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Abstract When environmental temperatures exceed a certain
threshold, the upregulation of the ovine HSP90AAI gene is
produced to cope with cellular injuries caused by heat stress. It
has been previously pointed out that several polymorphisms
located at the promoter region of this gene seem to be the main
responsible for the differences in the heat stress response ob-
served among alternative genotypes in terms of gene expres-
sion rate. The present study, focused on the functional study of
those candidate polymorphisms by electrophoretic mobility
shift assay (EMSA) and in vitro luciferase expression assays,
has revealed that the observed differences in the transcription-
al activity of the HSP90AA 1 gene as response to heat stress are
caused by the presence of a cytosine insertion (rs397514115)
and a C to G transversion (1s397514116) at the promoter re-
gion. Next, we discovered the presence of epigenetic marks at
the promoter and along the gene body founding an allele-
specific methylation of the rs397514116 mutation in DNA
extrated from blood samples. This regulatory mechanism in-
teracts synergistically to modulate gene expression depending
on environmental circumstances. Taking into account the re-
sults obtained, it is suggested that the transcription of the
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HSP90AAI ovine gene is regulated by a cooperative action
of transcription factors (TFs) whose binding sites are poly-
morphic and where the influence of epigenetic events should
be also taken into account.
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Introduction

Promoters are sequence elements that interact with a signifi-
cant number of transcription factors and epigenetic modifica-
tions to regulate gene expression (Landolin et al. 2010).
Moreover, they are responsible for the integration of different
favourable mutations including those which result beneficial
for environmental condition changes (Gagniuc and Ionescu-
Tirgoviste 2013).

When exposed to elevated temperatures and other sources
of stress, cells and tissues from a wide variety of organisms
synthesize proteins known as heat shock proteins (HSPs), to
cope with cellular injuries caused by those stressors. In eu-
karyotes, members of the HSP90 gene family have undergone
major duplication events. In all vertebrates studied so far, there
are two known cytoplasmic isoforms, namely hsp90c or in-
ducible form and hsp90f which is the constitutive one.
HPS90AAI gene encodes a protein (hsp90c) not only related
with the maintenance of cellular homeostasis, with the capac-
ity to shield, fold, or unfold substrates in a context-dependent
manner (Verghese et al. 2012), but also directly involved in
the heat shock response. This results in the immediate en-
hanced transcription of a battery of cytoprotective genes, in
the presence of thermal and other environmental stresses.

Although the transcriptional enhancement of HSP90AAI is
mainly due to HSF1 (heat shock factor 1), many other heat
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stress-related transcription factors also modulate gene expres-
sion in response to environmental stress and could act simul-
taneously by cross-talk (Guisbert et al. 2013; LeBlanc et al.
2012; Pirkkala et al. 2001). Polymorphic changes (INDELSs,
SNPs, etc.) at the promoter region can cause alterations in
gene expression levels if they affect binding motifs of tran-
scription activators or repressors. Mutations can alter tran-
scription factor binding sites not only blocking totally or par-
tially their binding to the DNA sequence but also creating or
destroying DNA motifs of epigenetic changes, i.e., CpG sites.
Alterations at the transcription level can have consequences at
the phenotypic level in characteristics related with the func-
tional pathways in which genes are involved.

Marcos-Carcavilla and co-workers (2008) described the
HSP90AAI promoter as a rich CG region, which opens the
possibility that this highly inducible gene could have an alter-
native regulatory region apart from the identified TATA-box.
Although the HSP90AAI gene is ubiquitously expressed,
there are tissues as testes and brain where the highest expres-
sion rates of this gene have been found (Csermely et al. 1998).
Therefore, it is possible that different gene regulatory path-
ways exist in different tissues.

In previous works (Salces-Ortiz et al. 2013, 2015b), differ-
ences in the expression of the HSP90AA1 ovine gene depending
on some polymorphisms and environmental conditions have
been assessed by q-PCR methods. However, due to the linkage
disequilibrium (LD) existing among some of the candidate poly-
morphisms, it was not possible to distinguish the causal mutation
producing such changes at the transcription level of the gene.
Moreover, five SNPs located at the gene promoter are susceptible
of allele-specific methylation which might be other alternative
mechanism regulating gene transcription levels.

The aims of this work were (1) to develop a functional
study of the HSP90AAI promoter to detect which polymor-
phism(s) is (are) responsible for temperature-dependent
changes in the transcription rate of the gene previously detect-
ed, (2) to determine if allele-specific methylation (ASM) pat-
tern of susceptible polymorphisms at the promoter region ex-
ists and (3) to characterize the CpG island detected along the
promoter and gene body.

Methods
Ethics statement

The current study was carried out under a Project License
from the INIA Scientific Ethic Committee. Animal manipula-
tions were performed according to the Spanish Policy for
Animal Protection RD 53/2013, which meets the European
Union Directive 86/609 about the protection of animals used
in experimentation. We hereby confirm that the INTA
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Scientific Ethic Committee (IACUC) specifically approved
this study.

Animal material and nucleic acid isolation

Genomic DNA samples were extracted from ovine lympho-
cytes according to the salting-out procedure described by
Miller et al. (1988): Sample identification, age and their alter-
native genotypes are described in Table 1.

PCR and genotyping

The polymerase chain reaction was performed, and the
resulting PCR fragments were sequenced as in Salces-Ortiz
et al. (2013). A promoter fragment of 499 bp was obtained,
containing 11 SNPs [g.660G>C (1s397514116), g.601A>C
(rs397514117), 2.528A>G (rs397514269), g.524G>T
(rs397514270), g.522A>G (rs397514271), g.468G>T
(rs397514272), g.444A>G (rs397514273), g.304A>G
(rs397514277), g.296A>G (rs397514274), g.295C>T
(rs397514275), g.252C>G (1s397514276)] and four INDELs
[g.703 704ins(2)A (ss1570034695), g.667 668insC
(rs397514115.1), g.666_667insC (rs397514115.2),
2.516_517insG (rs307514268)]. All polymorphisms received
their names according to their relative positions based on their
distance to the transcription start site (TSS, position +1).
Primers used in the PCR and PCR conditions are previously
described in Salces-Ortiz et al. (2013).

Cell culture

As model system, we chose human HepG2 hepatoma cell line,
where HSP90«x levels and regulatory mechanisms are well
characterized and based on the fact that transcription factor
binding sequences are conserved through mammals. They
were used for in vitro experiments and electrophoretic mobil-
ity shift assay (EMSA) extracts. Cells were maintained in
culture with Dulbecco’s modified Eagle’s medium (DMEM,
Invitrogen, Carlsbad, CA, USA), supplemented with 10 %
fetal bovine serum (FBS) and antibiotics, incubated at 37 °C
and 5 % CO,.

Table 1  Sample identification, breed, age number of samples (V) and
alternative genotypes studied

ID Tissue Breed Age Number Genotype
(g.660G>C)
MCAB Blood-control Manchega Adult 120 CC, GG, CG
MHSB Blood-heat stress Manchega Adult 16 CC, GG, CG
MBT  Blood-trios Manchega Adult 6 CC, GG, CG
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Cells were plated at 5000 cells/cm? until 80 % confluence.
Then, media was removed and they were washed with PBS 1x
to be used.

Cell culture plates were treated with two different temper-
ature treatments. Basal temperature-treated cells were incubat-
ed at 37 °C and 5 % CO,. Heat stress-treated cells were incu-
bated 2 h at 42 °C and 1 h at 37 °C before nuclear extract
procedure was made, always providing 5 % CO,.

Electrophoretic mobility shift assay

A double-stranded probe with the sequences of each SNP
was used to determine the differences in binding due to
genotype and methylation. Oligonucleotide sequences are
shown in Supplementary Table 1. The forward oligonu-
cleotide was labelled in 5’ with IRDye700 (Li-Cor
Biosciences, Lincoln, NE, USA) during the synthesis.
We compared cell extracts binding, obtained under two
different temperature treatments (see cell culture section),
between genotypes. For the competition experiments, an
excess of unlabelled un-methylated probe (40 uM) was
added to the mix prior to the addition of the labelled
oligonucleotide (5 uM). Band intensities were quantified
in an Odyssey Infrared Imaging System (Li-Cor
Biosciences). The inverse of band intensity versus the
excess of unlabelled oligonucleotide was represented,
and the slope of the resulting straight line indicated the
affinity of each probe for the proteins in the nuclear
extract.

Nuclear extracts were obtained from human HepG2 hepa-
toma cell line using the Nuclear Extract kit from Active Motif
(California, USA) following manufacturer’s instructions.
Protein quantification was obtained by Bradford method
(Bradford 1976).

In vitro methylation of probes

EMSA oligonucleotide probes were used to compare
methylation patterns (Supplementary Table 1) and then
were incubated with M. SssI (New England Biolabs,
Ipswich, MA, USA) by double methylation according to
a protocol described previously (Hu et al. 2013). To de-
terminate the efficiency of methylation, we used Sau3Al
and Mspll restriction enzymes (New England Biolabs,
Ipswich, MA, USA) following manufacturer’s
instructions.

Promoter-reporter constructs

We amplified from —1449 to +61 (TSS defined as +1) of
the ovine HSP90AAI proximal promoter from genomic
DNA. Primers used in PCR introduced a Kpnl and Xho/
restriction sites into the 5’ ends to enable directional

ligation into the same sites in pGL3-Basic (Promega).
The PCR products were previously cloned in the
pGEM®-T basic vector (Promega) to remove polyA gen-
erated during PCR. The HSP90AAl promoter fragment
cloned and pGL3-Basic vector were digested with restric-
tion enzymes, gel purified and bounded together with T4
ligase. Sequences of all plasmids were verified by se-
quencing. Relevant primer sequences are presented in
Supplementary Table 2.1.

Site-directed mutagenesis of the genotypes not carried
out by any of the animals previously sequenced (Salces-
Ortiz et al. 2013, 2015a, b) were obtained by overlap
extension PCR and confirmed by sequencing. Primer se-
quences used are shown in Supplementary Table 2.1.

Transient transfections and luciferase reporter assay

HepG?2 cells were transiently transfected in six-well plates
using jetPEI transfection reagent (PolyPlus-transfection
SA, Illkirch, France) according to the manufacturer’s in-
structions. For transfections, 2 pg/well of each reporter
vector were used. The Renilla gene (0.1 pg) served as
an internal control for transfection efficiency. After 48 h,
cells were lysed with passive lysis buffer (Applied
Biosystems) and luciferase activity was measured with
the Dual-Glo luciferase assay system (Promega) following
manufacturer’s instructions. Three independent experi-
ments were carried out for each construction and experi-
mental condition.

Cell culture plates were also incubated with two different
temperature treatments: basal temperature-treated cells
(37 °C) and heat shock induced (2 h at 42 °C and 1 h at
37 °C before cell lysis).

DNA methylation analysis by sequencing

DNA methylation status was determined using sodium
bisulphite treatment. Bisulphite treatment was performed
with <2 pg of whole blood genomic DNA from samples
recorded in Table 1 using EpiTect Plus Bisulphite
Conversion (Qiagen, Valencia, CA, USA) and EZ DNA
Methylation-Gold Kit (Zymo Research, Irvine, CA, USA)
following manufacturer’s guidelines.

Genomic DNA and DNA bisulphite-treated concentra-
tions were determined using a NanoDrop ND-1000 UV/
Vis spectrophotometer (NanoDrop Technologies, Inc.,
DE, USA).

Due to the bisulphite treatment, DNA strands do not
have to be complementary; therefore, the top and bottom
strands from the two fragments of interest were amplified
and analysed separately to confirm ASM pattern (Hajkova
et al. 2002). Primers were designed manually with the
assistance of “Methyl Primer Express” software
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(Applied Biosystems, CA, USA) to replace all Cs for Ts
except at CpG sites and NetPrimer software (Biosoft
International, CA, USA) to avoid possible hairpin struc-
tures and primer dimmers and cross-dimmers (Warnecke
et al. 2002). Primers are listed in Supplementary Table 2.2
together with amplicon sizes, Tm and PCR kits used for
each amplification fragment.

The polymerase chain reactions were optimized from 150
to 200 ng of bisulphite-treated DNA (Supplementary
Table 2.2). The resulting PCR fragments were purified with
ExoSAP-IT (USB Corporation) and High Pure PCR Product
Purification kit (Roche Diagnostics, Indianapolis, IN, USA)
and sequenced with specific primers (Supplementary
Table 2.2).

Bisulphite sequencing has some associated technical diffi-
culties and potential artefacts. This may involve the formation
of'stable secondary structures around the methylated CpG site,
creating a localized region of dsDNA and preventing access
by bisulphate (Warnecke et al. 2002). Accordingly, we re-
solved this constraint by, first, re-sequencing and, second,
RFLP analysis with restriction enzymes (7agl, BtsIMul and
BstBI).

Statistical analysis

Differences in EMSA band intensities were analysed with
Image] software using the Gel Analysis method. Average in-
tensity bands were scored as the inversed of the most intensity
band, which was used as reference.

The results from luciferase assays were analysed using the
GLM procedure of the SAS statistical package (SAS/STAT®
statistical package) fitting a model in which the dependent
variable was the relative luminescence unit (RLU) obtained
for each gene and genotype in each transfection. Transfection,
replicate nested to genotype and genotype were included in
the model as fixed effects. Least square means, 95 % confi-
dence intervals and ¢ test for means comparisons were
calculated.

Bioinformatics analysis of CpG islands and identification
of short interspersed elements

The nucleotide sequence surrounding the transcription start
site (TSS) of the HSP90AAI gene was explored by three pu-
tative CpG island softwares: Methyl Primer Express (Applied
Biosystems, Bedford, MA, USA), EMBL-EBI (http://www.
ebi.ac.uk/tools/emboss) and USCnorris (http://www.
uscnorris.com/cpgislands2/cpg.aspx). To differentiate
between transposable elements and CpG islands, we used
the software RepeatMasker 4.0.5 (2014) version of Repbase
19.03 (for all species except human).
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Results
Functional study
Differences in transcription factor binding affinities

We investigated the formation of protein complex binding to
the polymorphic sequence of the promoter, using a purified
protein assay system to elucidate the differences in gene ex-
pression ratios. We designed labelled oligonucleotides for the
alternative alleles of a total of ten polymorphisms selected
from previous expression works (Salces-Ortiz et al. 2013,
2015b). Three of them, showing high levels of linkage dis-
equilibrium (SNPs g.601A>C, g.524G>T and g.468G>T), did
not show any expression differences in a previous expression
assay (Salces-Ortiz et al. 2013). We could confirm this fact
analysing each SNP independently by electrophoretic mobil-
ity shift assay (EMSA) under control and heat stress-treated
cell extracts. There were no differences in protein complex
binding among their alleles, or they were unspecific (data
not shown).

We used the same procedure assay to evaluate g.444A>G
and g.522 A>G which showed in Salces-Ortiz and colleague’s
work (2013) subtle differences in gene expression, the first
one under heat stress and the second one under thermoneutral
conditions. EMSAs from both mutations did not show any
specific protein affinity to any of the alleles from those poly-
morphisms with any of the two different cell extracts (data not
shown).

Other LD block was that constituted by g.703 704ins(2)A,
2.660G>C and g.528 A>G polymorphisms (Salces-Ortiz et al.
2013). In the case of the SNP g.660G>C, which has been
largely suspicious as the causal mutation of the differences
in gene expression observed under heat shock and
thermoneutral conditions, EMSA suggested a difference in
the ability of g.660G>C alternative alleles to bind nuclear
proteins under thermoneutral conditions (Fig. 1).
Competition experiments carried out with nonspecific oligo-
nucleotides revealed the presence of a specific binding. The
binding affinity to G_gq0 Was 4243.7 % with respect to the
affinity to the C_g¢0 allele (100 %) and disappeared very easily
when competing with increasing amounts of an unlabelled C
_e60 oligonucleotide. Similar binding patterns were obtained
in EMSAs with heat shock-treated cell extracts (data not
shown).

We performed the same EMSA experiment for g.703 704
ins(2)A, and also, differences in band intensities were ob-
served (Fig. 2) when using cell extracts under thermoneutral
conditions. In this case, the band with the double adenine
insertion (I_74) has 79+12 % of the intensity compared to
the deletion one (D_7¢4, 100 %). As a glucocorticoid receptor
has been predicted to bind the sequence with the deletion
allele (Oner et al. 2012), we made a competition with 50-
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Fig. 1 Electrophoretic mobility shift assay (EMSA) using nuclear
extracts from HepG2 cells under thermoneutral conditions. Nuclear
extracts from cultured cells were incubated with C_ggo-labelled oligonu-
cleotide probe alone (/ane 2), in the presence of increasing excess
unlabelled C_gg probe (lanes 3-10%, 4-25%, 5-50x), G_ggo-labelled (lane
7), G_gso-1abelled with increasing excess unlabelled C-660 probe
(lanes 8-10%, 9-25%, 10-50x). In /anes 1 and 6, nuclear extracts were
not added

fold excess of cold oligo with the specific binding sequence of
the glucocorticoid receptor and the band almost disappeared
with a final intensity of 33+6 %. Similar binding patterns
were obtained in EMSAs with heat shock-treated cell extracts
(data not shown).

EMSA, performed based on g.528 A>G alternative alleles,
did not show any specific band affinity among its alternative
alleles with any of the different cell extracts (data not shown).

In addition, we also studied the INDELs g.666 667insC
and g.667 668insC in combination with C_geo as they are
only 6/7 bp away and there was oligo’s minimum length lim-
itation. We compared the double deletion with one and two
cytosine insertions. When cell extracts were subjected to
thermoneutral temperatures, we could observe that the

Fig. 2 Electrophoretic mobility shift assay (EMSA) using nuclear
extracts from HepG2 cells under thermoneutral conditions. Nuclear
extracts from cultured cells were incubated with the D_;p4-labelled
oligonucleotide probe alone (lane 2), in the presence of excess unlabelled
D_;04 probe (lane 3), in the presence of excess unlabelled 1794 probe

sequence with an insertion had a specific band not present in
the deletion and with low affinity in the double insertion lane
(Fig. 3, purple arrow). EMSA suggested a difference in the
ability of the alleles to bind nuclear proteins. As Fig. 3 shows,
three specific binding complexes were formed. This suggests
that proteins represented by those bands compete for the same
binding sequence and their different affinity could be due to
the number of cytosines present in the binding sequence. For
example, the band indicated with the blue arrow showed that
the protein complex formed with the single or double insertion
has stronger binding properties than the deletion one. In the
same way, the double insertion also showed stronger binding
properties than the single insertion genotype. The same pat-
tern can be observed in the complex indicated with the purple
arrow. However, the sequence with a single insertion showed
lower binding properties than the other two genotypes in the
complex indicated with the grey arrow.

EMSA experiment performed with cell extracts under heat
stress showed similar band intensities. In this case, lower af-
finity was observed comparing with the control band, proba-
bly due to the unfolding of transcription factors caused by
their denaturation under high temperatures. In addition, in
the I ¢63D-¢67 lane, all complexes seem to disappear except
the binding of a unique protein or complex (Supplementary
Fig. 1).

In vitro expression assay

Luciferase assays were performed only with those polymor-
phisms whose alternative genotypes showed differences in
EMSA transcription binding affinities, i.e.
2.703 _704ins(2)A, g.667 668insC and g.660G>C and an ad-
ditional INDEL not tested in previous expression studies
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(lane 4), the 1_794-labelled oligonucleotide probe alone (lane 6), in the
presence of excess unlabelled 1,04 probe (lane 7), in the presence of
excess unlabelled 1,4 probe (lane 8) and D_7¢,4 in the presence of excess
unlabelled canonical GR sequence binding oligonucleotide (lane 9). In
lanes I and 5, nuclear extracts were not added
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Fig. 3 Electrophoretic mobility shift assay (EMSA) using nuclear
extracts from HepG2 cells under thermoneutral conditions. Nuclear
extracts from cultured cells were incubated with D_g¢3D_g67-labelled
oligonucleotide probe alone (/ane 2), in the presence of excess unlabelled
L g6sD—667 probe (lane 3), in the presence of excess unlabelled I_g65] 667
probe (lane 4), the 1_gs3D—g67-labelled oligonucleotide probe alone (lane
6), in the presence of excess unlabelled D_gggD_¢47 probe (lane 7), in the
presence of excess unlabelled I_¢¢3l_g67 probe (lane 8), the 1_geglg67-
labelled oligonucleotide probe alone (lane 10), in the presence of excess
unlabelled D_gsgD—¢67 probe (lane 11) and in the presence of excess
unlabelled [_¢53D_667 probe (lane 12). In lanes 1, 5 and 9, nuclear extracts
were not added. The grey arrow indicates the binding of a complex of
proteins with more efficiency to D_gegD_g67 and 1_¢gl 667 Whereas the
protein indicated with the purple arrow seems to have more efficiency to |
_668D-667. The blue arrow indicates a protein that binds in all three
possible genotypes, even though it seems to have more preference to |
—668D-667, as during competition, it does not disappear

(Salces-Ortiz et al. 2013, 2015b), g.666_667insC, due to its
low frequency in the samples used (Fig. 4).

The results based on luciferase assays for the transversion
2.660G>C showed that the promoter containing the G_g4
allele had a 17.6 % decrease in its activity (P=0.0048) com-
paring with that containing the C_g6o One
under thermoneutral temperatures (Fig. 4a).

In the case of g.703 _704ins(2)A, luciferase activity did not
show significant in vitro expression differences between its
alleles when cells were cultured only under thermoneutral
temperature (Fig. 4b).

Luciferase assays involving g.667 668insC and
g2.666_667insC alternative alleles were carried out only with
C_¢60, as that is the allele associated with single or double C
insertion. This one has been corroborated in all sheep already
genotyped (836 animals from 31 different sheep breeds from
different locations of Europe, Africa and Asia (Salces-Ortiz
et al. 2015a).

Cytosine insertions did not show differences in promoter
activity under thermoneutral conditions (Fig. 4c), which agree
with the expression results showed in the work of Salces-Ortiz
and co-workers (2015b). However, they showed significant
differences after the heat stress treatment (Fig. 4d). Thus,
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insertion of one or two cytosines produce similar increase of
promoter activity, 28.3 % (0.0114) and 30.3 % (P=0.0078),
respectively.

Epigenetic mark patterns in the HSP90AAI gene
Detection of two fragments SINE in the sequence of gene

Two fragments from short interspersed elements (SINEs) were
identified (Supplementary Table 3). One of them had 35 bp at
the intergenic region studied (1090 bp upstream of Inr), which
has 89 % of sequence identity to the 3’ Bov-tA2 or SINE2/
tRNA of ruminants (212 bp). In addition, 50 bp on the third
intron of the HSP90AA 1 gene has 66 % of identity with MIRc
SINE2/tRNA of mammals (268 bp) (Supplementary Table 4)
(Fig. 5). Bov-tA2 or SINE2/tRNA of ruminants could be a
good candidate as an alternative transcriptional regulator
mechanism if the entire sequence is found in this region (not
yet sequenced). Anyhow, the exact transcriptional control of
this intergenic SINE found remains still unknown.

The HSP90AAI CpG island

Next, we analysed the ovine HSP90AA1 gene promoter struc-
ture. Based on Ovis aries HSP90AAIl sequence
(DQY83231.1), a CpG island (CGI) was predicted to be asso-
ciated with the 5’ promoter region according to Gardiner-
Garden and Frommer criteria (Gardiner-Garden and
Frommer 1987) (i.e. GCm >50 % and y value >0.6, where
the intervals between CpGs are 200 bp; Supplementary
Fig. 2).

The HSP90AA I promoter region is significantly CpG-rich,
and according to the bisulphite sequencing results, it is non-
methylated (Deaton and Bird 2011). This analysis allowed us
to define the limits of the CpG island: —745 to +1445 in rela-
tion with putative TSS position. Therefore, the CpG island
(CGI) present at the HSP90AAI gene has a length of
2199 bp covering part of its promoter and gene body structure
(Supplementary Fig. 2).

Allele-specific DNA methylation pattern in blood

Five SNPs (g.660G>C, g.601A>C, g.528A>G, g.522A>G
and g.304A>QG) at the promoter region of the HSP90AAI
ovine gene could lead to methyl-CpGs depending on their
alternative alleles. However, only one of them, g.660G>C,
in its G allele form, creates an allele-specific methylation
(ASM), which is flanked downstream by other non-
polymorphic methyl-CpG site located 632 bp before TSS(A.
1) (g.632_methyl-CpG) (Fig. 6). Bisulphite sequencing results
showed that the cytosine adjacent to g.660G>C results un-
methylated with the genotype CC, hemi-methylated when car-
rying CG and methylated if GG was present.
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Fig. 4 Luciferase assays for several polymorphisms at the HSP90A4A1
promoter. Each alterative allele was transiently expressed in HepG2 cells
for luciferase assays. Firefly luciferase activity was normalized with
Renilla luciferase activity. Data are represented compared to
pGL3-Basic and the means SD are for three replicates. a g.660G>C

To check whether there were differences in methylation
patterns in blood comparing DNA control versus heat stress
and if methylation segregates between sexes, 16 animals and
two family trios were analysed, respectively. The trios geno-
types for the g.660G>C were the following: (1) $CC (un-
methylated) x GG (methylated)=CG (hemi-methylated)
and (2) CG (hemi-methylated) x @ CC(un-methylated)=CG
(hemi-methylated) (Extracted from the trios used in Salces-
Ortiz and co-workers (2013).

We observed that ASM in DNA from blood was indepen-
dent of both temperature of the sample collection day and
parental origin.

We found five hemi-methylated CpG sites (5’ CpG is-
land boundary) immediately upstream g.660G>C and two
hemi-methylated sites immediately 5’ to the first

alternative genotypes under thermoneutral conditions. b g.703
704ins(2)A alternative genotypes under thermoneutral conditions. Ns
non-significant ¢ g.667 668insC and g.666 667insC alternative geno-
types under thermoneutral conditions. d g.667_668insC and g.666_
667insC alternative genotypes under heat stress conditions

methylated CpG site (3’ CpG island boundary)
(Supplementary Fig. 2).

Transcription factor binding affinities involving methylation
in blood

As mentioned above, g.660G>C creates an ASM. When
the G allele is present, it forms a CpG where the cytosine
is methylated in DNA extracted from blood. To investi-
gate if this methylation could interfere with the binding of
transcription factors, methylated and non-methylated oli-
gonucleotides at polymorphic CpG site were used in
EMSA. We observed that there was no difference in tran-
scription factor binding pattern even though it seemed to
have more initial binding affinity to methylated CpG
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Fig. 5 Diagram of the short
interspersed elements (SINEs)
predicted in the HSP90A4A1 gene
by RepeatMasker software. The
two SINEs predicted are
highlighted in pink. One SINE
(35 bp long) is located in the
intergenic region (1090 bp
upstream of the Inr) and the
second one (50 bp long) located
in the third intron of the
HSP90AAI. Exons 1, 2 and 3 are
marked in grey

-1090

+1560

GCACAAAGTA
GGTACAAAGGCTCAAAGAACTAAGCAAAGGCCGGGAGAATTCGGGACTGTGTCCCCTTTT
AACATTCCCCGCGCCACCGCTCCCCCTGCCTTGGGCGCAATCGGGCCTAAGGACAGGACG
AGTCCCCATACTGGAGTGGCGGGGGAATGGTGGTTTGTTCCAGGGCCCACCTCTGGTTCA
GAACCAGCCGAATAGACCCACGAGGCTCTGGAGTTCCCCTCTGCTCCCCCTGCACACACG
CTGGTCACCCCTCGCTCACAGACCGCTGCACCCCACAACCAGGCTGGGGCTCTGAGCCTC
CGCGTTAACGAGGCTCTGGCAGGCACTTGTTGCCCGAATTCCTAGGGCCCTGAACCTATA
ACCGCTGCCCCTGGCAAAGAGATGCGCCCTAGACCCTCTAATCGCTGCCCGGACCCCCCC
AAACCCCTAACCATGGACCTGAGCCTGCGATCAATGCCCCAAGCATATACCTGTGACAAG
GGACTGGACCCCTCACCCCGGCTTTGATCCCCTAAGCGCGGCCTCAAGGCTCGAAACCTA
GCCCCAGGCCCATAGGCGGGGGGTCCCGATGCTGGGGGGATCCGGAGCGCACACTATCTG
GGGACACGCTTGAACCACCGAGAGTTTACTTTTCTGGACTTCCCAGAGCTGCTGGCACGG
GCGATCAGCCCCCGGGGCCTGGACAGAGGTTTGGGTCGGGGGAGCGTTAGGCCGACGCGC
GCCAAGCGGGGTTGGCGGGCCAGCGGTGTGAGGCCGGCGGGGCGCAGAACGCCGCGCGCC
GGGGTAGGTAGGGCTGGGAACGGCGGCACCGGAAGGCGCGAGACCCGCCGGAACGCTCCG
GATAGCGCAGGCGCACTGCGGCGGGCGCGGGCACGCTTGGCACGCAGGCGCCCTGAGGCG
TGGGAGCGCGCGGCGCGGCCCCGAGGAGGGGGCGGGCGGCCTCCAGTGCGCAGGCGCAGG
CGCGCGGCCGCTCCGGCGGTTGGGGAGGGTTCTTCCGGAAGGT TCGGGAGGCTTCTGGAA
AAGGCGCCGCGCGCTGGECGGGCCCGCCTCTATATAAGCGCCCGGCGCGGGGGCGGCGCGCC
AGTTGCCTCTGCGTCCCGGTGCTGCGTCGCTGCGGAGCCCGTGCTAGTCCTTCAGCCAAG
GTGAGGGGAGGCGGTTGTAGGGGGACGCGGGGATCCACGGGCGGGTGGGCGGCGGCGAGG
GCAGCCCCCGGAGCCCCCTGAGGCCGGCGGGCCCGGGGCGGCCGTGATTAACCCGGTAGG
CCTCGGGCCTGCGGCGGTCTCCCGTCCCCTCCCCCCCGCCCTCCCCCCGCCGTCGGGAGT
GAGTGGGCCCCGGGGCTCCGGGGTCGTGCGGCGATGGTGAGGGCCCGGGGTCTGCGGCCCCG
GAGGGGGGTCCCCGGGCCGCGGGTGGGEGCGCCCGGGCCGAGCGGCGGCCGTGCGGCCGG
CGTGGGCGGCGGCGGCAGCGGCGGCGCCCGGCCCCCGGAATGAGGTCATCCTTTGTCAGC
CGGCGCCTCCCGCGCGCCCCGGTCTCGGGAGCGGGAGCGAGACGCGGCGGGGAGGGGTCC
GGCCGGTGGCCTCACGGGCTCCGCGTTCCCCGGCAGATGCCCGAGGAGACCCAGGCCCAG
GACCAGCCGATGGAGGAGGAGCGAGGTGGAGACGTTCGCCTTCCAGGCGCGAAATTGCCCAG
TTGATGTCACTGATCATCAACACTTTCTACTCGAATAAAGAGATTTTCCTGAGGGAGCTG
ATTTCAAACTCGTCAGACGTAAGTCTCATTGCGGAGTGGGGTGTTTGTGTGAAAGGGCAN
CTGTTTTAGGGGGGAAGTTGCGTGTCATCACGTGTCTTTTTTAAATAGAGGCCCTGGACA
AGATCAGGTATGAGAGCTTGACCGATCCCAGTAAATTAGACTCGGGGAAAGAGCTGCACA
TTAATCTCATACCGAACAAGCAAGATCGAACCCTCACCATCGTGGACACCGGCATTGGGA
TGACCAAGGCCGATTTGATTAATAATCTGGGCACCATCGCCAAGTCTGGGACCAAAGCGT
TCATGGAGGCTTTGCAGCCTGGCGCTGATATCTCCATGATTGGCCAGTTTGGTGTCGGGT
TTTATTCAGCCTATTTGGTGGCTGAGAAAGTGACCGTCATCACCAARACATAACGATGATG
AGCAGTATGCCTGGGAGTCTTCTGCAGGAGGGTCCTTCACAGTGAGGACTGACACAGGTA
GGCACCCGAGAACAGGGTGGGGTGCTTTAGGCACTGGAGCCCCAAAGAAGGGGTGAAGTT
TGTGTGTAGCGTTTAAARACCTGTTTGCCTGGAGGGTGATAGCATGCACAT

TGCCCAGTTGTAGT!!
GCTTCTGCTTCATAGACTTTTCGGATAACTGTCCTAGAGAGCAAAATAGTGTTTTTT

TTTGCCTTGATCAGGCCATTGTGATTGAAATTGGCCTCAATCTCTGGACTTCCTTTTCAG
GAGAACCGATGGGGCGTGGAACARAGGTTATTCTGCATCTGAAAGAAGACCAGACTGAGT
ACCTGGAGGAGCGGAGAATAAAGGAGATTGTGAAGAAGCATTCTCAGTTCATTGGCTATC
CCATCACTCTTTTTGTGAGTTTCCATGTATCCTGTATATGTAGGTTACTAAAGTGATTGA

(Supplementary Fig. 3). However, when the oligo contain-
ing the CpG methylated was competed with 50-fold ex-
cess of cold un-methylated oligo of any of both alleles,
there was the same degree of decrease in the intensity of
the bands, which indicates that no differences in binding
complexes with or without methylation exist. We also
designed a long oligonucleotide (60 bp) where two meth-
ylations, the CpG site formed by the G allele of
g.660G>C and the g.632 methyl-CpG, were included.
Even though, due to the length of the oligonucleotide,
undesirable secondary structures were produced and
EMSAs assays were not conclusive (data not shown).

Discussion

The present study was based on previous results obtained in
two expression assays carried out by Salces-Ortiz and

@ Springer

colleagues (2013, 2015b) which were limited by the high
co-segregation of the polymorphisms studied. In the present
study, we could finally distinguish which of the polymor-
phisms of the linked block, already selected as a candidate,
has a role in the transcription mechanisms causing differences
in HSP90AAI expression levels.

In previous works (Marcos-Carcavilla et al. 2010; Salces-
Ortiz et al. 2013, 2015b), expression rate changes were asso-
ciated with alternative genotypes of g.660G>C (in high link-
age disequilibrium, with g.703 704ins(2)A and g.528 A>G,
LD=0.54-0.98) and with the INDEL g.667 668insC (in
moderate linkage disequilibrium with the SNP g.660G>C,
LD=0.23).

Even though g-PCR is a strong, simple and widely
used technology, it has some limitations. In our case, it
was impossible to distinguish which of these polymor-
phisms was the one responsible for the expression differ-
ences observed under basal and heat stress conditions.
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-818 GACCGCTGCACCCCACAACCAGGCTGGGGCTCTGAGCCTCCGCGTTAACGAGGCTCTGGCAGGC

ACTTGTTGCCCGAATTCCTAGGGCCCTGAACCTATAACCGCTGCCCCTGGCA (aa) GAGATGCG
CCCTAGACCCTCTAATCGCTGCCCGGA(c)(c)CCCCCCSZ&AAACCCCTAACCATGGACCTGA
GCCTGCGATCAATGCCCCAAGCATATACCTGTGACAELSGGGACTGGACCCCTCACCCCGGCTT
TGATCCCCTAAGCGCGGCCTCAAGGCTCGAAACCTAGCCCCAGGCCCa/gTAGG/ tCg/aGGGa
G (g) TCCCGATGCTGGGGGGAT CCGGAGCGCACACTATCTGGGGACACGCT Tg/ tAACCACCGA
GAGTTTACTTTTCTELEGACTTCCCAGAGCTGCTGGCACGGGCGATCAGCCCCCGGGGCCTGGA
CAGAGGT TTGGGT CGGGGGAGCGT TAGGCCGACGCGCGCCAAGCGGGGT TGGCGGGCCAGCGGT
GTGAGGCCGGCGGGGCGCAGAACGCCGCELECGCCGGGa/gc/tAGGTAGGGCTGGGAACGGCG
GCACCGGAAGGCGCGAGACCCGe/gCGGAACGCT CCGGATAGCGCAGGCGCACTGCGGCGGGCG
CGGGCACGCT TGGCACGCAGGCGCCCTGAGGCGT GGGAGCGCGCGGCGCGGCCCCGAGGAGGGG
GCGGGCGGCCTCCAGT GCGCAGGCGCAGGCGCGCGGCCGCTCCGGCGGTTGGGGAGGGTT
GGGAGGCTTCTGGAAAAGGCGCCGCGCGCTGGGCGGGCCCGCCT( GG
GCGGCGCGGEGECEECGECGCCAGTTGCCTCTGCGTCCCGGTGCTGCGTCGCTGCGGAGCCCGTG
CTAGTCCTTCAGCCAAGGT GAGGGGAGGCGGT TGTAGGGGGACGCGGGGATCCACGGGCGGGTG
GGCGGCGGCGAGGGCAGCCCCCGGAGCCCCCTGAGGCCGGCGGGCCCGGGGCGGCCGTGATTAA
CCCGGTAGGCCTCGGGCCTGCGGCGGTCTCCCGTCCCCTCCCCCCCGCCCTCCCCCCGCCGTCG
GGAGCGAGTGGGCCCCGGGGCTCCGGGGTCGTGCGGGATGGTGAGGGCCGGGGTCTGCGGCCCC
GGAGGGGGGTCCCCGGGCCGCGGGET GGGGGCGCCCGGGCCGAGCGGCGGCCGTGCGGCCGGLGT
GGGCGGCGGCGGCAGCGGCGGCGCCCGGCCCCCGGAATGAGGT CATCCT TTGTCAGCCGGCGCC

+376 TCCCGCGCGCCCCGGTCTCGGGAGCGGGAGCGAGACGCGGCGGGGAGGGGTC

Fig. 6 Description of the HSP90A4A41 promoter CpG island motifs. HSE
(purple), TATA-box (pink) and TSS(A.+,) (grey and underlined) at the Inr
(yellow). Furthermore, HSP90AAI promoter polymorphisms (g.703
704ins(2)A, g.667_668insC, g.666_667insC, g.660G>C, g.601A>C,
g.528A>G, ¢.524G>T, g.522A>G, g.516_517insG, g.468G>T,

Besides, we could analyse the possible implications of an
additional INDEL (g.666_667insC), close to both candi-
date polymorphisms, not tested in the expression analyses
due to the absence of a representative number of samples
carrying their alternative genotypes.

In vitro expression

In this study, and based on the knowledge that mammali-
an transcription factor binding sites are well conserved,
we could probe the direct effect of the different polymor-
phisms along the HSP90AA1 ovine promoter. Functional
studies performed in the present study have shed some
light on the transcription factors responsible for the dif-
ferences in the promoter activity, previously observed by
quantitative expression assays.

We have observed in vitro that the SNP g.660G>C is
involved in the gene expression modulation, under basal
conditions. As it has been previously explained, even
small differences in the activation of this gene can cause
great differences in the overall equilibrium of the cell
homeostasis as HSP90 is one of the most abundant pro-
teins in the cell (Taipale et al. 2010). So, the small differ-
ences in the expression levels under thermoneutral tem-
peratures here observed can also be essential to cope with
other types of stresses not directly related with tempera-
ture (Han et al. 2009; Kim et al. 2013; Sud et al. 2007;
Tian et al. 2014; Yang et al. 2011). We have assessed that
only the SNP g.660G>C, highly linked with
g.703_704ins(2)A and g.528 A>QG, is responsible for the
transcription differences of the gene observed under
thermoneutral conditions previously associated with this
LD block.

g.444A>G, g.304A>G, g.296A>G, g.295C>T, g.252C>G) are
positioned in the figure. Polymorphism’s names are based on their
distances to TSS. Polymorphism susceptible of allele-specific methyla-
tion are underlined In addition, g.660G>C is highlighted in orange and
2.632_methyl-CpG in green

In addition, we have found that two cytosine insertions
(g.667_668insC and g.666_667insC) are the responsible
for the highest upregulation of the gene as response to heat
stress previously associated to g.667 668insC by q-PCR
(Salces-Ortiz et al. 2015b). Hsp gene inducible expression
is regulated by heat shock transcription factors (HSFs) that
exist as inactive proteins mostly in the cytoplasm. In re-
sponse to physiological and environmental stimuli, heat
stress in particular, these proteins bind to the promoter
targets sequences (HSEs) triggering the transcription of
heat shock genes and the formation of heat shock proteins
(HSPs) (Morimoto 1998; Pirkkala et al. 2001). Besides the
HSE, there is a number of promoter sequence structures
involved in regulating HSP90AAI gene expression, as dis-
tal transcription enhancers. The polymorphisms
2.667 668insC, g.666 667insC and g.660G>C are enough
upstream to be part of distal enhancers sequence binding
sites with affinity to rich cytosine sequences such as SP
family transcription factors. Those distal enhancers could
modulate the gene expression under heat stress in a syner-
gistic effect with the HSE (Rieping and Schoffl 1992) by
interacting with coactivators, stimulating chromatin re-
modelling (Korfanty et al. 2014) and histone acetylation.
These modifications produce a hairpin that allows the ap-
proach of those distal enhancers with the core promoter. By
this way, this complex promotes the triggering assembly of
the RNA polymerase which allows the transcription regu-
lation (Fig. 7) (Khrapunov et al. 2006). In addition, we do
not discard that the presence of DNA-binding proteins or
mediator proteins, which make possible the hairpin or any
other intermediary mechanism which takes part of this
complex, would be mainly expressed under heat shock
conditions.
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Fig. 7 A schematic drawing of £.667_668insC

the effect that g.667 668insC,
2.666_667insC and g.660G>C
could have in the HSP90AA1

expression regulation. They are
located in a putative distal
enhancer binding sequence which
allows activators to bind
depending on their genotype.
Those activators recruit different
mediator transcription factors
which form a hairpin that allows
an approach with the core
promoter and promotes
transcription. Adapted from
original drawing from Pearson
Education, Inc. (publishing as
Pearson Benjamin Cummings,
Copyright © 2008)

2.666_667insC

Cis-regulated allele-specific methylation in blood

We have previously shown that g.660G>C alternative alleles
are associated with HSP90AA1 expression differences in
blood. Gene expression in animals carrying the GG genotype
was reduced when compared to those carrying the CC geno-
type (Salces-Ortiz et al. 2013, 2015b). Therefore, there is an
imbalance between the expression of the G_g0 and C_gg0
alleles. Bisulphite sequencing of peripheral blood DNA sam-
ples confirmed the presence of a cis-regulated ASM caused by
this transversion, which is flanked downstream by a non-
polymorphic methyl-CpG site (g.632_methyl-CpG).

The effects of methylated CpG over gene activity are based
on two general mechanisms that contribute gene silencing.
Either methylation at promoter specific sites can prevent tran-
scription factors binding, or methylation attracts methyl bind-
ing proteins (MBPs) (Nan et al. 1997). Since EMSAS did not
show differences in the band intensities when methylated vs
un-methylated oligos were compared, we can hypothesize that
if a transcription factor binds, this DNA sequence could do it
independently of the methylation existence. The repression
effect of methylation can act without altering the binding of
transcription factors (Salvatore et al. 1998). Thus, both mech-
anisms, methylation repression and TF binding can be inde-
pendent processes that only in few cases are directly correlated
(Medvedeva et al. 2014). Therefore, a MBP, primary factor in
most cases, can act as indirect repressor without altering the
binding of transcription factors (Nan et al. 1997; Salvatore
et al. 1998).
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The identification of methylation-dependent transcriptional
repressors is determined by the detection of proteins with af-
finity for methylation (Nan et al. 1997). MeCP2 (methyl-CpG
binding protein 2) is an abundant MBP with high affinity for a
specific DNA sequence. It depends on the density and location
of methyl-CpGs in gene promoters and interferes with regu-
latory components of the transcription complex (Nan et al.
1997). The sequence fragment spanning from g.660G>C to
2.632 methyl-CpG could constitute two putative MeCP2
binding sites (Fig. 8) (Klose et al. 2005; Nan et al. 1993).

HDAC HDAC
Co-repressor Co-repressor

gacccecC g!aacccctaaccatooacctoa:,cctOC Gdl tcaatgcc

Ct°°°°°GC tttggggattggtacctggactcggac GC tagttacgg

SmC+MeCP2

Co-repressor (e g ms\y)

HDAC y HMT

Chromatin-remodeling machine (e ¢ swisym)

Chroma(inCo*paction — Transcriptional Repression

Fig. 8 Possible mechanisms of transcriptional repression by MeCP2
(adapted from (Wade 2005). Interaction of MeCP2 with two methylated
DNA sites results in local recruitment of chromatin-remodeling machine.
This factor alters histone-DNA contacts. Furthermore, histone
deacetylation by HDAC (histone deacetylases) and histone methylation
by HMT (histone methyltransferases) facilitate formation of repressive
chromatin conformation and therefore contribute to transcriptional
repression

e e
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On the basis of the sequence characteristics (Klose et al. 2005;
Nan et al. 1993) and the results obtained in the EMSAs, we
cannot discard that MeCP2 would be indirectly repressing
transcription at this point.

We also have addressed an ASM in peripheral blood,
where the adjacent cytosine to g.660G>C is always methylat-
ed when the G allele is present. Moreover, we have observed
that g.632 methyl-CpG is always methylated. It will be inter-
esting to analyse if this pattern is conserved in other tissues or
on the contrary if a tissue-specific methylation behaviour of
these CpGs exists.

Another important question is whether the presence of the
polymorphism g.660G>C removes a methylation site (wild
allele would be G_¢¢) or creates a de novo methylation posi-
tion (wild allele would be C_g¢9). We suggest the latter hy-
pothesis is the correct as methylated cytosines are highly mu-
table to thymine in CpG dinucleotides (Coulondre et al. 1978),
so it is unlikely to lead afterwards to a guanine mutation.
Furthermore, the C_¢¢q allele is the most common one in 31
sheep breeds, goats and other species of wild ruminants
analysed in a previous work (Salces-Ortiz et al. 2015a, b).

We have described the epigenetic pattern shown in blood
from adult animals. We have not discovered the cause that
produces these epigenetic changes present in the ovine
HSP90AAI promoter. Moreover, it seems not probable that
these modifications are due because of the heat. However,
HSP90AAI gene is ubiquitously expressed; there are tissues
as testes and brain where the highest expression rates of this
gene have been found (Csermely et al. 1998). Therefore, it is
possible that different gene regulatory pathways exist in dif-
ferent tissues. We need to keep studying the specific methyl-
ation patterns in different tissues and at different ages and
deepen in the knowledge of regulatory mechanisms that could
affect the HSP90AAI expression.
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