
Frontiers in Oncology | www.frontiersin.org

Edited by:
Ye Wang,

The Second Affiliated Hospital of
Medical College of Qingdao University,

China

Reviewed by:
Hailun Zhou,

Guangxi Medical University, China
Xiao Feng Liao,

Hefei University of Technology, China

*Correspondence:
Zherong Xu

xzr1978@zju.edu.cn

Specialty section:
This article was submitted to

Cancer Genetics,
a section of the journal
Frontiers in Oncology

Received: 16 March 2022
Accepted: 04 May 2022
Published: 01 July 2022

Citation:
Xu Q, Li J, Wu Y, Zhou W and Xu Z

(2022) Colorectal Cancer
Chemotherapy Drug Bevacizumab

May Induce Muscle Atrophy Through
CDKN1A and TIMP4.

Front. Oncol. 12:897495.
doi: 10.3389/fonc.2022.897495

ORIGINAL RESEARCH
published: 01 July 2022

doi: 10.3389/fonc.2022.897495
Colorectal Cancer Chemotherapy
Drug Bevacizumab May Induce
Muscle Atrophy Through CDKN1A
and TIMP4
Qun Xu, Jinyou Li , Yue Wu, Wenjing Zhou and Zherong Xu*

Department of Geriatrics, The First Affiliated Hospital, Zhejiang University, School of Medicine, Hangzhou, China

The muscle in the organism has the function of regulating metabolism. Long-term muscle
inactivity or the occurrence of chronic inflammatory diseases are easy to induce muscle
atrophy. Bevacizumab is an antiangiogenic drug that prevents the formation of
neovascularization by inhibiting the activation of VEGF signaling pathway. It is used in
the first-line treatment of many cancers in clinic. Studies have shown that the use of
bevacizumab in the treatment of tumors can cause muscle mass loss and may induce
muscle atrophy. Based on bioinformatics analysis, this study sought the relationship and
influence mechanism between bevacizumab and muscle atrophy. The differences of gene
and sample expression between bevacizumab treated group and control group were
studied by RNA sequencing. WGCNA is used to find gene modules related to
bevacizumab administration and explore biological functions through metascape.
Differential analysis was used to analyze the difference of gene expression between the
administration group and the control group in different muscle tissues. The key genes
timp4 and CDKN1A were obtained through Venn diagram, and then GSEA was used to
explore their biological functions in RNA sequencing data and geo chip data. This study
studied the role of bevacizumab in muscle through the above methods, preliminarily
determined that timp4 and CDKN1A may be related to muscle atrophy, and further
explored their functional mechanism in bevacizumab myotoxicity.
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INTRODUCTION

Muscle is a major component of lean body mass and plays a vital role in maintaining health. It has
been shown that there is a direct or indirect relationship between muscle and strength, energy,
mobility, skeletal support, balance, wound healing, immune function, digestive function, and skin
health (1).Muscle mass begins to decline from the age of 40 at a rate of 6% per decade and
accelerates to a rate of 25–40% per decade above age 70 years. The muscle loss related to age is
sarcopenia (2).Sarcopenia in the older adult has been associated with functional impairments,
disability, increased risk of falls and fractures, reduced health-related quality of life, and increased
risk of death (3). Sarcopenia is considered “primary” when there is no obvious other specific cause,
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while sarcopenia is considered “secondary” when other causes
other than aging are obvious. Sarcopenia can be secondary to
systemic diseases, especially those that can trigger inflammation
processes, such as malignant tumors or organ failure
(4).Sarcopenia in the oncology setting is an area of growing
research interest which is associated with many adverse
consequences. Its prevalence is high in adult cancer patients,
ranging from 11% to 74% in all adults, and even higher in elderly
cancer patients (5).

In many clinical studies, skeletal muscle mass (SMM) changes
in cancer patients have been extensively investigated through the
use of diagnosis, staging, or follow-up computed tomography
(CT) scans. Multiple studies have shown that, among cancer
patients, the proportion of patients with sarcopenia increased
significantly and the skeletal muscle volume and density was lost
after treatment with cytoskeletal disruptors (taxanes), nucleotide
analogs (gemcitabine) or kinase inhibitors (bevacizumab), or
neoadjuvant chemotherapy (6–10).In particular,colorectal
cancer patients prescribed bevacizumab appear to lose weight
and muscle over a few months even in the absence of cancer
progression (11).In colorectal cancer patients with metastatic
disease under bevacizumab-based chemotherapy treatment,
Adeline et al. assessed changes in muscle mass over an interval
of 70 days and indicated 47% patients showed loss of SMM (12).
In metastatic colorectal cancer, significant muscle loss occurred
in patients with bevacizumab + capecitabine + oxaliplatin-based
combination chemotherapy(CAPOX-B) (13, 14). Collectively,
the literature supports a direct association between
chemotherapy, especially bevacizumab and muscle atrophy.

Bevacizumab (Avastin®), a VEGF-A-targeting monoclonal
antibody, is the first FDA-approved anti-angiogenic drug in
clinical practice. Bevacizumab prevents the interaction of
VEGF-A with VEGFR by binding to VEGF-A, inhibiting the
activation of VEGF signaling pathway, thereby preventing the
formation of new blood vessels (15).Bevacizumab inhibits the
growth of human tumor cell lines because of this mechanism. In
addition to the above application in patients with colorectal
cancer, bevacizumab is also used in the treatment of many other
cancers.In the treatment of malignant pleural mesothelioma,
bevacizumab combined with pemetrexed and cisplatin can
significantly improve the overall survival of patients (16).
When combined with paclitaxel, it can improve the curative
effect of pleural effusion in non-small cell lung cancer (17).In oral
squamous cell carcinoma, bevacizumab was found to
downregulate biomarker expression and promote cancer cell
apoptosis (18). Given its widespread use in cancer treatment,
the cause of bevacizumab-induced sarcopenia needs to be
explored urgently.

Mechanisms of action of chemotherapies to induce sarcopenia
are various.Chemotherapeutic drugs could induce the expression
of pro-inflammatory cytokines, active the myostatin pathway,
cause mitochondrial damage and induce oxidative stress.They
increase protein degradation by activating ubiquitin-proteasome
pathway and autophagy-lysosome pathway, and inhibit protein
synthesis by silencing the IGF-1/PI3K/Akt/mTOR anabolic
pathway (2). As a kinase inhibitor, bevacizumab inhibits the
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vascular endothelial growth factor receptor and disrupts many
of skeletal muscle pathways, such as PI3K and AKT (11, 19). In
this study, we will use bioinformatics approaches to find potential
genes associated with muscle atrophy by mouse models with
bevacizumab and obtain sequencing information,so as to
provide useful help for the clinical use of bevacizumab.
METHODS AND MATERIALS

Data Source
12 mice were tested to obtain a set of sequencing data. Six of the
mice were treated with bevacizumab, and the other six were used
as the control group. The gastrocnemius muscle and soleus
muscle were collected from 6 cases each, and the muscle
tissues were collected for RNA-seq sequencing after the same
treatment. Finally, MutilQC (https://multiqc.info/) was used to
normalize and summarize the data in different samples. Two
datasets, GSE38417 and GSE6011, were obtained from the GEO
database (https://www.ncbi.nlm.nih.gov/geo/), containing 22
and 37 samples, respectively. Merge GSE38417 and GSE6011
to get a new dataset new_merge.

Principal Components Analysis
In order to verify the rationality of the data of the 12 mice, PCA
was used for cluster analysis to observe the repeatability of the
samples. R-packet pheatmap is used to observe the distribution
of each sample and gene.

Weighted Gene Co-Expression
Network Analysis
The co-expression of genes in the expression profile was analyzed
by R-package WGCNA. The optimal soft threshold is obtained
according to the scale-free network(b).According to the similar
expression, the genes are divided into different modules, and
each color contains different genes. Then analyze the relationship
between these gene modules and phenotype, and select the gene
module with the most significant correlation with phenotype for
subsequent analysis.

Differential Expression Analysis
R-packet limma packet was used to analyze the differential
expression of genes. 12 mouse samples were divided into two
independent gene sets GM and SM according to muscle type, and
the differences were analyzed respectively to find the genes
differentially expressed in the administration group and the
control group.| Log2fc | < 1, P < 0.05 was defined as the
screening threshold of differential genes.

Gene Expression
T test was used to analyze the expression of genes between
different samples, and R package ggplot2 was used to show the
expression of genes. Correlations between genes were analyzed
by spearman and plotted by the R package ggstatsplot. In
addition, Venn map was used to analyze intersecting genes in
different datasets.
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Function Cluster Analysis
Metascape was used to analyze the functions and pathways of key
module genes to further understand the relationship between
genes and diseases. Single Gene Set Enrichment Analysis (GSEA)
was used to analyze the Hallmark pathway and Kyoto
Encyclopedia of Genes (KEGG) pathway for the involvement
of hub genes in muscle atrophy. The screening conditions for
important pathways were |NES|<1, NOM P-val<0.05, FDR
q-val<0.25.
RESULTS

Verification of Sequencing Data
The PCA results showed that the samples in the control group
and the administration group could be clearly separated, and the
gastrocnemius and soleus muscles could also be clearly separated
(Figure 1A). Subsequent studies found that both gene
correlations and expression distributions were differentiated by
sample type (Figures 1B, C). Data were normalized for
facilitating subsequent studies(Figure 1D).

WGCNA
The optimal soft threshold was determined to be 5 based
on standard analysis of scale-free networks (Figure 2A). 16
color modules were obtained by WGCNA analysis, and each
module contained different genes (Figure 2B). By analyzing the
Frontiers in Oncology | www.frontiersin.org 3
correlation between gene modules and traits, it was found that
lightcyan1 (cor=0.70, P=0.01), floralwhite (cor=0.83, P=7.7e-4),
darkgrey (cor=0.84, P=6.1e-4) had the strongest correlation with
bevacizumab administration group (Figure 2C). These three
gene modules were selected as key modules, containing a total
of 280 genes.
Metascape
As shown in Figure 3A,there was the protein-protein interaction
network of 280 genes (Figure 3A). These genes were
subsequently subjected to functional clustering analysis, and
most of the genes were enriched in GO functional terms such
as negative regulation of protein modification processes, vascular
morphogenesis, and negative regulation of cell differentiation
(Figure 3B). Among the enriched functional terms, 4 functional
terms were related to proteolytic pathways. The functional terms
related to the proteolytic pathway and the number of genes
included in each term are shown in Table 1, and there are 39
genes in total.
Differential Expression Analysis
The differential expression analysis between the control group and
the administration group in the gastrocnemius muscle showed
that 363 genes were down-regulated and 217 genes were up-
regulated (Figure 4A). At the same time, the difference analysis
between the control group and the administration group in the
A B

DC

FIGURE 1 | Validation of sequencing data. (A) PCA analysis of data distribution in 12 samples; (B) correlation analysis of genes in each sample; (C) heat map of
gene distribution in samples; (D) normalization results of samples.
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soleus muscle showed that 295 genes were down-regulated and
236 genes were up-regulated (Figure 4C). The expressions of up-
regulated and down-regulated genes are shown in Figures 4B, D,
and there are significant differences.
Frontiers in Oncology | www.frontiersin.org 4
Gene Expression
The intersection of key gene modules, GM_DEG, SM_DEG and
genes related to the proteolytic pathway in WGCNA, two genes
Timp4 and Cdkn1a were obtained (Figure 5A). Vegfa is the
A B

C

FIGURE 2 | Selection of key gene modules. (A) Determination of soft threshold; (B) Heat map of module feature vector clustering; (C) Heat map of correlation
between gene modules and traits.
A B

FIGURE 3 | Function clustering analysis of genes in key modules. (A) Co-expression network diagram of 280 key genes; (B) Rich term network of genes, showing
the top 20 functional terms.
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primary target of bevacizumab. Correlation analysis with Vegfa
found that both Timp4 and Cdkn1a were positively correlated
with Vegfa (Figures 5B, C). The expression comparison showed
that Timp4 and Cdkn1a were significantly overexpressed in the
control group, but significantly underexpressed in the
administration group (Figures 5D, E). At the same time, by
comparing the expression of Timp4 and Cdkn1a in GSE38417,
the results showed the opposite results. Timp4 was underexpressed
in themuscle atrophy group, whereasCdkn1awas overexpressed in
the muscle atrophy samples (Figures 5F–I).

Functional Pathways
According to the expressionofTimp4andCdkn1a, the sampleswere
divided into two groups: high expression and low expression, and
GSEA was used to analyze the biological signal pathways of gene
Frontiers in Oncology | www.frontiersin.org 5
enrichment. The results showed that Cdkn1a was significantly
enriched in KEGG pathways related to ribosomes, antigen
processing and presentation, glutathione metabolism,and
spliceosome (Figure 6A),as well as Hallmark pathways such as
reactive oxidation pathways, WNT_b_catenin_signaling,apoptosis,
MYC_target_V1,and oxidative phosphorylation(Figure 6B).
Timp4 was significantly enriched in Hallmark pathways such as
oxidative phosphorylation, MYC_target_V1, apoptosis, reactive
oxidativepathways,and angiogenesis (Figure 6C), as well as KEGG
pathways suchas ribosomes, oxidativephosphorylation,Parkinson’s
disease, Huntington’s disease, Alzheimer’s disease and Hemer’s
disease (Figure 6D). In the mergeddataset new_merge, Cdkn1a
was significantly enriched in Hallmark pathways such as epithelial-
mesenchymal transition, TNFA_signaling through NFKB,
apoptosis, inflammation and allograft rejection-related pathways
TABLE 1 | Functional terms and number of genes related to MAPK pathway in functional clustering results.

Category Description Counts Hits

GO (BP) negative regulation of protein
modification process

25 Ager|Casp3|Ctnnb1|Cdkn1a|Dmtn|Fkbp8|Hhex|Hmg20b|Irf1|Per2|Inpp5k|Sin3a|Xrcc1|Gadd45g|Sh3bp5|
Ceacam1|Tinf2|Ctdsp2|Niban1|Dusp10|Errfi1|Rasd2|Adarb1|Pias3|Kdm4a

GO (BP) monoubiquitinated protein
deubiquitination

3 Taf10|Sf3b5|Asxl1

GO (BP) positive regulation of protein
catabolic process

8 App|Plk2|Tnfsf12|Apc2|Tiparp|Rnf144a|Lpcat1|Trib2

GO (BP) regulation of protein catabolic
process

11 App|Plk2|Tnfsf12|Apc2|Gabarapl2|Tiparp|Rnf144a|Timp4|Lpcat1|Trib2|Ccar2
A B

DC

FIGURE 4 | Differential expression analysis results. Differential expression analysis of genes in gastrocnemius muscle, with (A) volcano plot showing the differential
expression results of genes, (B) heat map showing the distribution of up- and down-regulated genes; Differential expression analysis of genes in soleus muscle, with
(C) volcano plot showing the differential expression results of genes, and (D) the heat map showing the distribution of up- and down-regulated genes.
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(Figure 6E), aswell asKEGGpathways such as the complement and
condensation cascades, sphingolipid metabolism, P53_signaling
pathway and lysosome(Figure 6F). Timp4 was significantly
enriched in Hallmark pathways such as inflammation and
inflammatory factor signaling pathways, androgen response and
KRAS signaling (Figure 6G), and KEGG pathways such as
PPAR_signaling pathway, cytokine receptor interaction, pyruvate
metabolism, and citrate cycle (Figure 6H).
DISCUSSION

Muscle atrophy is an important manifestation of sarcopenia.
Previous studies have shown that pathway changes related to
protein ubiquitination and energy production are common
features during muscle atrophy (20). In addition, recent studies
have also shown that mitochondrial dysfunction (21),
inflammatory pathways (22), and drug toxicity are also closely
related to the occurrence of muscle atrophy. Bevacizumab was
originally used as a first-line treatment for metastatic colorectal
cancer and is being continuously investigated for the treatment
of non-small cell lung cancer, glioblastoma, renal cell carcinoma,
Frontiers in Oncology | www.frontiersin.org 6
ovarian cancer, cervical cancer and others (15). The use of
bevacizumab could increases the risk of several toxicities,
including common adverse effects such as bleeding, wound
healing complications, gastrointestinal perforation, arterial
thromboembolism, hypertension, and proteinuria (23). At the
same time,multiple studies have also shown that patients with
metastatic colorectal cancer experience loss of skeletal muscle
mass during treatment with bevacizumab (24, 25). In addition,
lower extremity muscle weakness has also been reported in
patients with recurrent glioblastoma (26). In this study, the
gastrocnemius muscle (n=6) and soleus muscle (n=6) of mice
were used as the research objects, and the blank control group
and the bevacizumab administration group were set, and a
complete gene expression profi le was obtained after
normalization. After WGCNA and differential analysis, three
sets of key genes were obtained, and the genes related to the
proteolytic pathway were intersected. Proteolysis is one of the
main mechanisms of muscle atrophy, and two overlapping genes,
Timp4 and CDKN1A, were obtained through the venn diagram.

The cyclin-dependent kinase inhibitor 1 (CDKN1A) gene
encodes the p21 protein, also known as p21Cip1/WAF1. p21 is
considered an important regulator involved in multiple cellular
A B

D E F

G IH

C

FIGURE 5 | Map3k6 expression. (A) Venn map showing the intersection of different datasets; correlation of (B) Timp4 and (C) Cdkn1a with Vegfa; (D) Timp4 and
(E) Cdkn1a expression in drug-treated and control groups; (F) Timp4 and (G) Cdkn1a expression in different groups in GSE38417; (H) Timp4 and (I) Cdkn1a
expression in different groups in GSE6011. *p < 0.05,***p < 0.001.
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functions, including G1/S cell cycle progression, cell growth, DNA
damage, and cell stemness (27). The expression of CDKN1A is
related to the progression of various cancers, and it can be initiated
byoncogenes, tumor suppressors, inflammatory cytokines, etc., and
can inhibit cell proliferationbybinding toCDKS, thus inhibiting the
growth function of cancer cells (28, 29). In addition to its role in the
occurrence, progressionand treatmentof cancer,CDKN1Ahasalso
been proved to be related to muscle atrophy. Wenjing Ma et al.
found thatCDKN1Awasupregulated indenervated skeletalmuscle
(30). The increase ofCDKN1Aexpression level can also be found in
the muscle atrophymodel induced by starvation (31).Similarly, the
expression of CDKN1A increased in the model of muscle atrophy
inducedbyhindlimbsuspension, butdecreasedafter reloading (32).
While in other types of skeletal muscle atrophy, such as Duchenne
muscular dystrophy (57), amyotrophic lateral sclerosis, aging and
critical illness, CDKN1AmRNA is one of the most highly induced
skeletal muscle mRNAs (33). As a well-known cell cycle inhibitor,
CDKN1Ahas also been confirmed to be related to cell proliferation
and proliferation regulation of muscle cells (34). It has been
reported in the literature that Cdkn1a is an important protein
related to muscle development, and it is involved in preventing
Frontiers in Oncology | www.frontiersin.org 7
myoblast proliferation, thereby inhibiting myogenesis or
regeneration (35). It can affect the repair of skeletal muscle by
regulating the expressionofCDKN1A(36).However,DanielK et al.
suggested that p21 may promote muscle atrophy through a cell
cycle-independent mechanism in skeletal muscle fibers. They
speculate that these mechanisms may lead to cellular changes
known to promote muscle wasting, including decreased anabolic
signaling, increased procatabolic catabolism, decreased protein
synthesis, and impaired mitochondrial function (33).In addition,
the high induction of p21 during muscle atrophy leads to the
decrease of spermine oxidase. Spermine oxidase inhibition
mediated by p21 is considered to be a key step in the
pathogenesis of skeletal muscle atrophy (37).

CDKN1A (p21) is a downstream target gene of TP53 (p53)
(27).The p53/p21CIP pathway is a key pathway that normally
responds to persistent DNA damage, and by which cellular
senescence is achieved (38).Cell aging inhibits tumorigenesis in
thebodybypreventing theproliferationofpotential cancercells.On
the other hand, aging cells will destroy the integrity of local tissues
and lead to some pathological changes, such as sarcopenia (39, 40).
Cellular senescence has been identified as a mechanism for the
A B

D

E F

G H

C

FIGURE 6 | Functional pathways of Timp4 and Cdkn1a. (A, C) KEGG pathway and (B, D) Hallmark pathway of Timp4 and Cdkn1a in the bevacizumab-
administered group; (E, G) KEGG pathway and (F, H) Hallmark pathway of Timp4 and Cdkn1a in the combined dataset of GSE6011 and GSE38417.
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development of myopathies associated with muscular dystrophy
mouse models (41). Cellular senescence may adversely affect
sarcopenia through muscle stem cell dysfunction and a
senescence-associated secretory phenotype (38). In addition,
other factors that contribute to muscle atrophy are also linked to
the p53/p21 pathway.1,25-Dihydroxyvitamin D deficiency induces
sarcopenia through the induction of skeletal muscle cell senescence
via the p53-p21 axis (42). The deficiency of peroxiredoxin 6, an
antioxidant enzyme involved in maintaining intracellular redox
homeostasis, also leads to the increase of p53-p21 pathway and
thereby induces muscle atrophy (43). Doxorubicin (DOX), a
chemotherapeutic drug, is an effective cell inhibitor. It also causes
myocardial and skeletal muscle atrophy by activating p53-p21
signaling pathway (44). Myostatin also induces the high
expression of p21. The excessive induction of p21 will lead to the
irreversible senescence in quiescent satellite cell and impairemuscle
regeneration (58).

The above studies have shown that high expression ofCDKN1A
(p21) has adverse effects onmuscle. In the present study, CDKN1A
showed low expression in the normal muscle group and high
expression in the muscle atrophy group; however, the opposite
situation occurred when the control group and the bevacizumab-
administered group were compared. There are also a few studies
that support the benefits of high expression of CDKN1A. The
decreased apoptotic susceptibility of myoblasts to ROS is regulated
at least in part by enhanced p21 promoter activity and nuclear p21
localization in myotubes (45). Synthetic beta-adrenergic agonists
(BA) have broad biomedical and agricultural applications in
increasing lean body mass, however BA treatment mediate
increased mRNA expression of CDKN1A (46). A study by Diane
et al. using clenbuterol to induce muscle hypertrophy also showed
that BA treatment resulted in a significant upregulation of Cdkn1a
mRNA abundance in skeletal muscle.CDKN1A inhibits cyclin-
dependent kinase 2 activity, leading to irreversible cell cycle exit and
terminal differentiation of myocytes (47).Satellite cells act as a
source of new myonuclei during muscle repair and growth,
whereas decreased p21Cip1 in aging skeletal muscle delays the
withdrawal of satellite cells from the cell cycle andmake them fail to
differentiate, resulting in sarcopenia and impaired skeletal muscle
regeneration (48). Thus the significant upregulation of Cdkn1a
mRNA expressionmay indicate an increased potential for terminal
differentiation and recruitment of myogenic precursor cells to
support muscle hypertrophy.

Tissue inhibitor of metalloproteinase 4 (TIMP4) belongs to the
family of extracellular matrix metalloproteinase inhibitors and
regulates extracellular matrix (EMC) turnover (49). Studies have
shown that TIMP4 is involved in cell survival, cell proliferation,
inflammation, and epithelial-mesenchymal transition (EMT)
signaling networks (50), and knockdown of its expression also
indirectly promotes cell invasion and migration (51). The
upregulation of TIMP4 gene prevents the metastasis of human
cervical cancer cells by inhibitingPI3K/Akt/snail signaling pathway
and blocking epithelial-mesenchymal transition (EMT) (52).
Extracellular TIMP4 is involved in promoting the activation of
the PI3K/AKT/mTOR pathway and promoting tumor metastasis,
and is a prognostic and predictive marker for triple-negative breast
Frontiers in Oncology | www.frontiersin.org 8
cancer (53). In addition to this, a new study showed that TIMP4
affects lipid metabolism and smooth muscle cell proliferation (54).
However, few studies have been conducted between TIMP4 and
skeletal muscle atrophy. Proteomic analysis by Huemer et al.
revealed that TIMP4 is a novel marker for the combination of low
muscle mass and high fat mass (55). TIMP4 is highly expressed in
adipose tissue, and in a study using TIMP4-deficient mice exposed
to a high-fat diet, it promoted high-fat-induced obesity, fatty liver,
and dyslipidemia. Furthermore, TIMP4-deficient mice are
protected from skeletal muscle triglyceride accumulation in
the quadriceps (49).The biochemical and structural
remodeling of ECM is very important for the normal
development of skeletal muscle. Through the study of
zebrafish tendon junction (MTJ), Emma et al. found
thatTIMP4 plays a regulatory role in this process (56). In this
study, compared with normal tissues, TIMP4 showed low
expression in both the administration group and muscle
atrophy tissues. This suggests that the low expression of
TIMP4 may be related to muscle atrophy, and bevacizumab
may reduce the expression of timp4.Given that its association
with muscle atrophy has not been definitively reported, more
research is needed to determine.
CONCLUSION

In conclusion, this study confirmed that bevacizumab may have
muscle toxicity through bioinformatics analysis. Timp4 and
Cdkn1a were identified as key genes, which are of great
significance in mouse muscle atrophy. In addition, the
biological effects of timp4 and Cdkn1a in the muscle toxicity of
bevacizumab were briefly summarized through the analysis of
function and pathway, so as to provide useful thinking for the
follow-up use of bevacizumab. However, the specific mechanism
of bevacizumab on muscle atrophy still needs to be further
verified by in vitro experiments.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/supplementary material. Further inquiries can be
directed to the corresponding author.
AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct, and
intellectual contribution to the work and approved it
for publication.
FUNDING

This research is supported by Grant No.2020YFC2005601 from
the National Key R&D Program of China and Grant No.81771497
from the National Natural Science Foundation of China
July 2022 | Volume 12 | Article 897495

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Xu et al. Bevacizumab in Muscle Atrophy
REFERENCES
1. Colloca G, Di Capua B, Bellieni A, Cesari M, Marzetti E, Valentini V, et al.

Muscoloskeletal Aging, Sarcopenia and Cancer. J Geriatric Oncol (2019) 10
(3):504–9. doi: 10.1016/j.jgo.2018.11.007

2. Bozzetti F. Chemotherapy-Induced Sarcopenia. Curr Treat Options Oncol
(2020) 21(1):7. doi: 10.1007/s11864-019-0691-9

3. Williams GR, Dunne RF, Giri S, Shachar SS, Caan BJ. Sarcopenia in the Older
Adult With Cancer. J Clin Oncol (2021) 39(19):2068–78. doi: 10.1200/
JCO.21.00102

4. Cruz-Jentoft AJ, Bahat G, Bauer J, Boirie Y, Bruyère O, Cederholm T, et al.
Sarcopenia: Revised European Consensus on Definition and Diagnosis. Age
Ageing (2019) 48(1):16–31. doi: 10.1093/ageing/afy169

5. Williams GR, Rier HN, McDonald A, Shachar SS. Sarcopenia & Aging in
Cancer. J Geriatric Oncol (2019) 10(3):374–7. doi: 10.1016/j.jgo.2018.10.009

6. Awad S, TanBH,CuiH, Bhalla A, FearonKCH, Parsons SL, et al.MarkedChanges
inBodyCompositionFollowingNeoadjuvantChemotherapy forOesophagogastric
Cancer. Clin Nutr (2012) 31(1):74–7. doi: 10.1016/j.clnu.2011.08.008

7. Goncalves MD, Taylor S, Halpenny DF, Schwitzer E, Gandelman S, Jackson J,
et al. Imaging Skeletal Muscle Volume, Density, and FDG Uptake Before and
After Induction Therapy for non-Small Cell Lung Cancer. Clin Radiol (2018)
73(5):505.e1–8. doi: 10.1016/j.crad.2017.12.004

8. Shachar SS, Deal AM, Weinberg M, Nyrop KA, Williams GR, Nishijima TF,
et al. Skeletal Muscle Measures as Predictors of Toxicity, Hospitalization, and
Survival in Patients With Metastatic Breast Cancer Receiving Taxane-Based
Chemotherapy. Clin Cancer Res (2017) 23(3):658–65. doi: 10.1158/1078-
0432.CCR-16-0940

9. Kim I, Choi MH, Lee IS, Hong TH, Lee MA. Clinical Significance of Skeletal
Muscle Density and Sarcopenia in Patients With Pancreatic Cancer
Undergoing First-Line Chemotherapy: A Retrospective Observational
Study. BMC Cancer (2021) 21(1):77. doi: 10.1186/s12885-020-07753-w

10. Choi Y, Oh D, Kim T, Lee K, Han S, Im S, et al. Skeletal Muscle Depletion
Predicts the Prognosis of Patients With Advanced Pancreatic Cancer
Undergoing Palliative Chemotherapy, Independent of Body Mass Index.
PloS One (2015) 10(10):e0139749. doi: 10.1371/journal.pone.0139749

11. Poterucha T, Burnette B, Jatoi A. A Decline in Weight and Attrition of Muscle
in Colorectal Cancer Patients Receiving Chemotherapy With Bevacizumab.
Med Oncol (2012) 29(2):1005–9. doi: 10.1007/s12032-011-9894-z
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et al. Hyperphosphatemia Promotes Senescence of Myoblasts by
Impairing Autophagy Through Ilk Overexpression, A Possible Mechanism
Involved in Sarcopenia. Aging Dis (2018) 9(5):769. doi: 10.14336/
AD.2017.1214

42. Yu S, Ren B, Chen H, Goltzman D, Yan J, Miao D. 1,25-Dihydroxyvitamin D
Deficiency Induces Sarcopenia by Inducing Skeletal Muscle Cell Senescence.
Am J Transl Res (2021) 13(11):12638–49.

43. Pacifici F, Della-Morte D, Piermarini F, Arriga R, Scioli MG, Capuani B, et al.
Prdx6 Plays a Main Role in the Crosstalk Between Aging and Metabolic
Sarcopenia. Antioxidants (2020) 9(4):329. doi: 10.3390/antiox9040329

44. Hulmi JJ, Nissinen TA, Räsänen M, Degerman J, Lautaoja JH,
Hemanthakumar KA, et al. Prevention of Chemotherapy-Induced Cachexia
by ACVR2B Ligand Blocking has Different Effects on Heart and Skeletal
Muscle. J Cachexia Sarcopenia Muscle (2018) 9(2):417–32. doi: 10.1002/
jcsm.12265

45. Haramizu S, Asano S, Butler DC, Stanton DA, Hajira A, Mohamed JS, et al.
Dietary Resveratrol Confers Apoptotic Resistance to Oxidative Stress in
Myoblasts . J Nutr Biochem (2017) 50 :103–15. doi : 10 .1016/
j.jnutbio.2017.08.008

46. Brown D, Ryan K, Daniel Z, Mareko M, Talbot R, Moreton J, et al. The Beta-
Adrenergic Agonist, Ractopamine, Increases Skeletal Muscle Expression of
Asparagine Synthetase as Part of an Integrated Stress Response Gene
Program. Sci Rep (2018) 8(1). doi: 10.1038/s41598-018-34315-9

47. Spurlock DM, McDaneld TG, McIntyre LM. Changes in Skeletal Muscle Gene
Expression Following Clenbuterol Administration. BMC Genomics (2006) 7
(1):320–0. doi: 10.1186/1471-2164-7-320

48. Zwetsloot KA, Childs TE, Gilpin LT, Booth FW. Non-Passaged Muscle
Precursor Cells From 32-Month Old Rat Skeletal Muscle Have Delayed
Proliferation and Differentiation. Cell Proliferation (2013) 46(1):45–57. doi:
10.1111/cpr.12007

49. Sakamuri SSVP,Watts R, TakawaleA,WangX,Hernandez-AnzaldoS, Bahitham
W,et al.AbsenceofTissue Inhibitor ofMetalloproteinase-4 (TIMP4)Ameliorates
HighFatDiet-InducedObesity inMiceDue toDefectiveLipidAbsorption.SciRep
(2017) 7(1):6210. doi: 10.1038/s41598-017-05951-4

50. Lizarraga F, Espinosa M, Ceballos-Cancino G, Vazquez-Santillan K, Bahena-
Ocampo I, Schwarz-Cruz Y Celis A, et al. Tissue Inhibitor of
Frontiers in Oncology | www.frontiersin.org 10
Metalloproteinases-4 (TIMP-4) Regulates Stemness in Cervical Cancer
Cells. Mol Carcinog (2016) 55(12):1952–61. doi: 10.1002/mc.22442

51. Cheng D, Jiang S, Chen J, Li J, Ao L, Zhang Y. Upregulated Long Noncoding
RNA Linc00261 in Pre-Eclampsia and its Effect on Trophoblast Invasion and
Migration via Regulating miR-558/TIMP4 Signaling Pathway. J Cell Biochem
(2019) 120(8):13243–53. doi: 10.1002/jcb.28598

52. Nayim P, Mbaveng AT, Sanjukta M, Rikesh J, Kuete V, Sudhir K. CD24 Gene
Inhibition and TIMP-4 Gene Upregulation by Imperata Cylindrica's Root
Extract Prevents Metastasis of CaSki Cells via Inhibiting PI3K/Akt/snail
Signaling Pathway and Blocking EMT. J Ethnopharmacol (2021)
275:114111. doi: 10.1016/j.jep.2021.114111

53. Wallon UM, Sabol JL, Zemba-Palko V, DuHadaway JS, Sutanto-Ward E, Ali
ZA, et al. Abstract P6-08-54: TIMP-4 is a Prognostic and Predictive Marker in
Triple-Negative Breast Cancers. Cancer Res (2015) 75(9_Supplement):P6–08-
54-P6-08-54. doi: 10.1158/1538-7445.SABCS14-P6-08-54

54. Hu M, Jana S, Kilic T, Wang F, Shen M, Winkelaar G, et al. Loss of TIMP4
(Tissue Inhibitor of Metalloproteinase 4) Promotes Atherosclerotic Plaque
Deposition in the Abdominal Aorta Despite Suppressed Plasma Cholesterol
Levels. Arteriosclerosis Thrombosis Vasc Biol (2021) 41(6):1874–89. doi:
10.1161/ATVBAHA.120.315522

55. Huemer MT, Bauer A, Petrera A, Scholz M, Hauck SM, Drey M, et al.
Proteomic Profiling of Low Muscle and High Fat Mass: A Machine Learning
Approach in the KORA S4/FF4 Study. J Cachexia Sarcopenia Muscle (2021) 12
(4):1011–23. doi: 10.1002/jcsm.12733

56. Matchett EF, Wang S, Crawford BD. Paralogues of Mmp11 and Timp4
Interact During the Development of the Myotendinous Junction in the
Zebrafish Embryo. J Dev Biol (2019) 7(4):22. doi: 10.3390/jdb7040022

57. Welle S, Brooks AI, Delehanty JM, Needler N, Bhatt K, Shah B, et al. Skeletal
Muscle Gene Expression Profiles in 20–29 Year Old and 65–71 Year Old
Women. Exp Gerontol (2004) 39(3):369–77. doi: 10.1016/j.exger.2003.11.011

58. Veeranki S, Lominadze D, Tyagi SC. Hyperhomocysteinemia Inhibits Satellite
Cell Regenerative Capacity Through P38 Alpha/Beta MAPK Signaling. Am J
Physiol-Heart Circulatory Physiol (2015) 309(2):H325–34. doi: 10.1152/
ajpheart.00099.2015

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Xu, Li, Wu, Zhou and Xu. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original author(s)
and the copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
July 2022 | Volume 12 | Article 897495

https://doi.org/10.1152/ajpendo.00472.2014
https://doi.org/10.3389/fcell.2021.793088
https://doi.org/10.1016/j.arr.2012.05.004
https://doi.org/10.1038/nrm3823
https://doi.org/10.1038/nrm3823
https://doi.org/10.14336/AD.2017.1214
https://doi.org/10.14336/AD.2017.1214
https://doi.org/10.3390/antiox9040329
https://doi.org/10.1002/jcsm.12265
https://doi.org/10.1002/jcsm.12265
https://doi.org/10.1016/j.jnutbio.2017.08.008
https://doi.org/10.1016/j.jnutbio.2017.08.008
https://doi.org/10.1038/s41598-018-34315-9
https://doi.org/10.1186/1471-2164-7-320
https://doi.org/10.1111/cpr.12007
https://doi.org/10.1038/s41598-017-05951-4
https://doi.org/10.1002/mc.22442
https://doi.org/10.1002/jcb.28598
https://doi.org/10.1016/j.jep.2021.114111
https://doi.org/10.1158/1538-7445.SABCS14-P6-08-54
https://doi.org/10.1161/ATVBAHA.120.315522
https://doi.org/10.1002/jcsm.12733
https://doi.org/10.3390/jdb7040022
https://doi.org/10.1016/j.exger.2003.11.011
https://doi.org/10.1152/ajpheart.00099.2015
https://doi.org/10.1152/ajpheart.00099.2015
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Colorectal Cancer Chemotherapy Drug Bevacizumab May Induce Muscle Atrophy Through CDKN1A and TIMP4
	Introduction
	Methods and Materials
	Data Source
	Principal Components Analysis
	Weighted Gene Co-Expression Network Analysis
	Differential Expression Analysis
	Gene Expression
	Function Cluster Analysis

	Results
	Verification of Sequencing Data
	WGCNA
	Metascape
	Differential Expression Analysis
	Gene Expression
	Functional&nbsp;Pathways

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


