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Abstract
Post-translational modifications (PTMs) of proteins play substantial roles in the gene regulation of cell physiological
functions and in the generation of major diseases. However, the majority of existing studies only explored a certain PTM
of proteins, while very few have investigated the PTMs of two or more domains and the effects of their interactions. In
this study, after collecting data regarding a large number of breast cancer-related and validated PTMs, a sequence and
domain analysis of breast cancer proteins was carried out using bioinformatics methods. Then, protein-protein interac-
tion network-related tools were applied in order to determine the crosstalks between the PTMs of the proteins. Finally,
statistical and functional analyses were conducted to identify more modification sites of domains and proteins that may
interact with at least two or more PTMs. In addition to exploring the associations between the interactive effects of
PTMs, the present study also provides important information that would allow biologists to further explore the regulatory
pathways of biological functions and related diseases.
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I. INTRODUCTION

Breast cancer is a malignant disease, and the metastasis

of breast cancer to other organs occurs with relative ease.

The occurrence of the cancer itself is likely due to

random genetic mutations or genetic defects [1, 2]. In

Taiwan, breast cancer is the type of cancer with the peak

age range of initial diagnosis occurring from 45–69 years

old. More specifically, approximately 9,600 women are

diagnosed with breast cancer each year, with 1,900 dying

from the disease per year. That equates to roughly 26

women being diagnosed with and five women dying of

breast cancer per day. In short, breast cancer is among the

most common cancers among women in Taiwan, while

also being quite common elsewhere. For example, an

average of one in every nine women in the United States

and Europe will suffer from breast cancer at some point

in their lives. In light of these impacts, researchers and

clinicians have, in recent years, sought increasingly better

understanding of the internal mechanisms and biological

regulatory pathways of breast cancer and other major

diseases, in addition to researching and applying effective

prevention and treatment methods.

A post-translational modification (PTM) is a significant

step in the production of proteins. The significance of PTMs

lies in their capacity to alter the physical and chemical

properties of proteins and their functions, including their

folding, stability, and activity. Furthermore, most PTMs

are reversible, which is why PTMs can regulate the

physiological state of a cell. Examples of PTMS include

G protein phosphorylation, the modification of auxiliary

enzymes factors, and histone acetylation or methylation.

At the same time, there are also some irreversible PTMs,

such as cleavage and ubiquitination. Meanwhile, the

molecular mechanisms of PTMs are extremely complex

in terms of their effects, and such effects constitute one of

the important research topics in the field of proteomics at

present. The PTMs of proteins play significant roles in the

physiological and biological characteristics and functions

of those proteins, including the transmission of biological

signals, gene expression-related effects, protein and cellular

stability, and genetic transcription, among others.

Phosphorylation [3-5] is not only the most common

reversible PTM in cells but also plays a role in a variety

of biological signaling pathways. Fundamentally, protein

phosphorylation consists of the addition of a phosphoric

acid molecule (PO4) group or groups to a protein. The

sites for such phosphorylation usually consist of tyrosine,

threonine, and serine. Some protein phosphorylation will

generate structural changes and increased chemical activity.

In terms of biological signaling pathways, protein phos-

phorylation and dephosphorylation supply the regulatory

mechanism for eukaryotic cells. In addition, phosphorylation

controls the activation and inhibition of many enzymes

and receptors [4, 6].

Glycosylation [3, 4, 7] can be categorized under various

subtypes, including N-glycosylation, which primarily

involves aspartic acid, and O-glycosylation, which primarily

involves serine and threonine. Glycosylation is widely

found in the extracellular matrix and affects a variety of

immune-related proteins, such as selectin and lectins,

among others. Moreover, many of the receptors of cells

and microorganisms are composed of glycoproteins, such

as the antigens of red corpuscles, which consist of glyco-

proteins composed of fucose and galactose. Glycosylation

can affect protein folding, thereby affecting whether the

affected protein is able to serve its function or not.

According to previous research, some proteins will degrade

faster than other normal proteins if they experience a

relative lack of glycosylation [4, 6, 8].

Acetylation [9] is a PTM which occurs primarily on

histone and lysine. Acetylation and deacetylation of

histones are regulated by two proteins in the cell, names

HAT and HDAC. Acetylation has significant associations

with cell stability, gene transcription, gene expression,

and a variety of diseases such as cancers, neurodegenerative

diseases, and cardiovascular diseases.

Methylation [3, 10] is most widely known due to the

phenomenon of DNA methylation. DNA histone methylation

makes the expression of individual genes less likely, in

addition to inducing structural changes to chromosomes.

Methylation plays a role in cell plasticity, cell growth,

and gene expression.

Over the past 10 years, the rapid development of research

into PTMs has produced a huge amount of related data.

In contrast, however, with the majority of past research

studies that explored only a certain PTM, in this study,

we sought to investigate the associations of four PTMs,

namely, phosphorylation, glycosylation, acetylation, and

methylation, with breast cancer, as well as their effects on

the organism. This included comprehensive investigations

of relevant sequences and domains in order to further

integrate the analysis and discussion. Apart from identifying

more potential protein PTM sites, looking at the biological

functions and processes associated with particular domains

can help us to better understand the relationships between

PTMs and breast cancer. At the same time, it also allows

researchers to have a greater number of biological refer-

ences as a result of preliminary validations.

II. MATERIALS AND METHODS

A. Data Collection

The sequence data for human breast cancer proteins

investigated in this study were all downloaded from the

dbPTM, which is an informative resource regarding PTMs.

Specifically, the investigated data consisted of all the

protein sequence data available for proteins associated
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with human breast cancer collected through February 28,

2014. All of the human breast cancer associated protein

sequences downloaded were complete in terms of

sequence length (that is, they were full length), and the

sequences are all distinct from each other. 

The total number of breast cancer associated protein

sequences obtained from the dbPTM was 67, which

includes proteins from humans and others species. However,

this study was focused on humans; therefore, screening

was conducted to exclude non-human species. The resulting

total number of human breast cancer associated genes

was 42, with those genes being, namely, ABCG2, AKP13,

AN30A, ANR17, ARI4B, BCAR1, BCAR3, BCAS1, BCD1,

BIN2, BRCA1, BRCA2, BRM1L, BRMS1, CCAR2, CE85L,

ERGI3, FA84B, GREB1, HEAT6, K0100, KIF15, MAGD2,

NCOA3, NCOA6, NFIP1, NRG1, PKHA8, PP14C, PRP31,

PSMD6, SEPT1, SFXN4, SGOL1, SMG8, STRAA, SVEP1,

SYTL2, SYUG, TFF1, TRFF1, and VMA5A.

B. Research Framework

The experimental procedure for this study was as

follows (Fig. 1).

1) Data Collection: Human breast cancer associated

protein sequences were downloaded from the dbPTM.

2) Sequences Analysis: Human breast cancer associated

protein sequences were analyzed using a two-pronged

approach looking at the relevant sequence, and domain.

3) PTM Prediction and PROTTER: First, all the human

breast cancer associated protein sequences were analyzed

to predict their own N-glycosylation sites, O-glycosylation

sites, phosphorylation sites, acetylation sites, methylation

sites, and sites of interaction between phosphorylation

and glycosylation. Second, a membrane protein topology-

related tool called PROTTER [11] was used to draw the

structure and location map of each individual human

breast cancer protein. Next, each of the PTM sites was

annotated with its own color.

4) Domain Prediction: Domain sections were obtained

through the InterPro tool [12, 13] by using the domain

information for the 42 human breast cancer associated

protein sequences. The final results were received from

relative position maps of PROTTER, protein-protein

interaction information with PTMcode, and domain-

domain interaction information with the database of

three-dimensional interacting domains (3did).

In order to avoid false positive results, each of the

human breast cancer associated protein structure and

location maps drawn with the PROTTER tool had to be

verified using information from previous studies. In

addition, a check was made to determine whether the

tyrosine sites of phosphorylation were located near the

serine and threonine sites of O-glycosylation.

C. PTMs Sites Prediction and PROTTER

This study sought to identify and explore potential but

not yet validated PTMs and explore the interactions

between them. Therefore, the study made use of prediction

tools and various previously identified PTM sites in order

to comprehensively search for other potential PTM sites.

PROTTER is a membrane protein topology-related

visualization tool that performs the opposite localizations

between protein sequences and PTM sites [11]. After

finishing all the PTM sites of the prediction tools,

PROTTER was used to illustrate the structure and location

maps of each individual human breast cancer protein, and to

annotate all the PTMs sites with their own colors (Fig. 2).

First, the prediction of the N-glycosylation sites,

O-glycosylation sites, phosphorylation sites, acetylation

sites, methylation sites, and sites of interaction between

phosphorylation and glycosylation of the 42 human breast

cancer associated protein sequences was accomplished

using PTM prediction tools, namely, NetNGlyc, NetOGlyc,

NetPhos, NetAcet, PMes, and YinOYang. As C-glycosylation

is associated with relatively rare PTMs and as information

about it is lacking, this study only explored N-glycosylation

and O-glycosylation sites. YinOYang sites are interaction

sites which generate the interactions between phosphory-

lation and glycosylation.

The membrane protein topology tool PROTTER was

used to draw the structure and location maps of every

Fig. 1. The experimental method flow chart.
Fig. 2. Data processing flow chart of human breast cancer
associated proteins.
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human breast cancer protein, and to annotate all the PTM

sites with their own colors. In the PROTTER figure, dark

green is used to annotate N-glycosylation sites, light

green is used for O-glycosylation sites, blue is used for

phosphorylation sites, orange is used for methylation

sites, yellow is used for acetylation sites, and pink is used

for the interaction sites between phosphorylation and

glycosylation. This tool provides a better understanding

of the relative positions of various PTMs sites.

D. Domain Prediction

Domain data from the InterPro database was used to

obtain the domain-related information, including the domains

of protein sequences, the regions of each domain, and the

associated molecular functions of the domains [12, 13].

Finally, PROTTER was used to integrate the structure

and location maps of the PTM sites of every human breast

cancer protein. Fig. 3 demonstrates BCAR3_HUMAN as

an example, and the results indicate that there are an SH2

domain and PTMs sites, the region of which is 144–256,

on the human breast cancer associated protein BCAR3_

HUMAN.

E. PTMcode Model

PTMcode is a query interface that utilizes data from a

eukaryotic protein-based database [14]. The PTMcode

data consists of 25,764 protein sequences which in turn

contain 137,525 validated PTM sites and 401,688 functional

associations. By typing full protein names or amino acid

sequences (in the FASTA format) to get a domain’s

regions, the PTM sites on protein sequences and their

interactions, as well as the associations between PTM

sites, can be validated.

The experimental data and results of this study were

thus verified using PTMcode. Taking human breast cancer

associated protein ABCG2_HUMAN as an example,

PTMcode was applied to retrieve data indicating that

there are AAA and ABC2_Membrane domains on the

protein sequence. In addition to that, the data verified that

there are interactions between the phosphorylation site

Ser100, which is on the AAA domain, and other sites,

including Ser2 and Ser65, as well as the N-glycosylation

site Asn596.

In addition to investigating PTM sites that were previously

validated, this study also sought to identify other potential

PTM sites. For example, the PTMcode results for

ABCG2_HUMAN, which indicate that there are other

phosphorylation sites, methylation sites, O-glycosylation

sites, and YinOYang sites on the AAA domain. Furthermore,

there are other phosphorylation sites, N-glycosylation sites,

and methylation sites on the ABC2_Membrane domain.

The AAA domain is related to molecular functions like

ATP binding and DNA replication, among others, while

the ABC2_Membrane domain is related with molecular

functions such as ATP binding and transporter activity.

Based on these results, it could be determined that there

are interactions between phosphorylation, methylation,

O-Glycosylation and N-Glycosylation in AAA and

ABC2_Membrane domain.

F. Domain and Function

In addition to using PTMcode results to validate our

experimental data, this study used the domain-domain

interaction-related tool 3did [15] to retrieve all domain

data, and then integrated the retrieved results with

PROTTER to connect the PTM sites to their relative

locations. The classification and analysis of the results of

domain molecular functions and biological processes was

thus completed with 3did. For example, the ABC_transporter-

like domain on the ABCG2_HUMAN protein sequence

can be considered to have something to do with ATP

binding function and ATPase activity. These results will

be integrated with PROTTER to observe their PTMs sites.

III. RESULTS AND DISCUSSIONS

A. Statistics of PTM Sites and Their Relationships
with Human Breast Cancer Proteins

In this study, we obtained the PTM sites for all 42 human

breast cancer associated protein sequences. According to

the results shown in Table 1, there were 1,064 human

breast cancer associated protein sequence O-glycosylation

sites, 898 phosphorylation sites, and 828 YinOYang sites.

These preliminary statistical results indicated that human

breast cancer associated proteins are more significantly

associated with O-glycosylation and phosphorylation than

other PTMs.

Previous research indicated that protein phosphorylation

had a significant association with the signaling pathways

of organisms. Most cancer cells will exhibit overreliance
Fig. 3. PTMs sites of SH2 domain with PROTTER in BCAR3_HUMAN
protein.
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on a specific pathway, allowing the cancer cells to survive

or be excessive in number [16]. Also, protein glycosylation

has been shown to be related to immunity with a lot of the

proteins [17]. Protein glycosylation may affect whether

the protein folding is normal or not. If a protein cannot fold

well then that will affect the immunity-related function of

the protein and affect the generation of diseases [18]. 

As recent research has pointed out, cancer cells will

recruit immune suppression cells in the tumor growth region.

Cancer cells may also let myeloid-derived suppressor

cells (MDSC) and regulatory T (TReg) cells come within

and generate the immunosuppressive tumor microen-

vironment [19]. Glycosylation not only affects the growth

and activity of bone marrow-derived cells, but also their

survival. An immunosuppressive tumor microenvironment

promotes tumor proliferation, in addition to being associated

with resistance and cancer metastasis. 

These findings preliminarily determine that our experiment

direction and methods are keeping with previous research

[20, 21]. The amount of glycosylation sites, phosphorylation

sites and YinOYang sites are much more than other

PTMs sites. Moreover, YinOYang sites could verify that

there is a significant association between protein phos-

phorylation and glycosylation. The material and methods

used in this study could also be used to identify many

more potential PTM sites, allowing for deeper discussions

and explorations [22].

According to the data in Table 1, this study confirmed

the finding of a previous study regarding PTM sites of

human breast cancer associated protein sequences [23]

that protein acetylation has a close association with tumor

generation. In view of this, protein acetylation can be

supposed to be closely related to breast cancer. However,

there were just 2 acetylation sites among the 42 human

breast cancer associated proteins in our study. As such,

experimental results and those of previous studies could

be taken to imply that protein acetylation may act on

breast cancer-related pathways to affect the degree of

deterioration rather than inducing the generation of breast

cancer. We hope that a future study using biologically

relevant laboratory data will be undertaken to confirm

this inference.

B. Statistics of the Domains of PTMs Sites
and Their Relationships with Human Breast
Cancer Proteins

In this study, we obtained the domains for all 42 human

breast cancer associated protein sequences. According to

the results shown in Table 2, there were 126 human breast

cancer associated protein domains with phosphorylation

sites, 79 domains with methylation sites, and 73 domains

with O-glycosylation sites. These preliminary statistical

results indicated that human breast cancer associated

protein domains are more significantly associated with

phosphorylation, methylation, and O-glycosylation than

other PTMs.

Phosphorylation [24] is not only the most common

reversible PTM in cells but also participates in a variety

of biological signaling pathways and controls the activation

and inhibition of many enzymes and receptors [25, 26].

Protein methylation [24, 27] makes the expression of genes

less likely, induces structural changes to chromosomes,

and is related to cell plasticity, cell growth, and gene

expression [28]. Glycosylation can affect the folding of

proteins, thereby affecting whether the given protein plays

its normal role or not [29-31]. Through our experiment

and methods, it can be understood that human breast

cancer associated proteins have significant associations

with phosphorylation, methylation, and glycosylation, as

well as their own molecular functions. Among these PTMs,

methylation plays the role of affecting gene expression.

Genome instability is one cause of cancer [32]. Genome

instability is most likely to cause gene mutations, in addition

to causing oncogenes to have increased functionality or

causing tumor suppressor genes to lose their function.

These effects can in turn induce normal cells to gradually

transform into cancer cells, and this transformation process

is known as tumorigenesis. The experimental results of

this study regarding the domains associated with phos-

phorylation and O-glycosylation were consistent with

those of previous studies. Our experimental results also

suggest that methylation on human breast cancer associated

protein domains has a significant relationship with the

occurrence of breast cancer.

Table 2. The number of PTM sites of human breast cancer
associated protein domains

PTMs Quantity

Phosphorylation 126

Methylation 79

O-Glycosylation 73

N-Glycosylation 51

YinOYang 41

Acetylation 0

Table 1. The number of PTM sites of human breast cancer
associated proteins

PTMs Quantity

O-Glycosylation 1,064

Phosphorylation 898

YinOYang 828

N-Glycosylation 173

Methylation 104

Acetylation 2
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C. Verification of PTMcode model

After comparing the results of this study with the

validated study from previous studies, it could be concluded

that our study found more potential PTM sites. This study

used validated data from PTMcode and dbPTM to verify

our experimental data and results. By comprehensive

searching from sequence, molecular biology function and

biology process which on sequence and domain are

investigated the interactions between PTMs. The methods

used in this study yielded results consistent with those of

previous studies, and also allowed for the identification

of more potential PTM sites and interactions. These

experimental results may provide valuable data to

biological laboratories for use in further research.

1) K0100_HUMAN: Fig. 4 shows the results of the

human breast cancer associated protein K0100_HUMAN

[33] and other potential PTM sites which were obtained

via the experimental methods used in this study. The

experimental methods indicated that there may be phos-

phorylation sites, methylation sites, and YinOYang sites

on the Fmp27 domain. Another domain on K0100_HUMAN

is the Fmp27_GFWDK domain. There are also other

potential phosphorylation sites, methylation sites, and N-

glycosylation sites. The other domain on K0100_HUMAN

is the Apt1 domain. In addition to the verified phos-

Fig. 4. PTMcode model of protein K0100_HUMAN.

Fig. 5. PTMcode model of protein PRP31_HUMAN.
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phorylation sites, there are other potential phosphorylation

sites, methylation sites, N-glycosylation sites, O-glycosylation

sites, and YinOYang sites. According to the study results,

it was possible to determine that there are interactions

between phosphorylation, methylation, N-glycosylation

and O-glycosylation in these domains on this human

breast cancer associated protein. 

2) PRP31_HUMAN: Fig. 5 displays the PTMcode

model of the human breast cancer associated protein

PRP31_HUMAN [34] and other potential PTM sites

which were obtained by using the experimental methods

in this research. The experimental methods indicated that

there may be phosphorylation sites and N-glycosylation

sites on the NOSIC domain. Another domain on

PRP31_HUMAN is the NOP domain. In addition to the

verified phosphorylation sites, there are other potential

phosphorylation sites, N-glycosylation sites, and O-

glycosylation sites. The other domain on PRP31_HUMAN

is the Prp31_C domain. In addition to the verified phos-

phorylation sites, there are other potential phosphorylation

sites, O-glycosylation sites, and YinOYang sites. According

to the study results, it was possible to determine that there

are interactions between phosphorylation, N-glycosylation

and O-glycosylation in three domains on this protein.

3) NFIP1_HUMAN: Fig. 6 shows the results of the

NFIP1_HUMAN [35]. The PTMcode model and other

potential PTM sites were obtained via the experimental

methods used in this study. The experimental methods

indicated that, in addition to the verified phosphorylation

sites, there may be other phosphorylation sites, O-

glycosylation sites, methylation sites, and YinOYang sites

on the DUF2370 domain. According to the study results,

it was possible to determine that there are interactions

between phosphorylation, O-glycosylation, and methylation

on the DUF2370 domain of this protein. 

4) TREF1_HUMAN: Fig. 7 displays the results of

PTMcode model of the TREF1_HUMAN protein [36] and

potential PTMs sites which were obtained from this experi-

ment methods. According to the experimental methods of

this study, it obtains that there are methylation sites and

O-glycosylation sites are on the ZnF_C2H2 domain.

Another domain on TREF1_HUMAN is the ELM2 domain.

There are also other potential phosphorylation sites, O-

glycosylation sites, and methylation sites on the ELM2

domain. The third domain on TREF1_HUMAN is the

SANT domain, and there are other potential phosphorylation

sites. These results show that there are interactions between

methylation, O-glycosylation, and phosphorylation in

three kinds of domains on TREF1_HUMAN protein.

IV. CONCLUSIONS

In this research, the interactions between PTMs of breast

cancer-related proteins were comprehensively investigated

Fig. 6. PTMcode model of protein NFIP1_HUMAN.

Fig. 7. PTMcode model of protein TREF1_HUMAN.
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using sequence and domain information and the application

of bioinformatics methods. With these methods, other

possible PTMs of proteins were identified. According to

the study results, the PTM sites in human breast cancer

associated proteins may be more associated with O-

glycosylation and phosphorylation than other PTMs. And

the third related type of PTM is YinOYang PTMs, which

consist of interactions between glycosylation and phos-

phorylation. The YinOYang results of this study may

show that human breast cancer associated proteins have

some association with glycosylation and phosphorylation.

On the basis of the results regarding the domains of

breast cancer associated proteins, it can also be suggested

that while human breast cancer associated domains have

greater relationships with O-glycosylation and phosphory-

lation, they also have some association with methylation.

This finding would improve the understanding of the

associations of human breast cancer with O-glycosylation

and phosphorylation, and it also may offer the key that

methylation has some relation with human breast cancer.

We first used the membrane protein topology associated

tool PROTTER to visualize the opposite locations of the

PTM sites. In addition to considering clearly the opposite

locations of the PTM sites, the sequence and domain-

related results could make more discussion of protein

functions and PTMs possible. Moreover, these experimental

results may provide biological laboratories with important

experimental evidence and validation data.

However, this study only focused on human breast cancer

associated proteins in its experiments and discussion. In

fact, the amount of data in this study was relatively

lacking and weak compared to that of previous studies,

and the credibility of related future studies will need to be

improved. However, the study did use validated data and

information and comprehensive searches for sequences

and domains to investigate the interactions of PTMs. The

PTM interaction information obtained in the study was

thus greater in amount and more carefully obtained than

that of previous studies. Because the amount of information

and data regarding motifs were less than those regarding

domains, most of the experimental results of this study are

based on human breast cancer associated protein domains.

We hope that more motif-related information and data

will be available in the future that could be added to our

study to improve the credibility of our experimental model.

In the future, this study hopes to combine metabolic

pathways information and extend to other disease appli-

cations. Such diseases could include Alzheimer’s disease

[37] and neurodegenerative diseases that are also major

genetic diseases, among others. In addition to expanding

upon the scope of this study, future studies could be

undertaken in order to better understand and learn about

the generation of different diseases and the various factors

influencing said diseases. If we could, for example, add

the combined data of experimental groups and control

groups, then the credibility and reliability of related

future research will be significantly improved. It is also

hoped that the PTMs found in the experimental results of

this study may provide validation and foundational data

for use biological laboratories.
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