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Abstract: Mastitis causes serious economic losses in the dairy industry, but there are no effective
treatments or preventive measures. In this study, the ZRANB3, PIAS1, ACTR3, LPCAT2, MGAT5,
and SLC37A2 genes in Xinjiang brown cattle, which are associated with mastitis resistance, were
identified using a GWAS. Pyrosequencing analysis showed that the promoter methylation levels of
the FHIT and PIAS1 genes in the mastitis group were higher and lower, respectively, than those in
the healthy group (65.97 ± 19.82% and 58.00 ± 23.52%). However, the methylation level of the PIAS1
gene promoter region in the mastitis group was lower than that in the healthy group (11.48 ± 4.12%
and 12.17 ± 4.25%). Meanwhile, the methylation levels of CpG3, CpG5, CpG8, and CpG15 in the
promoter region of the FHIT and PIAS1 genes in the mastitis group were significantly higher than
those in the healthy group (p < 0.01), respectively. RT-qPCR showed that the expression levels of the
FHIT and PIAS1 genes were significantly higher in the healthy group than those in the mastitis group
(p < 0.01). Correlation analysis showed that the promoter methylation level of the FHIT gene was
negatively correlated with its expression. Hence, increased methylation in the promoter of the FHIT
gene reduces the mastitis resistance in Xinjiang brown cattle. Finally, this study provides a reference
for the molecular-marker-assisted selection of mastitis resistance in dairy cattle.

Keywords: Xinjiang brown cattle; mastitis resistance; GWAS; DNA methylation; candidate genes;
FHIT and PIAS1 genes

1. Background

Mastitis is one of the most common diseases in dairy cattle and an important factor
hindering the development of the modern dairy industry. Mastitis not only affects the milk
yield and quality, health, and other aspects of dairy cattle, but also can lead to premature
elimination of dairy cattle [1]. However, there are no effective treatments or preventive
measures for dairy cattle mastitis. Studying the molecular regulation mechanism of mastitis
and mastitis resistance in cattle breeds can provide a reference for the prevention and
treatment of mastitis [2–6].

Among the many molecular mechanisms, DNA methylation is critical to genome
structure stability and an important way to regulate gene expression, associated with
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increased/decreased productivity and prevalence rates in some animals [7–9]. Previous
studies have found that DNA methylation regulates the expression of multiple genes dur-
ing mammary gland development and further, specifically affects mammary epithelial cell
proliferation, survival, and differentiation, the formation of terminal milk buds, duct length-
ening, lobular alveoli, and fat development [10–12]. For example, Wang et al. compared the
sequence methylation and expression level of the CDH13 gene between Chinese Holstein
cows with mastitis and healthy cows, and the results showed that there was no significant
difference in methylation of CDH13 between the two groups, but the gene expression
was up-regulated in the mastitis group, indicating that this may affect the occurrence of
mastitis [10]. Zhang et al. investigated the DNA methylation of the IL6R gene exon 2 in
the mammary gland tissue of cattle with confirmed mastitis, and they found that the gene
was hypermethylated and its expression was affected. The results suggested that the IL6R
gene may regulate cattle mastitis by modifying DNA methylation modification [11]. Wang
et al. compared the sequence methylation levels of the TRAPPC9 and CD4 genes between a
mastitis group and a healthy group of Xinjiang brown cattle, and the results showed that
the sequence methylation level of TRAPPC9 was higher and CD4 genes was lower in the
mastitis group than in the healthy group [13]. Similar results were obtained in a study by
Zhang et al. [14]. In conclusion, it is indisputable that DNA methylation partly affects the
regulation of mammary gland development; however, the complex relationships among
the different genes it affects remain to be further studied [15].

Xinjiang brown cattle (Bos taurus) are valuable for both meat and milk production
in Xinjiang, China. Xinjiang brown cattle were created by crossing local cattle as the
mother, Swiss brown cattle, Aratoma, and a few Costrom cattle as the father, and were
then selected for a long time. Xinjiang brown cattle have strong adaptability, cold tolerance,
and extensive feeding, strong disease resistance, and high milk and meat production
performance. The maximum milk yield of Xinjiang brown cattle (milk type) reached
7650 kg/305 days under house feeding conditions, while the milk yield of Xinjiang brown
cattle (dairy-type) was generally 1742.8–3419.6 kg/150 days under grazing conditions.
Xinjiang brown cattle are distributed in all the grazing areas of Xinjiang, with the central
producing areas in Yili and Tacheng. Meanwhile, Xinjiang brown cattle (mean somatic
cell number: 39.24 ± 60.41 × 104/mL) have desirable characteristics compared to Holstein
cattle (mean somatic cell number: 61.15 ± 89.2 × 104/mL), such as low somatic cell count
and high milk fat and protein percentage. (Our group obtained these data by analyzing
the DHI records of 2904 Holstein cattle and 468 Xinjiang brown cattle over 16 months
(2006–2009) in Xinjiang) Therefore, Xinjiang brown cattle is an ideal material to study cow
mastitis resistance However, the molecular disease resistance breeding of Xinjiang brown
cattle is relatively lagging among cattle breeds, and there is still a large amount of genetic
information related to the regulation of mastitis in the genome of Xinjiang brown cattle that
has not been fully revealed.

In this study, Xinjiang brown cattle were used as the research object, and the 150k SNP
dataset and milk somatic cell counts of 403 Xinjiang brown cattle were used for GWAS in
order to screen the candidate genes associated with mastitis resistance. In addition, we
further studied the impact of promoter sequence methylation levels on the expression of
two candidate genes (FHIT and PIAS1 genes) by using pyrosequencing, RT-qPCR, etc. (The
FHIT gene as a candidate gene associated with mastitis resistance was screened in Xinjiang
brown cattle based on our previous research [16]). Our research provides a new reference
for improving mastitis resistance in dairy cattle breeds.

2. Materials and Methods
2.1. Sample Collection

In this study, 12 Xinjiang brown cattle (dairy-type) in the same feeding conditions were
selected from the brown cattle breeding center of the local state-run Urumqi cattle breeding
farm. These 12 animals were selected based on DHI records, with ages over 6 months,
latent mastitis test records, and veterinary diagnoses. Then, based on the recommended
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classification standard of somatic cell count (SCC) in milk formulated by the International
Dairy Federation (IDF), the 12 Xinjiang brown cattle were further divided into 2 groups: a
control group (n = 6, SCC ≤ 200,000/mL) and a mastitis group (n = 6, SCC ≥ 1,000,000/mL).

2.2. DNA and RNA Extraction

The genomic DNA in the blood of Xinjiang brown cattle was extracted using the
phenol–chloroform method [17]. The following are the steps for extracting DNA: (1) The
800 µL blood was placed in a 2 mL Ep tube, and 1000 µL T10E10 (reagent preparation
method: 500 mL T10E10 contained 0.605 g Tris and 1.8612 g EDTA) was added to this 2 mL
Ep tube. The Ep tube was shaken for 10 min to break up the red blood cells and then
low-temperature centrifuged at 8000 r/min for 6 min to precipitate the white blood cells.
(2) The upper liquid was removed; then, 800 µL T10E1 was added (reagent preparation
method: 500 mL T10E10 contained 0.605 g Tris and 0.18612 g EDTA) to the Ep tube, the Ep
tube was shaken for 5 min, and then it was low-temperature centrifuged at 8000 r/min
for 6 min. (3) The upper liquid was removed, 500 µL USSTE (500 mL USSTE contained
29.25 g Nacl, 0.605 g Tris, 4.653 g EDTA-Na·2H2O, 2.5 g SDS, and 0.24 g urea) was added
to the Ep tube, and the pipette tip was used to blow the precipitate 4–5 times, and the
Ep tube was shaken for 5 min to rupture the white blood cells. (4) A total of 500 µL Tris
equilibrium phenol was added to the Ep tube, and the Ep tube was shaken for 7 min
and then centrifuged at 10,000 r/min for 10 min. (5) A total of 500 µL upper liquid was
absorbed and transferred to a new 1.5 mL Ep tube, 500 µL mixture of chloroform and
isoamyl alcohol was added, and the Ep tube was shaken for 5 min and then centrifuged for
10 min at 10,000 r/min. (6) A total of 300 µL upper liquid was absorbed and transferred
to a new 1.5 mL Ep tube. A total of 600 µL anhydrous ethanol was added to the new Ep
tube, and the Ep tube was shaken for 1 min and centrifuged for 10 min at 12,000 r/min.
(7) The upper liquid was removed, 500 µL 70% ethanol was added to the Ep tube, and the
Ep tube was shaken for 2 mi and then centrifuged for 10 min at 12,000 r/min. (8) Step 7 was
repeated. (9) The upper liquid was removed, the Ep tube was dried at room temperature
for 30–40 min, 60 µLT10E1 was added, the Ep tube was shaken and left overnight at room
temperature, and finally, the DNA sample was stored at −4 ◦C.

Total blood RNA was extracted using an RNAprep pure Blood kit (Tiangen, Beijing,
China), following the kit instructions. After extraction, all DNA and RNA samples were
quality controlled using agarose gel electrophoresis and a NanoDrop 2000. The RNA/DNA
sample quality control standard was OD260/280 ≈ 1.8–2.0 and OD260/230 > 2.0.

2.3. GWAS

The original data for GWAS were the Illumina 150K SNP dataset and the SCC dataset
of 403 Xinjiang brown cattle obtained in our previous study [16]. Mastitis in dairy cattle is
primarily assessed by somatic cell score (SCS), which needs to be converted using somatic
cell count (SCC). The conversion formula is as follows:

SCS = log2
SCC

100, 000
+ 3

Plink software was used for quality control of the 150K SNP dataset [18]. The quality
control standards were as follows: (1) detection rate of a single SNP site was greater than
90%, (2) genotyping rate was greater than 90%, (3) Hardy–Weinberg equilibrium p-value
was greater than 1 × 10−5, (4) secondary allele frequency (MAF) > 0.05, and (5) SNPs had
unknown physical location or were located on the sex chromosome. After quality control,
a total of 399 Xinjiang brown cattle and 118,811 high-quality SNPs were used for GWAS
analysis, and the threshold of genome-wide significance level was 4.21 × 10−7. FarmCPU
software was further used for GWAS [19], and the SCS was used as the input data for
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the GWAS. FarmCPU uses fixed effects and random effects models for alternating cycle
calculation. The fixed effect model is as follows:

Yi = Mi1b1 + Mi2b2 + . . . + Mitbt + Sijbj + ei

where Yi is the observed value of the trait; Mi1b1, Mi2b2, Mitbt are the significant sites in
the random effects model, which are empty at first; Sij is the covariable coefficient; bj is the
SNP genotype (0,1,2); and ei is the random residual.

The random effect model is as follows:

Yi = ui + ei

where Y is the observed value of the trait, ui is the significant random effect of SNPs in the
first step, and ei is the random residual.

This method combines the benefits of a mixed linear model and stepwise regression,
testing one SNP at a time using the iterative method. In the calculation process, more
significant SNPs were obtained through the fixed effect model, but there were more false-
positive results. The second step was to construct the relationship matrix of significant SNPs
to reduce the false-positive results and ensure the accuracy and reliability of the results.

Then, R software was used to draw a quantile–quantile (Q–Q) plot, and the Q–Q
plot was used in the group stratification test. Based on the bovine reference genome
released by NCBI (Bos taurus UMD 3.1.1, GCA_000003055.5), the significant SNPs were
annotated, and the physical location of SNPs on the reference genome was used to infer
which gene the SNPs were in or near. A preliminary analysis of the biological functions of
candidate genes was conducted by searching the NCBI (https://www.ncbi.nlm.nih.gov/
(accessed on 15 August 2021)), Ensembl (http://asia.ensembl.org/index.html (accessed on
15 August 2021)), and GeneCards (https://www.genecards.org/ (accessed on 15 August
2021)) databases combined with reviewing previous studies.

2.4. CpG Island Prediction and Primer Design in Gene Promoter Region

First, online MethPrimer software (http://www.urogene.org/methprimer/ (accessed
on 15 August 2021)) [20] was used to predict the CpG islands in promoter regions of FHIT
(GenBank: NC_037349.1) and PIAS1 (GenBank: NC_037337.1) genes (FHIT promoter region:
1416–1543 bp; PIAS1 promoter region: 1789–1972 bp) Then, PyroMark Assay Design 2.0
was used to design the pyrosequencing primers in the promoter regions of the two genes.
Finally, the primers were synthesized by Saiao Biotechnology Co., Ltd. (Shanghai, China).
The detailed information of pyrosequencing primers is given in Table S1.

2.5. Pyrosequencing

The 12 DNA samples were methylated using an EpiTect Bisulfite Kit (Qiagen, Dus-
seldorf, Germany). The treated DNA was stored in the refrigerator at −80 ◦C for further
analysis. Then, PCR was performed, and the reaction system of PCR is shown in Table
S2 and the amplified conditions are shown in Table S3. Finally, the PCR products were
used for pyrosequencing, which was completed on the PyroMark Q48 platform at Saiao
Biotechnology Co., Ltd. (Qingdao, China).

2.6. Quantitative Real-Time PCR

After total RNA quality control, total RNA was reverse-transcribed into cDNA by
using an All-In-One 5× RT MasterMix kit (ABM, Richmond, BC, Canada), and experiments
were carried out according to the kit instructions. The RT-qPCR primers of GAPDH,
FHIT, and PIAS1 genes were designed using Primer Premier 5.0 software, and the primers
were synthesized by Shengong Bioengineering Co., Ltd. (Shanghai, China) The detailed
information of RT-qPCR primers is given in Table S4.

https://www.ncbi.nlm.nih.gov/
http://asia.ensembl.org/index.html
https://www.genecards.org/
http://www.urogene.org/methprimer/
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Then, RT-qPCR was performed using a TB Green Premix Ex TaqIIkit (Takara, Shanghai,
China); the reaction system of RT-qPCR is shown in Table S5 and the amplified conditions
are shown in Table S3.

Finally, the 2−∆∆Ct method was used to calculate relative gene expression, using the
following formula:

∆Ct = Target gene mean Ct − reference gene mean Ct

∆Ct(mean of control) = Target gene mean Ct (Control) − Reference gene mean Ct (Control)

∆∆Ct = ∆Ct (Experimental) − ∆Ct (Control)

Relative expression = 2−∆∆Ct

2.7. Statistical Methods

In this study, Excel 2019, SPSS 19.0, and GraphPad 5 were used for statistical analysis and
plotting; p < 0.05 was considered significant, and p < 0.01 was considered extremely significant.

3. Results
3.1. Quality Control of DNA Samples

After DNA extraction, a DNA quality test was performed; the results show that the
OD (260/280) value of 12 samples was between 1.6 and 1.8, and no heterobands or other
contamination were found in the samples (Figure 1), suggesting that the sample quality
was good and they could be used for subsequent experiments.
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3.2. GWAS of Mastitis Resistance Traits in Xinjiang Brown Cattle

The GWAS results showed that four SNPs, located on chromosomes 2, 10, 18, and 29,
were significantly associated with the somatic cell count score (Figure 2 and Table 1), and
six candidate genes associated with mastitis traits were annotated (Table 1).
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Table 1. Genome-wide association analysis of significant SNPs and the nearest candidate genes of
significant SNPs.

SNP Name Chromosome Position p-Value
Candidate Genes

Name Distance (kb)

BovineHD1800006960 18 22647995 2.91 × 10−12 LPCAT2 1246

BovineHD0200018606 2 64455540 1.32 × 10−8
MGAT5 1146

ZRANB3 2172
ACTR3 1433

Hapmap54158-rs29026721 29 28559588 2.04 × 10−7 SLC37A2 319
BovineHD1000004910 10 14760795 3.49 × 10−7 PIAS1 182

3.3. Prediction of CpGs in the Promoter Regions of FHIT and PIAS1 Genes

The results of CpG prediction showed that the FHIT gene promoter region contained
eight potential CpGs, and the promoter region of the PIAS1 gene contained twenty-six
potential CpGs (Figure 3).
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3.4. Detection of Methylation Modifications in the Promoter Regions of FHIT and PIAS1 Genes

Pyrosequencing results showed that eight methylation sites were detected in the FHIT
gene promoter and fifteen methylation sites were detected in the PIAS1 gene promoter
(Figure 4). In addition, the methylation level of the FHIT gene promoter region was
58.00 ± 23.52% in the healthy group and 65.97 ± 19.82% in the mastitis group, with no
significant difference between the two groups (p > 0.05), and the overall methylation
level was higher in the mastitis group. The methylation level in the PIAS1 gene was
12.17 ± 4.25% in the healthy group and 11.48 ± 4.12% in the mastitis group, with no
significant difference between the two groups (p > 0.05), and the overall methylation level
was lower in the mastitis group.
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The results further show that the methylation level of the CpG6 site of the FHIT gene
promoter was higher in the healthy group, higher than that in the mastitis group, and the
methylation levels of CpG3, CpG5, and CpG8 sites were significantly higher in the mastitis
group (p < 0.01). In the promoter region of the PIAS1 gene (Figure 4), the methylation levels
of CpG2 and CpG12 sites were higher in the mastitis group than in the healthy group, the
methylation levels of other CpG sites were lower in the mastitis group, and the methylation
level of the CpG15 site was significantly lower in the mastitis group (p < 0.01).

3.5. Analysis of Relative Expression of Genes Related to Mastitis Resistance in Xinjiang
Brown Cattle

The results of RT-qPCR showed that the FHIT and PIAS1 genes were expressed in the
blood of cattle in the healthy and mastitis groups, and the expression levels of both genes
were significantly higher in blood from healthy cattle than those with the mastitis group
(p < 0.01) (Figure 5).
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3.6. Correlation Analysis between the Expression Levels of FHIT and PIAS1 Genes and
Methylation Levels

Correlation analysis between gene expression and promoter methylation levels showed
that there was no significant negative correlation between the methylation and expression
levels of the FHIT gene promoter (p > 0.05, r2 = −0.185) and a significant positive correlation
between the PIAS1 gene expression and promoter methylation level (p < 0.05, r2 = 0.602).

4. Discussion

In this study, using GWAS, we found four SNPs associated with mastitis traits,
which were located on chromosomes 2, 10, 18, and 29, and involved six genes. These
six genes (ZRANB3 [21,22], PIAS1 [23–25], ACTR3 [26,27], LPCAT2 [28], MGAT5 [29,30],
and SLC37A2 [31]) are all potentially associated with mastitis resistance (Table S5). Some
studies have shown that, among them, the PIAS1 gene is involved in the NF-kB and
JAK/STAT signaling pathways, which are closely associated with mastitis [25,32]. The
PIAS1 gene interacts with transcription factors in these signaling pathways to regulate
inflammatory cell adhesion and inhibit the process of inflammatory damage [25]. Liu et al.
found that the PIAS1 gene regulates breast tumorigenesis through selective epigenetic gene
silencing [24]. In addition, FHIT is a well-known tumor suppressor gene and covalently
binds to the cofactor intracellular diadenosine triphosphate (Ap3A). Some studies have
shown that FHIT-Ap3A may inhibit tumor activity [33,34]. Ju et al. found that two indels
in the FHIT gene significantly affected the milk somatic cell count in Xinjiang brown cat-
tle [35]. Ju et al. also studied the correlation between eight indels in the FHIT gene and milk
production traits in 388 Xinjiang brown cows, and found that P5-21bp was significantly
associated with the milk somatic cell count of first- and sixth-parity cows (p < 0.05) [36].
Finally, we selected the PIAS1 and FHIT genes and further investigated their effect on
mastitis in terms of epigenetics.

Further analysis showed that the methylation levels of the FHIT and PIAS1 genes
were higher in the mastitis group than in the healthy group. Meanwhile, the expression
of the FHIT gene was significantly higher in the blood from the healthy group compared
to the mastitis group. Nasr et al. found that Egyptian breast cancer patients had higher
methylation of the FHIT gene promoter than healthy people [37]. Syeed et al. studied the
methylation of the FHIT gene promoter in 130 breast cancer patients using PCR-SSCP, DNA
sequencing, and methylation-specific PCR. The results of that study showed that mutations
in the FHIT gene were significantly associated with hypermethylation of the promoter
region, resulting in complete inactivation of the FHIT gene and leading to breast cancer
development [38]. Raish et al. studied the correlation between promoter methylation
and expression of the FHIT gene in breast cancer patients in northern India and found
that breast cancer tissue showed higher FHIT gene promoter methylation levels than the



Genes 2023, 14, 1189 9 of 11

normal or adjacent tissue and a low expression of the FHIT gene was significantly related to
promoter methylation [39]. Our results are similar to the results of these previous studies.
The expression of the FHIT gene was reduced in Xinjiang brown cattle with mastitis, and
gene expression levels were negatively correlated with methylation levels of the FHIT
gene promoter. In a word, we consider that hypermethylation of the FHIT gene promoter
region may lead to the suppression or reduction in FHIT gene expression, inhibiting its
transcriptional activity and affecting the occurrence and development of mastitis.

In addition, Liu et al. found that PIAS1 expression was elevated in breast tumor
samples and knocking out the PIAS1 gene in breast cancer cells could inhibit their growth
in vivo [40]. However, in our study, the expression of the PIAS1 gene was down-regulated
in the mastitis group, and its expression was significantly positively correlated with the
methylation level of the PIAS1 gene promoter. This is inconsistent with previous studies
and may be related to the different species. Hence, it is necessary to further study the
expression of this gene at the protein level to determine its role in the molecular mechanisms
of the development of mastitis. Finally, we consider that the methylation of the FHIT and
PIAS1 genes affects the expression of the genes to a certain extent and can be used as an
epigenetic marker for mastitis resistance in Xinjiang brown cattle. In a word, only the
candidate genes for mastitis resistance in Xinjiang brown cattle were examined at the
genomic, epigenetic, and transcriptional levels in this study. The subsequent stage involves
performing a thorough investigation and testing the FHIT and PIAS1 genes at the protein
and cellular levels. The identification of these candidate genes and associations between
methylation of the promoter regions of candidate genes and resistance to mastitis provided
a theoretical basis for improving the resistance of dairy cattle mastitis from the perspective
of epigenetics.

5. Conclusions

In this study, six candidate genes associated with mastitis resistance were screened
using GWAS. Changes in the promoter methylation levels of FHIT and PIAS1 may influence
the expression of these genes to further regulate the development of mastitis. The decrease
in the methylation level in the promoter region of the FHIT gene may enhance resistance to
mastitis in Xinjiang brown cattle. Our study provides a reference for research on mastitis
resistance in Xinjiang brown cattle.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/genes14061189/s1. Additional file S1: Table S1 Pyrosequencing
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(50 µL). Additional file S3: Table S3 The amplified conditions of PCR. Additional file S4: Table S4 The
information of RT-qPCR primer. Additional file S5: Table S5 The functions of candidate genes.

Author Contributions: The original idea and experimental methods for this study were conceived
and designed by L.Z. and D.W. L.Z., Y.T., J.H., C.W., M.Z., L.X., X.Z., M.D. and M.G. collected the
materials and studied. The manuscript was written by S.M. and L.Z. and edited by X.H. and K.T. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Natural Science Foundation of Xinjiang Uygur Au-
tonomous Region (Nos.2020D01A52), the National Key Research and Development Program (no.
2021YFD1200903) and the National Natural Science Foundation of China (Nos.31860630). The fun-
ders played no role in study design, collection, analysis, data interpretation, manuscript writing, or
decision to submit the manuscript for publication.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author, X.H., upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/genes14061189/s1
https://www.mdpi.com/article/10.3390/genes14061189/s1


Genes 2023, 14, 1189 10 of 11

References
1. Miles, A.M.; Huson, H.J. Graduate student literature review: Understanding the genetic mechanisms underlying mastitis.

J. Dairy Sci. 2020, 104, 1183–1191. [CrossRef] [PubMed]
2. Ogorevc, J.; Kunej, T.; Razpet, A.; Dovc, P. Database of cattle candidate genes and genetic markers for milk production and

mastitis. Anim. Genet. 2009, 40, 832–851. [CrossRef] [PubMed]
3. Zadoks, R.N.; Middleton, J.R.; McDougall, S.; Katholm, J.; Schukken, Y.H. Molecular epidemiology of mastitis pathogens of dairy

cattle and comparative relevance to humans. J. Mammary Gland. Biol. Neoplasia 2011, 16, 357–372. [CrossRef] [PubMed]
4. Heringstad, B.; Rekaya, R.; Gianola, D.; Klemetsdal, G.; Weigel, K. Genetic change for clinical mastitis in Norwegian cattle: A

threshold model analysis. J. Dairy Sci. 2003, 86, 369–375. [CrossRef]
5. Fonseca, I.; Silva, P.V.; Lange, C.C.; Guimarães, M.F.M.; Weller, M.M.D.C.A.; Sousa, K.R.S.; Lopes, P.S.; Guimarães, J.D.; Guimarães,

S.E.F. Expression profile of genes associated with mastitis in dairy cattle. Genet. Mol. Biol. 2009, 32, 776–781. [CrossRef]
6. Cai, Z.; Guldbrandtsen, B.; Lund, M.S.; Sahana, G. Prioritizing candidate genes post-GWAS using multiple sources of data for

mastitis resistance in dairy cattle. BMC Genom. 2018, 19, 656. [CrossRef]
7. Moore, L.D.; Le, T.; Fan, G. DNA methylation and its basic function. Neuropsychopharmacology 2013, 38, 23–38. [CrossRef]
8. Robertson, K.D.; Wolffe, A.P. DNA methylation in health and disease. Nat. Rev. Genet. 2000, 1, 11–19. [CrossRef]
9. Smith, Z.D.; Meissner, A. DNA methylation: Roles in mammalian development. Nat. Rev. Genet. 2013, 14, 204–220. [CrossRef]
10. Wang, M.; Liang, Y.; Ibeagha-Awemu, E.M.; Li, M.; Zhang, H.; Chen, Z.; Sun, Y.; Karrow, N.A.; Yang, Z.; Mao, Y. Genome-Wide

DNA methylation analysis of mammary gland tissues from Chinese Holstein cows with Staphylococcus aureus induced mastitis.
Front. Genet. 2020, 11, 550515. [CrossRef]

11. Zhang, Y.; Wang, X.; Jiang, Q.; Hao, H.; Ju, Z.; Yang, C.; Sun, Y.; Wang, C.; Zhong, J.; Huang, J.; et al. DNA methylation
rather than single nucleotide polymorphisms regulates the production of an aberrant splice variant of IL6R in mastitic cows.
Cell Stress Chaperones 2018, 23, 617–628. [CrossRef]

12. Zhang, X.; Zhang, S.; Ma, L.; Jiang, E.; Xu, H.; Chen, R.; Yang, Q.; Chen, H.; Li, Z.; Lan, X. Reduced representation bisulfite
sequencing (RRBS) of dairy goat mammary glands reveals DNA methylation profiles of integrated genome-wide and critical
milk-related genes. Oncotarget 2017, 8, 115–326. [CrossRef]

13. Wan, D. The Regulation of Genome-Wide DNA Methylation and Key Genes Analysis of Xinjiang Brown Cattle Mastitis Resistance.
Master’s Thesis, Xinjiang Agricultural University, Urumqi, China, 2018.

14. Wang, X.S.; Zhang, Y.; He, Y.H.; Ma, P.; Fan, L.; Wang, Y.; Sun, D.; Zhang, S.; Wang, C.; Song, J.; et al. Aberrant promoter
methylation of the CD4 gene in peripheral blood cells of mastitic dairy cows. Genet. Mol. Res. 2013, 12, 6228–6239. [CrossRef]

15. Ivanova, E.; Le Guillou, S.; Hue-Beauvais, C.; Le Provost, F. Epigenetics: New insights into mammary gland biology. Genes 2021,
12, 231–266. [CrossRef]

16. Zhou, J.; Liu, L.; Chen, C.J.; Zhang, M.; Lu, X.; Zhang, Z.; Huang, X.; Shi, Y. Genome-wide association study of milk and
reproductive traits in dual-purpose Xinjiang Brown cattle. BMC Genom. 2019, 20, 827. [CrossRef]

17. Kchl, S.; Niedersttter, H.; Parson, W. DNA extraction and quantitation of forensic samples using the phenol-chloroform method
and real-time PCR. Forensic DNA Typing Protoc. 2005, 297, 13–29. [CrossRef]

18. Purcell, S.; Neale, B.; Todd-Brown, K.; Thomas, L.; Ferreira, M.A.R.; Bender, D.; Maller, J.; Sklar, P.; de Bakker, P.I.W.;
Daly, M.J.; et al. PLINK: A tool set for whole-genome association and population-based linkage analyses. Am. J. Hum. Genet.
2007, 81, 559–575. [CrossRef]

19. Liu, X.; Huang, M.; Fan, B.; Buckler, E.; Zhang, Z. Iterative usage of fixed and random effect models for powerful and efficient
genome-wide association studies. PLoS Genet. 2016, 12, e1005767. [CrossRef]

20. Li, L.C.; Dahiya, R. MethPrimer: Designing primers for methylation PCRs. Bioinformatics 2002, 18, 1427–1431. [CrossRef]
21. Puccetti, M.V.; Adams, C.M.; Kushinsky, S.; Eischen, C.M. Smarcal1 and Zranb3 protect replication forks from Myc-induced DNA

replication stress. Cancer Res. 2019, 79, 1612–1623. [CrossRef]
22. Long, M.J.; Zhao, Y.; Aye, Y. Clofarabine Commandeers the RNR-α-ZRANB3 Nuclear Signaling Axis. Cell Chem. Biol. 2020, 27,

122–133. [CrossRef] [PubMed]
23. Chanda, A.; Chan, A.; Deng, L.; Kornaga, E.N.; Enwere, E.K.; Morris, D.G.; Bonni, S. Identification of the SUMO E3 ligase PIAS1

as a potential survival biomarker in breast cancer. PLoS ONE 2017, 12, e0177639. [CrossRef] [PubMed]
24. Liu, B.; Tahk, S.; Yee, K.M.; Yang, R.; Yang, Y.; Mackie, R.; Hsu, C.; Chernishof, V.; O’Brien, N.; Jin, Y.; et al. PIAS1 regulates breast

tumorigenesis through selective epigenetic gene silencing. PLoS ONE 2014, 9, e89464. [CrossRef] [PubMed]
25. Malinen, M.; Toropainen, S.; Jskelinen, T.; Sahu, B.; Jänne, O.A.; Palvimo, J.J. Androgen receptor-and PIAS1-regulated gene

programs in molecular apocrine breast cancer cells. Mol. Cell. Endocrinol. 2015, 414, 91–98. [CrossRef]
26. McConnel, C.S.; Crisp, S.A.; Biggs, T.D.; Ficklin, S.P.; Parrish, L.M.; Trombetta, S.C.; Sischo, W.M.; Adams-Progar, A. A fixed

cohort field study of gene expression in circulating leukocytes from dairy cows with and without mastitis. Front. Vet. Sci. 2020, 7,
559279. [CrossRef]

27. Chen, X.; Cheng, Z.; Zhang, S.; Werling, D.; Wathes, D.C. Combining genome wide association studies and differential gene
expression data analyses identifies candidate genes affecting mastitis caused by two different pathogens in the dairy cow. Open J.
Anim. Sci. 2015, 5, 358–393. [CrossRef]

https://doi.org/10.3168/jds.2020-18297
https://www.ncbi.nlm.nih.gov/pubmed/33162090
https://doi.org/10.1111/j.1365-2052.2009.01921.x
https://www.ncbi.nlm.nih.gov/pubmed/19508288
https://doi.org/10.1007/s10911-011-9236-y
https://www.ncbi.nlm.nih.gov/pubmed/21968538
https://doi.org/10.3168/jds.S0022-0302(03)73615-7
https://doi.org/10.1590/S1415-47572009005000074
https://doi.org/10.1186/s12864-018-5050-x
https://doi.org/10.1038/npp.2012.112
https://doi.org/10.1038/35049533
https://doi.org/10.1038/nrg3354
https://doi.org/10.3389/fgene.2020.550515
https://doi.org/10.1007/s12192-017-0871-0
https://doi.org/10.18632/oncotarget.23260
https://doi.org/10.4238/2013.December.4.10
https://doi.org/10.3390/genes12020231
https://doi.org/10.1186/s12864-019-6224-x
https://doi.org/10.1385/1-59259-867-6:013
https://doi.org/10.1086/519795
https://doi.org/10.1371/journal.pgen.1005767
https://doi.org/10.1093/bioinformatics/18.11.1427
https://doi.org/10.1158/0008-5472.CAN-18-2705
https://doi.org/10.1016/j.chembiol.2019.11.012
https://www.ncbi.nlm.nih.gov/pubmed/31836351
https://doi.org/10.1371/journal.pone.0177639
https://www.ncbi.nlm.nih.gov/pubmed/28493978
https://doi.org/10.1371/journal.pone.0089464
https://www.ncbi.nlm.nih.gov/pubmed/24586797
https://doi.org/10.1016/j.mce.2015.07.024
https://doi.org/10.3389/fvets.2020.559279
https://doi.org/10.4236/ojas.2015.54040


Genes 2023, 14, 1189 11 of 11

28. Williams, K.A.; Lee, M.; Hu, Y.; Andreas, J.; Patel, S.J.; Zhang, S.; Chines, P.; Elkahloun, A.; Chandrasekharappa, S.;
Gutkind, J.S.; et al. A systems genetics approach identifies CXCL14, ITGAX, and LPCAT2 as novel aggressive prostate cancer
susceptibility genes. PLoS Genet. 2014, 10, e1004809. [CrossRef]

29. Yan, G.; Li, Y.; Zhan, L.; Sun, S.; Yuan, J.; Wang, T.; Yin, Y.; Dai, Z.; Zhu, Y.; Jiang, Z.; et al. Decreased miR-124-3p promoted breast
cancer proliferation and metastasis by targeting MGAT5. Am. J. Cancer Res. 2019, 9, 585–596.

30. Li, D.; Li, Y.; Wu, X.; Li, Q.; Yu, J.; Gen, J.; Zhang, X.-L. Knockdown of Mgat5 inhibits breast cancer cell growth with activation of
CD4+ T cells and macrophages. J. Immunol. 2008, 180, 3158–3165. [CrossRef]

31. Shaheen, S.; Fawaz, F.; Shah, S.; Bsselberg, D. Differential expression and pathway analysis in drug-resistant triple-negative breast
cancer cell lines using RNASeq analysis. Int. J. Mol. Sci. 2018, 19, 1810. [CrossRef]

32. Liu, B.; Yang, R.; Wong, K.A. Negative regulation of NF-κB signaling by PIAS1. Mol. Cell. Biol. 2005, 25, 1113–1123. [CrossRef]
33. Zhou, X.; Pan, Y.; Wang, Y.; Wang, B.; Yan, Y.; Qu, Y.; Ke, X. Tanshinones induce tumor cell apoptosis via directly targeting FHIT.

Sci. Rep. 2021, 11, 12217. [CrossRef]
34. Herzog, D.; Jansen, J.; Missun, M.; Diederichs, K.; Stengel, F.; Marx, A. Chemical Proteomics of the Tumor Suppressor Fhit

Covalently Bound to the Cofactor Ap3A Elucidates Its Inhibitory Action on Translation. J. Am. Chem. Soc. 2022, 144, 8613–8623.
[CrossRef]

35. Ju, X. Study on Genetic Variations of Xinjiang Brown Cattle’s Lactation-Related Genes and Their Association with Milk Traits.
Master’s Thesis, Xinjiang Agricultural University, Urumqi, China, 2021.

36. Ju, X.; Huang, X.; Zhang, M.; Lan, X.; Wang, D.; Wei, C.; Jiang, H. Effects of eight InDel variants in FHIT on milk traits in Xinjiang
brown cattle. Anim. Biotechnol. 2021, 32, 486–494. [CrossRef]

37. Zaki, S.M.; Abdel-Azeez, H.A.; El Nagar, M.R.; Metwally, K.A.-A.; Ahmed, M.M.S.S. Analysis of FHIT gene methylation in
egyptian breast cancer women: Association with clinicopathological features. Asian Pac. J. Cancer Prev. 2015, 16, 1235–1239.
[CrossRef]

38. Syeed, N.; Husain, S.A.; Sameer, A.S.; Chowdhri, N.A.; Siddiqi, M.A. Mutational and promoter hypermethylation status of FHIT
gene in breast cancer patients of Kashmir. Mutat. Res. Mol. Mech. Mutagen. 2011, 707, 1–8. [CrossRef]

39. Raish, M.; Dhillon, V.S.; Ahmad, A.; Ansari, M.A.; Mudassar, S.; Shahid, M.; Batra, V.; Gupta, P.; Das, B.C.; Shukla, N.; et al.
Promoter hypermethylation in tumor suppressing genes p16 and FHIT and their relations estrogen receptor status in breast
cancer patients from Northern India. Transl. Oncol. 2009, 2, 264–270. [CrossRef]

40. Liu, B.; Yee, K.M.; Tahk, S.; Mackie, R.; Hsu, C.; Shuai, K. PIAS 1 SUMO ligase regulates the self-renewal and differentiation of
hematopoietic stem cells. EMBO J. 2014, 33, 101–113. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1371/journal.pgen.1004809
https://doi.org/10.4049/jimmunol.180.5.3158
https://doi.org/10.3390/ijms19061810
https://doi.org/10.1128/MCB.25.3.1113-1123.2005
https://doi.org/10.1038/s41598-021-91708-z
https://doi.org/10.1021/jacs.2c00815
https://doi.org/10.1080/10495398.2020.1724124
https://doi.org/10.7314/APJCP.2015.16.3.1235
https://doi.org/10.1016/j.mrfmmm.2010.11.001
https://doi.org/10.1593/tlo.09148
https://doi.org/10.1002/embj.201283326

	Background 
	Materials and Methods 
	Sample Collection 
	DNA and RNA Extraction 
	GWAS 
	CpG Island Prediction and Primer Design in Gene Promoter Region 
	Pyrosequencing 
	Quantitative Real-Time PCR 
	Statistical Methods 

	Results 
	Quality Control of DNA Samples 
	GWAS of Mastitis Resistance Traits in Xinjiang Brown Cattle 
	Prediction of CpGs in the Promoter Regions of FHIT and PIAS1 Genes 
	Detection of Methylation Modifications in the Promoter Regions of FHIT and PIAS1 Genes 
	Analysis of Relative Expression of Genes Related to Mastitis Resistance in Xinjiang Brown Cattle 
	Correlation Analysis between the Expression Levels of FHIT and PIAS1 Genes and Methylation Levels 

	Discussion 
	Conclusions 
	References

