Molecular and Cellular Biochemistry (2021) 476:2847-2856
https://doi.org/10.1007/s11010-021-04133-1

=

Check for
updates

Characterization of the regulatory 5'-flanking region of bovine mucin
2 (MUC2) gene

Melissa Shizue de Almeida Yamashita'® - Luna Nascimento Vargas? - Eduardo de Oliveira Melo'

Received: 2 September 2020 / Accepted: 6 March 2021 / Published online: 17 March 2021
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2021

Abstract

Throughout the intestinal epithelium surface there is an intricate polymer network composed by gel-forming mucins, which
plays a protective role due to the formation of a physical, chemical and immunological barrier between the organism and
the environment. Mucin 2 (MUC?2) is the main mucin in the small and large intestine, and it is expressed specifically in the
gastrointestinal tract (GIT), which makes its promoter region an important candidate for expression of heterologous genes
of biotechnological interest in the GIT of bovine and other ruminants. In order to characterize the bovine MUC2 promoter
we designed primers to amplify and isolate a candidate region for this promoter. The amplified sequence was confirmed by
sequencing and cloned into a plasmid vector containing the luciferase (LUC) reporter gene. The regulatory sites of the MUC2
promoter already described in the literature were used to find the putative regulatory sites in the bovine MUC2 promoter
region. With these data, some deletions were performed in order to find the promoter sequence with greatest expression
capacity and specificity. The constructions were tested by transient transfection assays in LoVo cells (human colorectal
adenocarcinoma) and bovine fibroblasts. The quantification of the relative expression of the promoter was measured using
dual-luciferase assays. Real-time PCR was performed to analyze the expression of endogenous MUC?2. The results presented
herein prove that the isolated sequence corresponds to the promoter of bovine MUC2 gene, since it was able to induce expres-
sion of a reporter gene in an in vitro cell culture experimental platform.
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Introduction

Mucins are ubiquitous glycoproteins that cover the ocular
surface, the epithelial surface of the respiratory, gastrointes-
tinal, urinary and genital tracts [1, 2]. They play an impor-
tant role in organism protection since they cover all surfaces
with a gel-mucus, forming a physical, chemical and immu-
nological barrier between the organism and the surrounding
environment [3]. The gel-forming mucin family includes five
genes in mammals: MUC2, MUC5AC, MUCS5B, MUC6 and
MUCT19 that are clustered in human chromosome 11 locus
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11p15.5 and in mice chromosome 7 band F5, except MUC
19, which is located in human chromosome 12 locus 12p12
and mouse chromosome 15 band ES [2, 4-7]. According
to the Bos taurus sequence deposited in GenBank (ARS-
UCD1.2), the bovine MUC2 gene is located on chromosome
29.

The MUC?2 gene codifies a mucin that is expressed
specifically in the intestinal epithelium [8]. It is an o-gly-
cosylated protein of high molecular mass that forms a
network of intricate gel-like polymers, responsible for
lubrication and protection of the external surface of the
internal epithelium tissue [9, 10]. The Muc2 protein is
the main constituent of the mucus in the small and large
intestines [11], although there is a considerable amount
of Muc5AC and Muc6 proteins in the large intestine
[12]. These mucins have a protein domain composed of
amino acids with repetitive sequences, rich in serine and
threonine, where the o-ligated glycosylation occurs. The
o-glycans constitute about 80% of the molecular weight of
these proteins [13] and are responsible for the generation
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of aggregates of mucin polymers and the maintenance of
the gel structure of these glycoprotein complexes [14]. The
Muc?2 protein appears to be an important barrier against
pathogens [13] and plays many functions in the intestinal
homeostasis [15], since its absence leads to an increase in
colitis [16] and the development of intestinal cancer with
spontaneous progression to metastasis [15]. Furthermore,
studies demonstrated that the MUC2 gene is expressed
during the beginning of human embryonic development,
as soon as nine weeks of gestation [17], which makes it a
vital marker to elucidate the mechanisms that regulate the
differentiation of secretory cell lines [18].

Regulation of RNA transcription is a critical process for
cell growth and differentiation during the development of
an organism, and it is vital to keep homeostasis during the
organism’s lifetime [19]. Promoters and enhancers are the
main regulators of gene expression that integrate informa-
tion from many signaling pathways, through binding of
activators and repressors, named transcription factors (TFs)
[19]. The regulation of transcription has been extensively
studied in eukaryotes, leading to the identification of con-
served DNA sequences that are responsible for the initiation
of mRNA synthesis by RNA polymerase II [20]. At least
two conserved ubiquitous types of regulatory elements exist
in the core promoter, the TATA box and the Inr sequence.
The TATA box plays an important role in the identification
of transcription initiation site and recruitment of RNA Pol
IT transcription complex [20]. Promoters that do not have
TATA box and have the Inr sequence are less abundant, and
this sequence apparently plays the same role as the TATA
box. There are also promoters that have both elements in
their core region and others that do not have either, but the
latter case is less frequent [21]. Therefore, promoters are
important regions for gene expression since they are respon-
sible for controlling the beginning of transcription and its
intensity [22]. The human and mouse MUC2 promoters are
conserved and both present the TATA box as a regulatory
element [8, 18].

Characterization of promoter regions is also fundamen-
tal in order to express a gene of interest in a specific tissue
and in a controlled fashion [23]. The use of transgenic
cattle as bioreactors to produce heterologous proteins has
the mammary gland as a target tissue, since milk proteins
are secreted, which facilitates protein purification [24].
Expression of heterologous proteins in the milk of trans-
genic animals is induced by promoters of specific milk
protein genes, such as a-lactalbumin, p-lactoglobulin and
the caseins a, , y and k [24]. Several heterologous pro-
teins have already been expressed in the milk of transgenic
cattle, such as human lysozyme, lysine-rich polypeptide,
human lactoferrin, human p-defensin-3 and bile salt-stim-
ulated lipase. Commercially available biopharmaceuticals
for treating human disease, such as antithrombin (LFB
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Biotechnologies) and Cl-esterase inhibitor (Pharming
Group) have also been expressed [24-29].

Therefore, the identification and characterization of a
promoter that can effectively direct the expression of a
gene of interest, in a specific manner, in the gastrointes-
tinal tract is very important for the expression of heter-
ologous proteins of biotechnological importance. Further-
more, the characterization of specific intestinal promoters
can allow the understanding of the important elements and
factors involved in the regulation of intestinal expressed
genes, providing a better understanding of the mechanisms
responsible for the differentiation patterns of the intestinal
epithelium [8]. In addition, a relevant application of this
kind of promoter region is the expression of genes that can
enhance animal nutrition and increase feed utilization or
express genes that could increase disease resistance. By
enhancing animal nutrition it is possible to improve the
quantity, quality and nutritional composition of livestock
[30]. Infections by endoparasites weaken cattle health and
lead to economic losses, so the expression of genes that
could increase resistance is an interesting approach to this
problem [31]. Increasing the efficiency and productivity of
livestock has the potential to decrease the environmental
footprint generated by animal production [30]. MUC2 is
expressed abundantly and specifically in the gastrointesti-
nal tract of mammals, so its promoter becomes an interest-
ing candidate to induce the expression of genes of interest
in the gastrointestinal tract. The aim of this study is to
characterize the bovine mucin 2 promoter 5’ region.

Materials and methods

All reagents were purchased from Sigma-Aldrich, unless
specified.

Cell culture

LoVo cells (human colorectal adenocarcinoma cell line)
were obtained from the Cell Bank of Rio de Janeiro
(BCRJ) and cultured in F12-K medium with 10% of bovine
fetal serum (Invitrogen), 100ui/mL of penicillin and 50 pg/
mL of streptomycin. Bovine fibroblasts were harvest from
bovine skin and were cultured in D-MEM (Dulbecco's
Modified Eagle’s Medium, Invitrogen) supplemented with
3.7 g/L of sodium bicarbonate, 290 mg/L of L-glutamine
2 mM, 110 mg/L of sodium pyruvate, 10% of bovine fetal
serum, 100 pi/mL of penicillin and 50 pg/mL of strepto-
mycin. All cells were maintained in a humidified incubator
(Thermo) at 37 °C and 5% carbon dioxide.
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MUC2 real-time PCR (qPCR)

Cells were harvested from a cell culture flask with
Trypsin—-EDTA 0.25% (Invitrogen). TRIzol reagent (Invit-
rogen) was used to isolate total RNA according to the manu-
facturer’s protocol. cDNA synthesis was performed using a
SuperScript III kit (Invitrogen) according to the manufac-
turer’s protocol. gPCR was performed using the 7500 Fast
Real-time PCR System (Applied Biosystems). 3-actin and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were
used as internal housekeeping genes. Each real-time PCR
assay contained 1.0 pL cDNA, 12.5 pL of SYBR green rea-
gent (Fermentas), and 0.5 pL of each primer (0.2 pM) in a
25 pL reaction mixture. The PCR reactions were conducted
as follows: an initial denaturing step of 10 min at 95 °C, fol-
lowed by 40 X cycles of 3 s at 95 °C and 30 s at 60 °C, and
finally the melt curve stage of 15 s at 95 °C, 1 min at 65 °C,
15 s at 95 °C and 15 s at 60 °C. For each gene analyzed,
four technical replicates were used. Since MUC2 is only
expressed in LoVo cells, it was not possible to carry out
comparative analyses, so expression was analyzed by the
melt curve and the fragment visualization through electro-
phoresis in 2.0% agarose gel. The sequence of the primers
used in this study is listed in the supplementary material.

Plasmid construction

Primers (5'-GTACTAGTCAAGGCTGTGGAGGGCTTT
AAT and 5-ATGCGGCCGCGGTGGCCAGAAGGA
AGGC) were designed to amplify a region of 3478 bp
upstream of the bovine MUC2 gene. Genomic DNA from
Bos indicus was used. The PCR was performed using the
Kapa HiFi HotStart kit (KAPA Biosystems), and each PCR
assay contained 80 ng of gDNA, 5.0 pL of 5X buffer, 10 mM
of KAPA dNTP mix, 0.5 U of KAPA DNA polymerase and
0.3 uM of each primer in a 25 pL reaction mixture. The PCR
reactions were conducted as follows: an initial denaturing
step of 5 min at 95 °C, followed by 35 X cycles of 20 s at
98 °C, 15 s at 65 °C and 3 min and 20 s at 72 °C, and a final
extension of 1 min at 72 °C. To clone the PCR amplicon, a
modified pFASTBacl plasmid was used. This plasmid was
generously provided by Dr. Bergmann Ribeiro from the Uni-
versity of Brasilia, where the gene of firefly luciferase (LUC)
was extracted from the pPGEM-LUC (Promega) vector and
inserted into the pFASTBacl vector. Smaller fragments (pro-
moter deletions) were amplified using internal primers (sup-
plementary material) from the gDNA or the 3478 bp ampli-
con, resulting in fragments of 1454 bp, 1035 bp and 101 bp.
A larger fragment of 4217 bp was also amplified (primers in
supplementary material) to compare with the 3478 bp ampli-
con for the LUC activity. These constructions were named
pMUC2-LUC +size of the fragment. The negative control
of the experiments was the promoter sequence cloned into

the inverse orientation in the plasmid (pMUC2-LUC CCW),
and the positive control was the plasmid with the human
EF1la promoter controlling the LUC expression (pEF-LUC).
The ligations between the plasmid and the fragments, using
T4 DNA Ligase (Promega), were transformed into compe-
tent bacteria according to Inoue et al. [32], and the plasmid
DNA was extracted using the QIAprep Spin Miniprep Kit
(Qiagen) according to the manufacturer’s protocol. All con-
structions were confirmed by DNA sequencing. The cloned
bovine MUC2 promoter sequence is presented in the sup-
plementary material.

Transient transfection assay and dual-luciferase
assay

Transfection assays were performed using Lipofectamine
LTX (Invitrogen) for fibroblast and Lipofectamine 2000
(Invitrogen) for LoVo cells, according to the manufacturer’s
instructions. For the dual-luciferase assay, a second type of
luciferase is needed to normalize the reaction. Renilla lucif-
erase (RNL) was used under the control of the constitutive
cytomegalovirus promoter (pRL-CMV). For each plasmid,
3 wells were used as biological replicates. Cells were plated
in a 24-well plate and incubated for 24 h to achieve 60-80%
of confluence. Transfections were performed using 450 ng
of pMUC-LUC plus 50 ng of pRL-CMV with 1.5 pL of
the transfection reagent in a total volume of 200 pL of
serum-free medium. Following 5 h of incubation at 37 °C,
the medium was removed from the wells, and 500 pL of
standard growth medium was added and the plate incubated
for a further 48 h. Cells were harvested following the dual-
luciferase kit (Promega) protocol, and the luciferase activity
was measured using a GloMax 96 Microplate Luminometer
(Promega). LUC activity was normalized by RNL activ-
ity. The data were analyzed for normality using the Shap-
iro—Wilk test. After confirming normality, ¢ test and Anova
were used to confirm the statistical significant differences.

Methylation analysis

To investigate methylation modulation of MUC2 pro-
moter on fibroblast cells, a promoter region of 266 bp
containing 12 CpG sites was analyzed. The endogenous
promoter and the promoter in the pMUC plasmid were
evaluated. A transfection assay was performed with fibro-
blast cells, using 500 ng of pMUC2-LUC_3478pb. At
48 h after the transfection, the cells were harvested, and
the genomic DNA and the plasmid DNA were extracted.
The gDNA was treated with sodium bisulfite, using the
EZ DNA methylation-lightning kit (Zymo Research),
according to the manufacturer’s protocol. PCR was per-
formed to amplify a fragment of 323 bp from the genomic
DNA and 387 bp from the plasmid, in which 266 bp were
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from the MUC?2 promoter sequence. The primers were
designed using the Bisulfite Primer Seeker tool (https://
www.zymoresearch.com/pages/bisulfite-primer-seeker);
thus, the forward primer was positioned in the promoter
region and the reverse primer for gDNA was located in
the MUC2 gene and in the LUC gene for the plasmid,
respectively. The fragments were cloned into a pGEM-
Teasy (Promega) and transformed into competent bac-
teria according to Inoue et al. [32]. Ten colonies of each
ligation were chosen and the plasmid extracted using the
QIAprep Spin Miniprep Kit (Qiagen), according to the
manufacturer’s protocol. The 20 clones (gDNA and vec-
tor) were sequenced by Sanger sequencing. The methyla-
tion pattern was analyzed using QUMA software [33].

In silico analysis of the promoter sequence

Using the online software GPMiner (http://gpminer.mbc.
nctu.edu.tw/index.php) and the data from published lit-
erature about TF and its target sites, that regulate the
human and the mouse MUC?2 promoters, it was possible
to predict the TF sites on the bovine sequence that could
be a potential site for transcription regulation. Using this
information, a scheme of the bovine MUC2 promoter
sequence with the transcription factor sites was generated
using the software SnapGene v5.0.7 (GSL Biotech LLC).

Sequence alignment between mouse, human
and bovine MUC2 promoters

Alignment between the promoter sequences of human,
mouse and bovine MUC?2 gene were performed using the
software Geneious v2020.0.5 (Biomatters, New Zealand).
The described sequence for the human promoter covers
a fragment of 3450 bp [8] and 3582 bp for mouse [18].

Fig. 1 Electrophoresis in 2.0%
agarose gel from the qPCR with
cDNA from LoVo cells and
bovine fibroblasts cells. LoVo
cells show expression of MUC2
(238 bp) fragment. GAPDH
(176 bp) and B-actin (130 bp)
are present in both cell lines

Size in bp
300

200

100
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Results and discussion

Endogenous expression of bovine MUC2 gene
in fibroblasts and LoVo cells

Figure 1 shows the expression of MUC2 in LoVo cells
and no expression in bovine fibroblasts, as expected. The
endogenous positive controls GAPDH (176 bp) and p-actin
(130 bp) can be visualized in both cell types, as expected.
In addition, the melt curve confirmed the specificity of the
fragment (supplementary material). These data confirm the
specificity of MUC2 expression in LoVo cells (intestine ori-
gin) and no expression in fibroblast cells.

Transient expression of LUC reporter gene
under control of MUC2 sequences

The diagram of all MUC2 promoter constructions is pre-
sented in Fig. 2. LoVo and bovine fibroblasts cells were
transfected with pEF-LUC, pMUC2-LUC CCW, pMUC2-
LUC_3478 and pMUC2-LUC_1454, and the normalized
LUC relative expression is presented in Fig. 3. It is possible
to observe that in both cell lines the highest LUC expres-
sion occurs with the promoter fragment of 3478 bp. When
using a cell line that expresses MUC2 (LoVo), the promoter
capability in expressing LUC is superior to a cell line that
does not express MUC2 (fibroblasts), p <0.05. The pEF-
LUC expression showed the intrinsic capacity of the cells
in response to a strong constitutive promoter with a higher
LUC expression in the fibroblast than in LoVo, indicating
that the gene expression potential of fibroblasts is stronger
than LoVo cells, and the MUC2 promoter fragment showed
specificity for LoVo cells, expressing more LUC than fibro-
blasts. Since the promoter regulation might not be a binary
event [34], this difference in expression observed in LoVo
and fibroblasts might indicate a considerable specificity of
the bovine promoter isolated in this study. Moreover, the
epigenetic control of the promoter activity, such as DNA

Bovine fibroblasts

MUC2 GAPDH -B-actin
Size in bp
300

200
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Fig.3 Results of LUC expression in transfection assays in LoVo
and bovine fibroblast cells a pMUC2-LUC CCW (C-), pMUC2-
LUC_3478 (A3478) and pMUC2-LUC_1454 (A1454) b pEF-
LUC. Standard deviation of tested samples: C-+6,157, LoVo

methylation and histone acetylation and methylation, can-
not be working properly in the MUC2 promoter sequences
cloned in the reporter LUC vectors. This may be due to the
lack of time for the epigenetic marks to be established during
the transient transfection assays, or the lack of some genomic
DNA context (enhancer sequences) that is not present in the
MUC2 fragments cloned [35-39]. Furthermore, the human
MUC?2 promoter modulation through methylation occurs
during cell differentiation [40]. These possibilities may
explain the LUC expression leak observed in fibroblast cells.

LUC expression in fibroblast does not invalidate the
specificity of the cloned MUC2 promoter, because in vitro
cell culture behaves differently from in vivo cells. There is
a different environment with different factors and elements
that control LUC expression, which may be happening in
in vitro cell culture, but not in vivo [41]. The experiments
of Woodfint et al. [23] with the transgenic quail expressing
GFP under the control of a 2.9 kb chicken MUC2 promoter
region clearly demonstrated the specificity of this promoter,
since there was GFP expression only in the gastrointesti-
nal tract. However, this result cannot exclude the possibil-
ity that the MUC2 promoter might be modulated by factors
located outside its core region, or even modulators such as
enhancers and silencers that could be present far from the
proximal promoter regions, near the MUC2 open reading

A3478 +£0,003, fibroblast A3478+0,0002, Lovo A1454+0,0009,
fibroblast A1454 40,0003, LoVo pEF-LUC=0,028 and fibroblast
pEF-LUC+0,017

frame (ORF). Studies have shown the influence and modu-
lation of the human MUC?2 promoter by epigenetic markers
like DNA methylation in CpG islands [40, 42]. The bovine
MUC2 promoter sequence isolated in our study is rich in
CpG sites, suggesting that it may also have been modulated
by DNA methylation.

In order to refine the core MUC2 promoter sequence
capable of modulating the LUC gene, three deletions were
made to test if a smaller portion of the promoter could
induce a similar expression level of LUC. Besides, a larger
fragment of 4217 bp was also tested, but the 3478 bp showed
the highest LUC activity. Fragments with 4217 bp, 3478 bp,
1454 bp, 1035 bp and 101 bp were tested by transfection in
LoVo cells followed by LUC/RNL measurement (Fig. 4).

When this study started the bovine genome assembly
available on GenBank (UMD 3.1.1) did not have the entire
MUC?2 promoter sequence. The bovine MUC2 gene was at
the extremity of the published contig (UMD 3.1.1 version).
Since this gene is in the antisense direction (from telomere
to centromere), only the fragment of 1454 bp was available
downstream of the MUC2 ORF sequence. Therefore, the
study started with the fragment of 1454 bp and the deletions
(1035 and 101 bp) were cloned based on this fragment. After
doing most of the experiments, a new bovine genome assem-
bly (ARS-UCD 1.2) was published. This new assembling
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Fig.4 Transient LUC expression using the plasmids pMUC2-LUC
CCW (C-), pMUC2-LUC_4217 (A4217), pMUC2-LUC_3478
(A3478), pMUC2-LUC_1454 (A1454), pMUC2-LUC_1035 (A1035)
and pMUC2-LUC_101 (A101) in transfection assays with LoVo
cells. *p<0.0001 when compared to A3478 deletion. Standard devi-
ation of tested samples: C-+5,4775, A4217+0,0008, A3478 +0,003,
A1454+0,0009, A1035+0,0013 and A101+1,41x 1075

was more complete and precise, allowing the positioning of
MUC?2 gene on chromosome 29 and giving access to a larger
downstream MUC2 sequences. Using this new sequence,
larger fragments were amplified (4217 and 3478 bp), cloned
in the LUC reporter vector and compared to the previous
pMUC?2 constructions.

The results showed that the 3478 bp fragment was able
to induce the higher expression of LUC, compared to all of
the other fragments (p <0.0001). The fragment of 4217 bp
had lower LUC expression than 3478 bp and this may be due
to putative negative downstream regulator sequences. The
deletions followed a decrease in the reporter gene expres-
sion, where the deletion with only 101 bp showed the low-
est expression. This result was expected, since the fragment
with only 101 bp contains only the TATA box as a regulatory
site. The presence of the CACCC box, which is not in the
101 bp fragment, has been demonstrated by Gum et al. [8] to
be important in MUC2 promoter efficiency. Other putative
transcription factors’ binding sequences were spread along-
side the 3478 bp sequence, and its removal in the deletions
causes a progressive reduction of the MUC2 promoter capa-
bility. These results are expected and corroborated by other
equivalent reporter assays using human and mouse MUC2
promoter sequences [8, 18, 43—45].

DNA methylation control of the endogenous
and reporter MUC2 promoter in fibroblast cells

The endogenous MUC2 promoter from bovine fibroblast
cells and the MUC2 promoter of the pMUC2-LUC_3478
vector were analyzed regarding methylation of 12 CpG sites
present in the CpG rich 266 bp region upstream of MUC2
transcription start site. A fragment of 323 bp was ampli-
fied from the bovine fibroblast gDNA, in which 13 CpG
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sites were present, one located in the MUC2 gene ORF. For
pMUC2-LUC_3478, a fragment of 387 bp was amplified
containing 14 CpG sites, in which 2 were present in the
LUC ORF. The DNAs treated with bisulfide were amplified,
and 10 clones of each amplicon (gDNA and vector) were
isolated and sequenced (Fig. 5¢). It is clear that the endog-
enous CpG-rich promoter region is methylated in many sites,
and the equivalent region from the transfected plasmid is
undermethylated, which can suggest that methylation also
plays a role in the control of the bovine endogenous MUC2
promoter. The compiled analysis from all sequenced regions
and comparison between the two promoter fragments can
be visualized in Fig. 5a, where the overmethylation of CpG
sites in the fibroblasts’ endogenous promoter is clear. The
endogenous promoter was significantly (p <0.05) more
methylated (61.3% +21.6) than the promoter cloned in the
reporter plasmid (1.0% +2.9) (Fig. 5b).

The studies by Yamada et al. [46] showed that only DNA
methylation and histone modification were not able to deter-
mine MUC?2 expression in human cancerous pancreatic cell
lines. This was also observed in studies by Vincent et al. [40]
that used esophageal, gastric, pancreatic and colon cancer-
ous epithelium cell lines. Therefore, the MUC2 pattern of
expression is a result of epigenetic chromatin modifications
and the presence of specific transcription factors in the cell
types which express MUC?2 [40, 46]. This suggests that the
same epigenetic mechanisms might direct MUC2 expres-
sion in all epithelial cells with different tissue origins [40].
These works on the human MUC2 promoter and our results
that showed methylation on the fibroblast promoter suggest
that the same mechanisms of modulation may be happening
in the bovine promoter. Therefore, the results presented in
this study corroborate the MUC2 expression pattern as an
outcome of cell specificity (driven by transcription factors),
DNA methylation and chromatin modifications. As seen
in Fig. 4, the MUC2 promoter of bovine fibroblast cells is
under methylation modulation, and the MUC2 gene is not
expressed in fibroblasts (Fig. 1). Moreover, when the fibro-
blasts were transfected with the reporter vector construc-
tions it became possible to see the LUC gene expression,
but this expression is lower than the one observed in LoVo
cells, which also indicates cell type specificity for the cloned
bovine promoter. The inhibitory effect of CpG methylation
on the MUC?2 endogenous promoter observed in fibroblasts
might not have been detected in the reporter assays because
of its transient characteristic. In this kind of assay, the LUC
activity was analyzed 48 h after transfection, and this period
can be insufficient for DNA methyltransferases to act on the
promoter region, since the promoter sequence on the trans-
fected plasmid is almost not methylated (Fig. 5). Moreo-
ver, the endogenous MUC2 promoter is inserted in a much
more complex genome context and it can be regulated by
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Fig.5 Endogenous MUC2 promoter of the bovine fibroblast cells
(Endogenous) and MUC2 promoter from the pMUC2-LUC_3478
vector (Vector) (a). Comparison between the methylation analysis in
the two groups on the 12 CpG sites from the ten clones (each group).
The circles represent the CpG sites and the methylated clones are

modulator sequences that are kilo or mega-base distant from
the MUC?2 gene locus.

In silico reconstruction of bovine MUC2 putative
regulation sites

The in silico reconstruction of putative TF binding sites
was done (Fig. 6). This reconstruction shows the theoreti-
cal locations for consensus sequences of well-established
transcription factor binding sites. Due to the scarce literature

p53 binding site

represented by black circles (b). Graphic representing the accumu-
lated methylation values (c¢). The expanded results of each methyl-
ated clone status were shown. The black circles represent a site that is
methylated, and white, not methylated

regarding the characterization of bovine TF binding sites,
the sites showed are predictions based on similarities with
the human and mouse MUC?2 database sequences, which
align to the bovine counterpart sequence.

Relevant regulatory sites were found in the bovine
sequence for MUC2 promoter, using the characterized
sequences from human and mouse, such as TATA box,
CACCC box, Spl family, CDX domains, AP-1 domains,
GATA transcriptional factor and the ligation site of p53.
All these similarities between regulatory regions and the

DX GATA Sp1)
GAIR
@p3) spi _ EcboR)
(APT) Sp1
ICG box | Sp1) EpD)
(TATA box) CDX (Spi| @P3)
AP2 AP2 AP2 COX)(Sp1) (AP2 (CG box) (P AP2 Sp3) CDX
e} { e} i} { ol ][l IESIESIESS il { )
I | | | I |
GATA GC box GCbox GC box GC box GC box GC box

N

"~ Bi MUC2 Promoter
3478 bp

Fig.6 The 3478 bp bovine promoter sequence isolated in this study with the predicted TF binding sites marked in distinct colors alongside the
sequence. The bovine MUC2 promoter is represented in its original antisense orientation in the bovine genome
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similarity observed in the alignment (Fig. 7) corroborate
the hypothesis that the sequence isolated in this study
corresponds to the promoter sequence of bovine MUC2
gene. The GPMiner software localized sequences that
could be a transcriptional factor binding-site, using the
human and the mouse database for TFs. Since the lit-
erature regarding bovine transcriptional factors is scarce,
the presented sites are predictions based on the human
and the mouse sequences that have been experimentally
confirmed [18, 43-45, 47-49]. The alignment performed
between bovine (3478 bp), human (3450 bp) and mouse
(3582 bp) promoters can be visualized in Fig. 7. The simi-
larity between these three sequences is 48.4%, and the
similarity between human and mouse promoter is 53.7%,
between bovine and mouse promoter 52.4% and between
bovine and human promoter 53.3%, which confirms the
identity of the isolated bovine sequence as a regulatory
region of bovine MUC?2 gene.

The work of de Sousa et al. [50] about bovine TFs high-
lights the scarcity of the literature about DNA regulatory
sequences in this species and justifies why they assembled
a compendium of possible bovine transcriptional factors
derived from the human database. They analyzed family
domains, their distribution, evolutionary conservation and
specific cell expression patterns. However, experimental
evidence is still needed and will be fundamental to validate
if the predicted sites are effective and functional TF bind-
ing sites, showing that much work still needs to be done in
terms of experimental characterization of bovine transcrip-
tion regulation.

Conclusion

The studies on sequences and regulatory structures of
MUC?2 provide a better understanding of the precise role of
these regulatory sequences in the modulation of expression
of the factors involved in intestinal tract physiology [23].

151

3,121

it —GGC»\GC»« '?TGGTCCCGCGGTGCMGGCGGGGCGGTG/\GG/\CGMTGCTC »\GGG ------ TC- ---AGT

3.081

AGGTATTGGCCACATGGGG ------ /\GTGCTTGCGGGGGTGGGTGGT GATACTCC/\GGGAAGCAATC- -=-=AGT
————————— GC»«»\CA»\GGTGTGTGTCTGTGCf\CMC»\CuG»\GMCGMGT— _GTT/\CTTTMAGGMMTGGCTC/\TM!\/\/\T

Bi MUC2 promoter

Hs MUC2 promoter

Mm MUC2 promoter
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Hs MUC2 promoter

Mm MUC2 promoter

Bi MUC2 promoter

Hs MUC2 promoter

Mm MUC2 promoter
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Fig.7 Alignment between the promoter sequence of human, mouse and the bovine MUC2 gene. The colors represent the nitrogenous bases,

green for adenine, blue for cytosine, black for guanine and red for thymine
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Moreover, a specific promoter of an important target tissue
of commercially important livestock has remarkable poten-
tial for application in the expression of heterologous proteins
of biotechnological interest. The results presented in this
research prove that the cloned region of 3478 bp matches
the “core promoter" sequence of Bos indicus MUC2 gene,
not described previously.
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