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Abstract

Hypoxia is a prominent feature of head and neck cancer. However, the oxygen element characteristics of proteins 
and how they adapt to hypoxia microenvironments of head and neck cancer are still unknown. Human genome 
sequences and proteins expressed data of head and neck cancer were retrieved from pathology atlas of Human 
Protein Atlas project. Then compared the oxygen and carbon element contents between proteomes of head and neck 
cancer and normal oral mucosa-squamous epithelial cells, genome locations, pathways, and functional dissection 
associated with head and neck cancer were also studied. A total of 902 differentially expressed proteins were 
observed where the average oxygen content is higher than that of the lowly expressed proteins in head and neck 
cancer proteins. Further, the average oxygen content of the up regulated proteins was 2.54% higher than other. 
None of their coding genes were distributed on the Y chromosome. The up regulated proteins were enriched in 
endocytosis, apoptosis and regulation of actin cytoskeleton. The increased oxygen contents of the highly expressed 
and the up regulated proteins might be caused by frequent activity of cytoskeleton and adapted to the rapid growth 
and fast division of the head and neck cancer cells. The oxygen usage bias and key proteins may help us to understand 
the mechanisms behind head and neck cancer in targeted therapy, which lays a foundation for the application of 
stoichioproteomics in targeted therapy and provides promise for potential treatments for head and neck cancer.

Keywords: head and neck cancer, hypoxia, oxygen, element usage biases, stoichiogenomics.

Resumo

A hipóxia é uma característica proeminente do câncer de cabeça e pescoço. No entanto, as características do 
elemento oxigênio das proteínas e como elas se adaptam aos microambientes de hipóxia do câncer de cabeça e 
pescoço ainda são desconhecidas. Sequências do genoma humano e dados expressos de proteínas de câncer de 
cabeça e pescoço foram recuperados do atlas de patologia do projeto Human Protein Atlas. Em seguida, comparou 
o conteúdo do elemento de oxigênio e carbono entre proteomas de câncer de cabeça e pescoço, e células epiteliais 
escamosas da mucosa oral normal, localizações do genoma, vias e dissecção funcional associada ao câncer de 
cabeça e pescoço também foram estudadas. Um total de 902 proteínas expressas diferencialmente foi observado 
onde o conteúdo médio de oxigênio é maior do que as proteínas expressas de forma humilde em proteínas de 
câncer de cabeça e pescoço. Além disso, o conteúdo médio de oxigênio das proteínas reguladas positivamente foi 
2,54% maior do que das outras. Nenhum de seus genes codificadores foi distribuído no cromossomo Y. As proteínas 
reguladas positivamente foram enriquecidas em endocitose, apoptose e regulação do citoesqueleto de actina. O 
conteúdo aumentado de oxigênio das proteínas altamente expressas e reguladas pode ser causado pela atividade 
frequente do citoesqueleto e adaptado ao rápido crescimento e divisão das células cancerosas de cabeça e pescoço. 
O viés do uso de oxigênio e as proteínas-chave podem nos ajudar a entender os mecanismos por trás do câncer 
de cabeça e pescoço na terapia direcionada, o que estabelece uma base para a aplicação da estequioproteômica 
na terapia direcionada e oferece uma promessa para potenciais tratamentos para o câncer de cabeça e pescoço.

Palavras-chave: câncer de cabeça e pescoço, hipóxia, oxigênio, vieses de uso do elemento, estoiciogenômica.
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holds promises to reveal patterns of differential usages of 
key elements [e.g. nitrogen (N)] in proteomes (Zuo et al., 
2019; Yin et al., 2019). According to the theory of nutrition 
limitation (Elser et al., 2011), natural selection biases to 
the usage of the monomers (amino acid or nucleotide) 
to reduce constrained element costs in the synthesis 
of biological macromolecules, when supplies of some 
elements are constrained in the environment (Jun-
Ping et al., 2009). For different biological macromolecules, 
each of them has different element compositions and 
contents. Previous study of 9 plant genomes in a proteome-
scale investigation showed that protein N content 
declines with the intensity of gene expression for plants, 
suggesting plants responded to natural selection caused 
by nitrogen deficiency via decreased use of N-rich amino 
acids (Elser et al., 2011). In microbes, like Saccharomyces 
cerevisiae and Escherichia coli, enzymes involving in the 
process of certain chemical elements (such as sulphur) 
have higher content of corresponding elements (Baudouin-
Cornu et al., 2001). So far, it is still unknown whether 
hypoxic microenvironment of head and neck cancer lessens 
the oxygen contents of expressed proteins, as expected 
by nutrition limitation theory.

This study plans to identify key proteins, their genome 
locations and KEGG enrichment closely related to head 
and neck cancer based on immunohistochemical data. 
Further, we hope to analyse the oxygen contents of 
proteins expressed in head and neck cancer and oral 
mucosa-squamous epithelial cells, exploring whether 
an association exists between protein’s oxygen contents 
and their expression levels, and whether hypoxic 
microenvironment saves oxygen usage as expected by 
nutrition limitation theory in plant and microbes. This study 
holds the potential to lay a foundation for the continuing 
studies and precision treatments of head and neck cancer.

2. Materials and Methods

2.1. Data resource

Human genome sequences and annotation 
(version GRCh38.p7) were downloaded from NCBI 
(ftp://ftp.ncbi.nih.gov/genomes/H_sapiens/). All available 
immunohistochemical technology-based proteins expressed 
data of head and neck cancer (with 12,928 proteins 
expressed) from patients and oral mucosa-squamous 
epithelial cells (with 11,225 proteins expressed) from 
normal people were retrieved from pathology atlas of HPA 
(Human Protein Atlas project, http://www.proteinatlas.
org/). Protein expression evaluation included the 
assessment of staining intensity (negative, weak, medium 
or strong) and staining cells (< 25%, 25-75% or >75%) of 
immunohistochemical images. According to HPA, the 
degree of a protein’s expression is categorized into 4 levels: 
not detected, low, medium and high, which were further 
converted to score: 0, 3, 6 and 12. Meanwhile, the expression 
value of 0 were replaced by 0.1 in differentially expressed 
proteins identification to make use of experimental data 
as much as possible. The expression scores (Table S1) of 
different proteins in different samples were calculated 

1. Background

Head and neck cancer are a collective term which 
involves the oral cavity, pharynx, and larynx malignant 
tumors, with prominent characteristics of high incidence 
and high mortality rates. In 2018, the number of new cases 
reached 830,000, and annual mortality rate was about 50% 
for head and neck cancer worldwide (Bray et al., 2018). As for 
China, there are approximately 68000 new cases in 2018 and 
about 35000 patients die from this disease (Ferlay et al., 
2020). It is generally believed that the most illustrative 
risk factors are tobacco and alcohol, as well as poor oral 
hygiene, chronic mechanical irritation (Farsi et al., 2017) and 
HPV infection (Rodríguez Zorrilla et al., 2019). At present, 
the therapies of head and neck cancer involve surgery, 
radiotherapy (Karam and Raben, 2019), chemotherapy 
(Crooker et al., 2018), photodynamic therapy (Cho et al., 
2018), and targeted therapy (Nisa et al., 2014). Despite 
these various therapies, patients always experience post-
treatment side effects. For example, they may face speech 
or swallowing problems which influence their quality of 
life (Lubek, 2018). It’s still far from complete healing for 
the head and neck cancer.

Hypoxia, a condition of insufficient oxygen supply 
to tissues, is the prominent feature of human solid 
cancers (Huang et al., 2014). Hypoxic environment 
activates a signaling cascade that induces or represses 
genes transcription, contributing to the plasticity and 
heterogeneity of tumors and promoting a more aggressive 
and metastatic phenotype (Jing et al., 2019). In addition, 
hypoxia is known to be associated with poor clinical 
outcome, which is particularly true for patients with head 
and neck cancer (Halmos et al., 2014). The rapid proliferation 
and growth of head and neck cancer is closely associated 
with hypoxia (Zhou et al., 2015).

In the era of precision medicine, nucleic acid and protein 
quantitative technology were used to facilitate the discovery 
of biomarkers and novel drug targets for molecular 
therapeutics of head and neck cancer (Babu et al., 2018). 
Dozens of differentially expressed RNAs and proteins were 
identified from head and neck squamous cell carcinoma. 
Among them, three ceRNAs (HCG22, LINC00460 and 
STC2) LINC00460, HCG22 and STC2 exhibited aberrant 
levels of expression and significantly correlated with 
survival (Zhao et al., 2018). However, because of the 
high costs, only sporadic key proteins were identified by 
immunohistochemical technologies (Kao and Ulbright, 
2020; Yu et al., 2020). Nevertheless, immunohistochemical 
method is the most accurate proteomics technology, and 
systematic studies of head and neck cancer based on 
immunohistochemical data are inadequate. Nowadays, 
large immunohistochemical data are available from 
Human Protein Atlas project (HPA) (Uhlen et al., 2015), 
which provides us with an opportunity to screen proteins 
associated with head and neck cancer from a systematic 
proteome perspective. Further research of these proteins is 
essential to decipher the molecular mechanism underlying 
head and neck cancer development and progression.

Stoichiogenomics offers a new way to interpret increased 
genomic, transcriptomic, proteomic and metabonomic data 
(Jun-Ping et al., 2009; Zhang et al., 2018). Stoichioproteomics 
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using a Perl script we developed. An overview of the 
technical route was shown (Figure 1).

2.2. Stoichioproteomics calculations

The content of an element in multiple sequences was 
the average value of the element content on the amino 
acid side chain of all sequences. Element contents in 
proteins were calculated using algorithms published in 
the literature (Jun-Ping et al., 2009; Zhang et al., 2014, 
2018). The elements in a protein were calculated by using 
the formula: [* frequency] =∑wi * pi /L, where “wi” is the 
number of * elements in the amino acid side chain (between 
0 and 10), pi is the number of i (an amino acid) in a protein 
sequence, and L is the sequence length. The content of 
an element in multiple sequences is the average value of 
the element content on the side chain of amino acids in 
all sequences. In this paper we only considered oxygen 
and carbon elements. The carbon: oxygen ratio (C:O) was 
calculated as the ratio of carbon atoms to oxygen atoms 
for the side chain of each protein. All calculations were 
proceeded using Perl scripts developed our lab.

2.3. Identification of highly expressed and lowly expressed 
proteins

In proteomes of head and neck cancer and oral mucosa-
squamous epithelial cells, we used three criteria to select 
highly and the lowly expressed proteins and three groups 
of data as duplicates. At first, top 3% proteins with high 
expression scores were chose as the highly expressed 
proteins, and the bottom 3% proteins with low expression 
scores were the lowly expressed proteins. Secondly, the top 
5% proteins with high expression scores were chose as the 
highly expressed proteins, and the bottom 5% proteins with 
low expression scores were the lowly expressed proteins. 
Thirdly, threshold (with maximum expression score>=12) 
proteins were selected as highly expressed proteins, and 

threshold (with expression score<=0.1) proteins were 
selected as lowly expressed proteins.

2.4. Identification of differential expression proteins 
(DEPs)

The expression data were analyzed by “edgeR” (Galperin 
and Fernández-Suárez, 2012) and “limma” (Ritchie et al., 
2015) in statistical software R (2012) (version 3.4.1) to 
screen differentially expressed proteins. Proteins with 
log2 ratio equal or greater than 1 were regarded as the up 
regulated proteins, and equal or less than -1 were the down 
regulated proteins. A p value less than 0.05 was considered 
statistically significant and FDR level (q-value<0.01) was 
used to reject false positives (Equation 1).

the expression score of proteins in head and neck cancerLog2 ratio log 2
the expression score of proteins in oral mucosa squamous epithelial cell

 
=  

− 
 (1)

2.5. Statistics and visualizations

R (version 3.4.1) language was used for statistical 
analysis. Packages “ggplot2” (Ito and Murphy, 2013), 
“ggrepel” (Wickham, 2016), and “grid”(Avery, 2002) were 
used for visualization. Package “circlize” was used to locate 
genes on genome and “clusterprofiler” (Yu et al., 2012) was 
used to plot functional enrichment results.

2.6. Functional enrichment

KEGG (Kyoto Encyclopedia of Genes and Genomes) 
database was widely used to elucidate the gene’s pathways. 
KEGG annotations and enrichment were extracted from 
Gene Set Enrichment Analysis (Ren et al., 2020) (GSEA) 
(http://software.broadinstitute.org/gsea/index.jsp), 
which could evaluate whether a priori defined set of 
interested genes or proteins shows statistically significant 
differences between two biological states. We selected 

Figure 1. An overview of the technical route of this study.
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top 20 enrichment results with P-value<0.05 and FDR 
value<0.01 as the thresholds.

3. Results

3.1. Oxygen and carbon contents of all proteins expressed

We calculated and compared the oxygen contents of all 
proteins expressed in head and neck cancer and normal 
oral mucosas-quamous epithelial cells. The average oxygen 
content of all expressed proteins was 0.480 in head and 
neck cancer, and 0.483 in normal oral mucosas-quamous 
epithelial cell (Table S2). There was no significant difference 
in proteins’ oxygen contents between the two samples 
(P=2.41E-02, KS test, Figure 2A, Table S2). Similarly, no 
significant differences in proteins’ carbon contents were 
detected (P=0.1959, KS test, Figure 2B, Table S2). Although 
no difference in oxygen contents was detected in this step, 
we only analysed oxygen contents in all proteins. We did 
not associate it with protein’s expression level.

3.2. Relationship between proteins’ oxygen contents and 
their expression levels

To explore the relationship between proteins’ oxygen 
contents and their expression levels, we further calculated 
and compared the oxygen contents in the highly and the 
lowly expressed proteins in head and neck cancer and 
normal oral mucosas-quamous epithelial cells. In order 
to ensure the reliability of the results, the highly and the 
lowly expressed proteins were screened out based on the 
top/bottom 3%, top/bottom 5% expressed proteins and 
proteins with expression score of 312/£0.1. Meanwhile 
the ratio of carbon to oxygen (C:O) in each protein was 
calculated and used as a control for oxygen content. 
As carbon-to-nitrogen ratios were used as an indicator 
for nitrogen (Elser et al., 2006), which could reduce the 
deviation caused by side chain lengthening.

We found that the oxygen content of highly expressed 
proteins and the lowly expressed proteins were significantly 

different, and the average oxygen content of the highly 
expressed proteins was higher than that of the lowly 
expressed proteins in head and neck cancer (12.44% for 
the top/bottom 3%, 10.64% for the top/bottom 5%, and 
8.84% for the threshold proteins) (Figure 3A-C, Table S3). 
Meanwhile, in normal oral mucosas-quamous epithelial 
cells, the average oxygen contents of the highly expressed 
proteins were also higher than that of the lowly expressed 
proteins (Figure 3D-F, Table S3). But the differences were 
less pronounced in oral mucosas-quamous epithelial cells 
than that of the head and neck cancer (Figure 3, Table S3). 
Furthermore, our results showed that C:O of the highly 
expressed proteins and the lowly expressed proteins were 
significantly different in head and neck cancer from the 
normal oral mucosas-quamous epithelial cells (Figure 3, 
Table S3), which suggested that a significant difference 
of oxygen content still existed after elimination of carbon 
effects.

Results were agreed for proteins expressed at the top/
bottom 3% or 5%, or proteins with a preset threshold score 
(Figure 3). All together, these results suggested that there 
was an association between proteins’ oxygen contents and 
their expression levels in head and neck cancer and normal 
oral mucosas-quamous epithelial cells, and this association 
was more pronounced in head and neck cancer cells.

3.3. Identification of differentially expressed proteins 
(DEPs) and their genome localization

All available immunohistochemical data of head and 
neck cancer from patients and oral mucosa-squamous 
epithelial cells from normal people were downloaded 
from HPA and used to identified differentially expressed 
proteins in head and neck cancer. A total of 902 differentially 
expressed proteins were screened out, among which 
544 were up regulated proteins and 358 were down 
regulated proteins (Table S5). Then we clarified the genome 
location of genes encoding the up and down regulated 
proteins. (Figure 4). The genes encoded the up regulated 
proteins were distributed on 23 chromosomes. Their 

Figure 2. Distribution of oxygen and carbon contents of all expressed proteins in head and neck cancer and normal oral mucosas-
quamous epithelial cells. (A) Oxygen contents of all expressed proteins; (B) Carbon content of all expressed proteins. Statistic results 
of KolmogorovSmirnov test were shown.
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distribution on chromosome 1 was the most with 49 genes, 
and their distribution on chromosome 13 was the least 
with only 6 genes. In addition, for the down regulated 
genes, 39 genes were distributed on the chromosome 
1 and only 2 genes on chromosome 13. It is interesting to 
note that both the up and the down regulated genes were 
absent from Y chromosome.

3.4. Relationship between proteins’ oxygen contents and 
their regulation ratio of differentially expressed proteins 
(DEPs)

As the above results shown, the oxygen contents of the 
highly expressed proteins were significantly higher than 
that of the lowly expressed proteins. We hope to know 
whether the oxygen contents differ in the up regulated 
proteins from that in the down regulated proteins. 
To answer this question, we calculated the oxygen contents 
of the up regulated proteins and the down regulated 
proteins. We found that the average oxygen content of 

the up regulated proteins was 2.54% higher than that 
of the down regulated proteins (0.484 vs 0.472), which 
were supported by statistical tests (Table S4). And the 
distribution of oxygen content between the up regulated 
proteins and the down regulated proteins were largely 
separated (Figure 5).

Carbon is one of the key elements that make up 
organisms, which suggests that carbon is suitable as a 
control for element composition analysis. Here proteins’ 
carbon contents were used as control for their oxygen 
contents. In order to make the data of carbon’s oxygen 
elements better presented in the map, we divided carbon 
content by 10. The results showed that the average carbon 
content of DEPs wasn’t significantly.

3.5. Functional enrichment

Above results showed that the oxygen content of the 
up regulated proteins is higher than that of the down 
regulated proteins, which is of great significance to 

Figure 3. Distribution of oxygen content and C:O ratio of highly and lowly expressed proteins in head and neck cancer and normal 
oral mucosa-squamous epithelial cells. (A) Comparison of top 3% highly and lowly expressed proteins in head and neck cancer; (B) 
Comparison of top 5% highly and lowly expressed proteins in head and neck cancer; (C) Comparison of threshold highly and lowly 
expressed proteins in head and neck cancer; (D) Comparison of top 3% highly and lowly expressed proteins in oral mucosa-squamous 
epithelial cells; (E) Comparison of top 5% highly and lowly expressed proteins in oral mucosa-squamous epithelial cells; (F) Comparison 
of threshold highly and lowly expressed proteins in oral mucosa squamous epithelial cells.
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clarify the mechanism of hypoxia driven oxygen element 
usage bias. Meanwhile, DEPs could help us to reveal the 
molecular mechanism of head and neck cancer. Therefore, 
we chose those genes encoding DEPs as key genes and 
analyze the pathways enriched by them, which could 
help us to examine large gene lists in a network context 
efficiently and assemble a summary of the most enriched 
and pertinent biology.

Functional enrichment analyses were performed 
respectively for genes encoding the up and the down 
regulated proteins. Twenty pathways were enriched by 
the up regulated genes (Figure 6, Table S6), including 
pathways in cancer (11 genes), cytokine-cytokine 
receptor interaction(11 genes), endocytosis (10 genes), 
regulation of actin cytoskeleton (9 genes), ubiquitin 
mediated proteolysis (8 genes), jak-STAT signaling pathway 
(8 genes), Parkinson’s disease (7 genes), wnt signaling 
pathway (7 genes), insulin signaling pathway (7 genes), 
apoptosis (7 genes), neurotrophin signaling pathway 

(6 genes), T cell receptor signaling pathway (6 genes), 
leukocyte transendothelial migration (6 genes), RIG-I-
like receptor signaling pathway (5 genes), small cell lung 
cancer (5 genes), TGF-beta signaling pathway (5 genes), 
amino sugar and nucleotide sugar metabolism (4 genes), 
N-Glycan biosynthesis (4 genes), Proteasome (4 genes), 
inositol phosphate metabolism (4 genes). Among them, 
seven pathways were signaling pathways, which were 
closely related with the development, proliferation, and 
migration of the head and neck cancer. In addition, down 
regulated proteins were only enriched in the pathways of 
lysosome (6 genes) and peroxisome (5 genes) (Figure 6, 
Table S6).

4. Discussion

In this study, we screened out 902 differentially 
expressed proteins including 544 up regulated proteins 
and 358 down regulated proteins. These proteins provided 
significance for diagnosis and treatment of head and 
neck cancer. The genome locations of genes showed their 
distribution characteristics, and none of these key genes 
was distributed on the Y chromosome. None of their coding 
genes were distributed on the Y chromosome, which 
might affect the incidence rate and mortality of head and 
neck cancer among men and women. Actually, compared 
with men, women had an increased relative hazard ratio 
for death from head and neck cancer (Park et al., 2019). 
This result lays a foundation for genome study of head 
and neck cancer. In addition, through KEGG pathway 
analysis, dozens of pathways were enriched out by the up 
and the down regulated proteins, which will ultimately 
help to better understand molecular mechanism of head 
and neck cancer.

Figure 4. Genome location of genes encoding DEPs, their expression ratio and oxygen content. (A) Genes encoding up regulated proteins; 
(B) Genes encoding down regulated proteins. The outer circle is the karyogram of human. Red curve reflects the oxygen content of 
DEPs in the inner circle. Blue curve reflects the expression ratio (log2ratio) of DEPs in middle circle. Different (P=8.59E-01, 7.38E-01, 
KS test, Wilcoxon test, Table S4, Figure 5).

Figure 5. Distribution of up and down regulated proteins’ element 
content in head and neck cancer.
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Seven signaling pathways were enriched out by the up 
regulated proteins. Among them, wnt signaling pathway 
is an oncogenic pathway, and its activation maintains 
the cancer stem cell phenotype and promotes cancer 
cells’ progression (Santarpia et al., 2012). As we all know, 
Neurotrophin is essential for the growth and survival of 
neurons. Neurotrophin signaling pathway has connection 
with a variety of other intracellular signaling pathways. 
As a report showed, miR-126 down regulated IRS-1 in 
neurotrophin signaling pathway to enhance the formation 
of glioma cancer stem cell (Rouigari et al., 2018). However, 
our study suggested that the up regulation of neurotrophin 
signaling pathway was associated with the progression of 
head and neck cancer. The role of neurotrophin signaling 
pathway needs further experimental verification in the 
future. In addition, T cell receptor signaling pathway is 
bound with the immune response. T cells activated by 
the external signals will raise their immune functions to 
promote host defense against cancer (Godfrey et al., 2018). 
In addition, the up regulated proteins were largely enriched 
in cell cycle, metastasis (endocytosis and apoptosis, 
ubiquitin mediated proteolysis) and pathways in cancer. 
Firstly, the regulation of actin cytoskeleton was enriched 
out by nine genes. As cell transformation is usually featured 
by changes in cytoskeletal structure. The regulation of actin 
cytoskeleton enriched could insure head and neck cancer’s 
migration and proliferation. Secondly, ten genes were 
enriched in endocytosis and seven genes were enriched 
in apoptosis. Endocytosis regulates cells’ nutrients uptake 
and it’s activity varies during the cell cycle (Jiang and Yan, 
2016). Apoptosis is an autonomic ordered programmed cell 
death aiming to maintain homeostasis (Jiang and Yan, 2016). 
seven proteins (IL1R1, BCL2L1, PRKAR1B, NFKBIA, CASP10, 
CHP2, AIFM1) enriched in apoptosis were likely to play a 
tumor-suppressive role by promoting apoptosis in head and 
neck cancer. Ubiquitin mediated proteolysis was showed 
to connected with hypoxia and proteins degradation in 

cancer cells (Hoppe, 2010). Hypoxia influences ubiquitin-
mediated proteolysis via lncRNAs (Yang et al., 2014) and 
a hypoxia-inducible lncRNA NDRG1-OT1_v4 promotes 
NDRG1 degradation via ubiquitin-mediated proteolysis 
were evidenced in breast cancer cells (Lin et al., 2017). 
Thirdly, the up regulated proteins were also enriched in 
leukocyte trans endothelial migration. Leukocyte migration 
from the blood into tissues is of crucial for immune 
surveillance and inflammation (Cook-Mills, 2006).

For the enrichment of the down regulated proteins, 
pathways of lysosome and peroxisome were enriched out. 
Lysosome has an important role in sensing and responding 
to cellular nutrients, growth factors and cellular stress. 
It shows that lysosome signaling plays an important role 
in finding new targets for disease-modifying therapies 
(Lie and Nixon, 2019). In addition, peroxisome dysfunction 
is related to metabolic disorders in cell (Islinger et al., 
2018). The down regulation of peroxisome might lead to 
the disorder of the body metabolism which accelerated 
the development of head and neck cancer.

Association of oxygen content and protein expression 
level in both head and neck cancer and normal oral 
mucosas-quamous epithelial cells was detected in this 
study. The average oxygen content of the highly expressed 
proteins was higher than that of the lowly expressed 
proteins, which is more significant in head and neck cancer 
proteomes. For the DEPs, we found that the average oxygen 
contents of the up regulated proteins were 2.54% higher 
than that of the down regulated proteins in head and 
neck cancer, while no differences of carbon contents were 
observed. These results showed that the highly expressed 
and the up regulated proteins consumed more oxygen in 
head and neck cancer.

Then we did the functional enrichment aiming to explain 
why the highly expressed and the up regulated proteins 
consume more oxygen in hypoxia microenvironments of 
head and neck cancer. Endocytosis, apoptosis and regulation 

Figure 6. Pathway enrichment of up regulated proteins and down regulated proteins. The size of dots represented number of proteins 
enriched in each pathway. The color of dot represented P-value.
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of actin cytoskeleton were enriched out by up regulated 
proteins. Rapid division, proliferation and metastasis 
of cancer cells require frequent cytoskeleton activity. 
Previous study had shown that cytoskeleton proteins have 
higher oxygen elements (Zhang et al., 2018). Therefore, up 
regulation of these pathways might account for the highly 
use of oxygen elements by up regulated proteins, which 
lead to the oxygen usage bias in head and neck cancer.

Our results were not consistent with resource limitation 
theory (Zuo et al., 2019). According to the theory, natural 
selection might bias the usage of the monomers (amino 
acid or nucleotide) to reduce constrained element costs 
in the synthesis of biological macromolecules (Elser et al., 
2011), when the supply of some elements was constrained 
in environment. High oxygen consumed by the highly 
expressed and up regulated proteins might be caused by 
the frequent activities of cytoskeleton occurred in head 
and neck cancer cells.

5. Conclusions

Based on the comprehensive immunohistochemical 
data, a total of 902 DEPs were detected and their genome 
locations were illustrated in head and neck cancer. Positive 
associations between oxygen contents and proteins’ 
expression levels were found in both head and neck cancer 
and normal oral mucosas-quamous epithelial cells, and 
this trend is more significant in head and neck cancer 
cells. Further, we found that the average oxygen content 
of the up regulated proteins was higher than that of the 
down regulated proteins. The up regulated proteins were 
largely enriched in pathways related to cancer, regulation 
of actin cytoskeleton and endocytosis. We suspected that 
the highly expressed and up regulated proteins of head and 
neck cancer consumed more oxygen element were caused 
by frequent division of the cancer cells. The discovery of 
oxygen usage bias in head and neck cancer reveals the 
adaptive mechanisms of proteins. This study screened out 
key proteins and pathways, which provides useful basis for 
further research of head and neck and application in precision 
medicine. Additionally, it helps us to better understand the 
biological macromolecules associated with head and neck 
cancer from the stoichioproteomics perspective.
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