteolytic action appears to be mediated by the

ERP pathway, regulating the expression of NDGR2 and ATP1Al.
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ANEXO A - Differentially expressed genes (DEGs) with overrepresented transcription binding sites (TFBS)

with ESR1
Official TFBS TFBS
gene Rel. Rel.

Ensembl ID(s) symbol Chr Start End Score %Score TFBS Sequence
ENSG00000003137 CYP26B1 2 1670 1689 16,48 86,40% CCCTCAGGTCCCCATGACCT
ENSG00000011347 sytl7 11 1752 1771 15,78 85,30% ATGCCTGGGCACCATGACAT
ENSG00000033327 GAB2 11 27_90 27_71 15,7 85,20% TCAGCTGGTCACACTGACCT
ENSG00000059915 psd 10 173 192 17,78 88,40% GTTCCAGGGCCCCCTGACCT
ENSG00000079432 Cic 19 941 960 15,96 85,60% GATCCGGATCAACCTGACCT
ENSG00000080573  Col5a3 19 41-78 41-59 19,65 91,20% AGTCCAGGCCACTCTGACCT
ENSG00000086730 LAT2 7 29_90 29_71 17,95 88,60% GCCCCAGGCCACCCTGGCCC
ENSG00000105612 DNASE2 19 45_91 45_72 16,64 86,60% GGCCCGGGTCCTCCTGACCC
ENSG00000105974 cavl 7 1109 1128 18,05 88,80% AGCTCAGGGCAGGCTGACCC
ENSG00000108515  ENO3 17 25-80 25-61 15,63 85,10% TGGCCAGGTGGCCCTGCCCC
ENSG00000108771  dhx58 17 49_91 49_72 15,93 85,60% AGTGATGGTCAGCATGACCT
ENSG00000108846 Abcc3 17 40_07 39_88 18,35 89,20% GGCACAGGGCACCCTCACCT
ENSG00000113070  HBEGF 5 10-57 10-38 16,1 85,80% GGGCAGGGCCAGACTGACCC
ENSG00000116191  ralgps2 1 648 667 18,4 89,30% GCAACAGGTCACCCTGACCG
ENSG00000121769  fabp3 1 634 653 16,21 86%  GAGTGAGGTCATTGTGACCT
ENSG00000125967 NECAB3 20 -221 -202 16,57 86,50% CACTTGTGTCACCCTGACCT
ENSG00000129116 palld 4 1593 1612 15,79 85,30% TTGTCAGGTCATGCTGACTT
ENSG00000130052  Stard8 X 10-31 10-12 15,66 85,20% CAGCCATGGCACCCTGCCTT
ENSG00000130299 GTPBP3 19 48_20 48_01 15,95 85,60% AAGCAGGGCCAGCATGACCT
ENSG00000131435 PDLIM4 5 28_26 28_07 15,84 85,40% AGGCCTGGGCATCGTGCCCT
ENSG00000131620 ANO1 11 19-26 19-07 18,78 89,90% TGACCAGGCCACCCTGCCCT
ENSG00000131771 PPP1R1B 17 26-39 26-20 16,31 86,10% AATGCAGGGCACCCTGGCCC
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16,2
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15,77
16,14
16,59
16,52
19,96
17,22
17,07
17,66
18,35
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16,38
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15,58
15,61
15,87
17,48
16,59
16,98

16,93

86,10%
86%
87,20%
91,30%
86,80%
86,80%
88,70%
85,30%
85,90%
86,60%
86,50%
91,70%
87,50%
87,30%
88,20%
89,20%
86,90%
86,20%
87%
85%
85,10%
85,50%
87,90%
86,60%
87,20%

87,10%
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ATCCCAGGGGACCCTGCCTT
TGCTCAAGTCACTGTGACCC
CTGCCAGGTCGCGCTGCCCT
ATCCTAGGTCACTGTGACCT
CGGGAAGGTCATCCTGTCCC
TTGCCAGGACTCCCTGACCC
AGCCACGGTCACCCTGACAC
TGCCCCGGTCTCCCTGCCCC
CTCCCTGGTCCCCCTGCCCT
GGCCCTGGGCAGAGTGACCT
GACTTGGGCCACCCTGACCC
GCCCCGGGCCACCCTGACCT
CATGAAGGTCACGCTGCCCT
GGTCAAGGTCACATTGACTT
GGGCTAGGGCAGCTTGACCC
TCTCAAAGTCACCCTGACCT
GGCCAGGGTCACCGCGACCC
ACGCCAGGTCACCAAGCCCC
AGGCGAGGTCACCTTGGCCC
GACCCAGGGCTGCCTGACAC
CCCAGTGGGCACCCTGACCC
CTTCTAGGTCAGAATGACCC
CTGCCAGGACTCCCTGACCC
ACCCCAAGTCACCCTGATCT
GGCCAAGGCCAAGCTGACCC

GGCCAATGTCTCCCTGCCCT
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ENSG00000213246 SUPT4H1 17 1702 1683 18,15 88,90% ACCCCAGGGCAGCCTGACCA

ANEXO B - Differentially expressed genes (DEGs) with overrepresented transcription binding sites

(TFBS) with ESR2
Official TFBS TFBS
gene Rel. Rel.
Ensembl ID(s) symbol Chr Start End Score %Score TFBS Sequence

ENSG00000001617 sema3f 3 1448 1465 12,516 85,70% CAAGGTCACCTGAGCCTG

ENSG00000003137  CYP26B1 2 1674 1691 17,477 92,80% AAAGGTCATGGGGACCTG
ENSG00000004866 ST7 7 197 214 12,759 86% GAAGATCAGAATGCCCTA
ENSG00000005020 skap2 7 1347 1330 13,152 86,60% CAAGGTCACAATGAATTC
ENSG00000005249 prkar2b 7 -680 -663 14,279 88,20% AAAGGTCACTGTCATCTT
ENSG00000006468 etvl 7 1255 1272 12,529 85,70% AAGGGTCAAGATGTCTTA
ENSG00000009335 UBE3C 7 1185 1168 17,114 92,30% TAAGGTCACGTTGTCCCC
ENSG00000011347 Syt7 11 1756 1773 12,488 85,70% TGATGTCATGGTGCCCAG

ENSG00000012171 SEMA3B 3 2316 2299 15,266 89,60% CCAGGTCATGCTGCCCAG

ENSG00000017427 Igfl 12 2737 2720 12,669 85,90% AGGTGTCATGGTGAACTT

ENSG00000027075 PRKCH 14 -482 -465 12,388 85,50% CCAGGGCACGGCGCCCCC
ENSG00000030419 ikzf2 2 815 832 13,046 86,50% AAAGCTCATTGTCACCTG
ENSG00000033327 GAB2 11 2786 2769 17,32 92,60% GAAGGTCAGTGTGACCAG
ENSG00000033867 Slc4a7 3 -30 -13 13,146 86,60% TTAGGTCACTGTGCTTITG

ENSG00000048707 VPS13D 1 1684 1667 12,901 86,20% GAAGGGCACGCTGCACTC

ENSG00000049449 RCN1 11 -683 -666 14,27 88,20% NNAGGCCACGCTGTCCTG
ENSG00000059915 psd 10 177 194 15,732 90,30% ACAGGTCAGGGGGCCCTG
ENSG00000063241 isoc2 19 2113 2096 12,699 86% CTGAGTCTCGCTGCCCTG

ENSG00000064205 Wisp2 20 -54 -37 12,739 86% CTGGGTCACACCCACCTC
ENSG00000065882 TBC1D1 4 4166 4149 13,482 87,10% TAATGTCATTTTCACCTG

ENSG00000066136 nfyc 1954 1937 12,112 85,10% ATTGGTCATTTTGACCCC
ENSG00000067842 Atp2b3 X 1283 1300 12,097 85,10% TTGGGCCACTCTGTCCTT

[y

17 1156 1139 13,092 86,50% CCGGCTCACGCTGCCCCC

ENSG00000069188 sdk2

ENSG00000069399 Bcl3 19 1871 1888 12,255 85,30% CTAGGCCACTTTCTCCTG
ENSG00000070961 ATP2B1 12 627 644 12,104 85,10% GCCGGGCACGGTGCCCTC
ENSG00000071537 SELI1L 14 -25 -8 13,191 86,70% CTGGGTCAGGGAAGCCTG
ENSG00000073350 ligl2 17 1358 1341 12,807 86,10% GTGGATCATGGTGACATC

ENSG00000073792 Igf2bp2 3 47 64 15,317 89,70% AAATGTCACAGTACCCTG

ENSG00000073861 tbx21 17 1678 1661 13,165 86,60% CTGGGTCATGCCCACCTC
ENSG00000074527 NTN4 12 -80 -63 13,448 87% AGGGGTCATGATGTCCCT
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CTGGGTCAGGCCAGCCTC
CACTGTCAGATTGCCCTG
CCAGCTCAGCTTGCTCTG

CCGGGTCATGGGGCCCAG
TCAGGTCAGGTTGATCCG
ATGGGTCACCTTGCACAG

AGAGGTCAGAGTGGCCTG
GAAGGTCAGGGTGAGCAG

CTGGCTCAGGCTGCCCTT
GCAGGTCAGGCTACCCAG

GGAGGGCATCTTGTCCTG
GAGGGTCACTGTGGCACG

CAGGGGCACAGTGATCCA
CTGGGCCACTCTGTCCCC

CTGGGTCAAGGAGCCCAG
CTAGGTCTTAATGCCCCC

CTCGGTCATGGTGGCCTG

CAAGGTCAGCTTAATCAC
AAAGGTCATTCTGCACTT
CAAGGACACTGTCACCTC

AAGGGTCATTTTGAACTC
AAAGCGCAGGGTGCCCTT

GAAGCCCAGCTTGACCTG
CAATGTCAGTTTATCCTA

CTGAGTCACCTCGCCCTC
CTGGGCCACTGTCCCCTC

CAGGGTCATGATGCGCTG

TGGGGTCAGGAGGACCCG
GAAGGTCACTCTGCCACC
CTGGGTCACTCTGTCCCC

CCAGGTCAAGGTGAAATA

CCAGGTCAGAAGGCCCTG
GAAGGTCATGAAGTCCTA
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GAAGGTCATGAAGTCCTA
CAATGTCACTGTCACCAA

TGAGGTCATGCTGACCAT
GTGGGTCACAGTGGCCCC
GGAAGTCAGGGTGACCCC

CCAGGTGAGGGTGCCCTG
CAGGGCCAGCCTGGCCTG
CAAAGTCAGAGTGTCATG
GAAGATCATGCTGACCCC
CTAGGTCATACTGAAATA

CAGGGTCTGTGTGTCCCT
GAAGGTCATGAGGACATC
CCAGGCCAGCGTGTCCCC
CAGGGCCAGACTGACCCC
TTAGGTCAGAGAGATCTA

CTGGGACAGGATGTCCCC
TTATGTCACACTGAACTG

CGCGGTCAGGGTGACCTG
AAAGGGCATTTTAACCTC

GAGGATCAGGCTGCCCTC
TAGTGTCTTTGTGACCTG

TAAGGTCATGCTGAAATT
ATGGGTCAGGCTCCTCTA

CAGGGTCAGAGGACCATG
CGCGCTCACTGTGCCCTG
GAGGGCCATGATGCCCTA

CAAGGTCAAATTCTCCTG
TGAGGTCATTGTGACCTC
CCATGTCAGGGTGCTCTT

TGAGGACAGTGTGTCCTG
CACGGTCCTGTTGACCTG

AAAGGTCACTGTGCCACG
TGGGGTCACGTTGCTCAG

TCAGGTCACGTGGCCCTT
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4 CONCLUSIONS

The majority of regulatory mechanisms, which control CL lifespan, is expressed during the
period of increased cell growth and tissue modeling and these regulatory mechanisms involve
different signaling pathways such as Wnt / Bcatenin, IGF system and MAPK pathway.

During the structural regression of CL, there is an increase in the gene expression related
to inhibition of proliferative processes and apoptosis.

Estradiol (E2) participates in regulating both proliferative activity, as well as CL regression
processes, through signaling mediated by its receptors (ERa and ERp).

The proliferative signaling mediated by ERa appears to be related to the activation of these
receptors present in the membrane, resulting in activation of the IGF system and Wnt/Bcatenin
signaling.

Whereas ERJ regulates corpus luteum regression controlling gene expression related to

inhibition of angiogenesis and apoptotic processes.
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