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Background. No pan-cancer study has been conducted till date to explore the comprehensive oncogenic roles of pyruvate kinase
M2 (PKM2). Methods. TCGA, TIMER, GEPIA, UALCAN, STRING, and other databases were used to analyze the expression,
prognostic roles, epigenetic variants, and possible oncogenic mechanisms of PKM2. Proteomic sequencing data and PRM were
applied to validate. Results. PKM2 showed higher expression in majority of cancers, the expression being significantly
correlated with the clinical stage. Higher expression of PKM2 was associated with lower OS and DFS in several cancers, such
as MESO and PAAD. In addition, the epigenetic variation of PKM2, including gene alteration, mutation type and sites, DNA
methylation, and phosphorylation, showed diversity in different cancers. All four methods indicated that PKM2 is positively
associated with the immune infiltration of tumor-associated fibroblasts, such as in THCA, GBM, and SARC. Further
mechanistic exploration suggested that the ribosome pathway might play an essential role in the regulation of PKM2, and
interestingly, four out of ten hub genes were found to be highly related to OS in several cancers. Finally, in thyroid cancer
specimen, we validated the expression and potential mechanisms by proteomic sequencing and PRM validation. Conclusion. In
the majority of cancers, the higher expression of PKM2 was highly associated with poor prognosis. Further molecular
mechanism exploration implied that PKM2 might serve as a potential target for cancer survival and immunotherapy by
regulating the ribosome pathway.

1. Introduction

Tumors are the biggest public health problem worldwide [1].
Investigation of the mechanisms of tumorigenesis and
search for potential prognostic biomarkers of tumors are
extremely essential. Pyruvate kinase M2 (PKM2) is a key
enzyme of the glycolytic pathway that catalyzes the transfer
of phosphate groups from phosphoenolpyruvate (PEP) to
ADP in order to generate ATP [2, 3]. PKM1 and PKM2

are encoded by the PKM gene. Mutually exclusive selective
splicing of exons 9 and 10 in mammals gives rise to PKM1
containing exon 9 and PKM2 containing exon 10, respec-
tively [4]. PKM2 exists in two forms, namely, a highly active
tetramer and a relatively less active dimer. The ratio between
the two forms determines whether carbon from glucose
would be directed into the biosynthetic process or be used
for glycolytic ATP production. The transition between the
two forms is crucial not only for the control of glycolysis
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but also for the proliferation and survival of tumor cells
[2–7]. PKM2 has been reported to be highly expressed in a
variety of tumors, and dominant high expression of the
low-activity dimeric PKM2 isoform is thought to be critical
for aerobic glycolysis and tumor growth in tumor cells [8].
The current study was aimed at investigating the cross-
cancer oncogenic role and prognostic value of PKM2 by
evaluating multiple databases.

2. Materials and Methods

2.1. Gene and Protein Expression and Survival Analysis. All
the comprehensive data on cancers, including genomic, pro-
teomic, transcriptomic, epigenomic, and clinical data, were
obtained from The Cancer Genome Atlas (TCGA) database
(https://www.cancer.gov/). TIMER2 (http://timer.cistrome
.org/) was applied to analyze TCGA data for various cancer
types [9]. The University of Alabama Cancer database
(UALCAN) (http://ualcan.path.uab.edu/) was used to ana-
lyze the cancer OMICS data, using protein expression anal-
ysis data from the Clinical Proteomic Tumor Analysis
Consortium (CPTAC) [10, 11]. All human protein-related
information, either in cells, tissues, or organs, was obtained
from Human Protein Atlas (HPA, https://www.proteinatlas
.org/) and by integrating various omics technologies, includ-
ing antibody-based imaging, mass spectrometry-based pro-
teomics, transcriptomics, and systems biology [12]. GEPIA
and GEPIA2 (http://gepia.cancer-pku.cn/, http://gepia2
.cancer-pku.cn/) were used to explore the possible associations
of PKM2 with different types of pathological cancer stages.
Moreover, GEPIA2 analyzed the association between PKM2
expression and survival. The cutoff-high and cutoff-low were
selected as 50% each, and log-rank P was used as the test value
to obtain the corresponding results of “survival analysis.”

2.2. Epigenetic Changes. CBioPortal (http://www.cbioportal
.org/) was applied to explore the genetic mutation analysis
of tumors in TCGA database [13, 14]. MethSurv (https://
biit.cs.ut.ee/methsurv/) was used for univariable and multi-
variable survival analysis based on DNA methylation bio-
markers using TCGA data [15]. UALCAN was applied to
analyze the protein phosphorylation information for a total
of six tumors. A statistical significance of P < 0:05 was con-
sidered for the protein phosphorylation analysis.

2.3. Immune Infiltration Analysis. TIMER2 was used to
investigate the potential link between gene expression and
tumor immune infiltration, along with TIMER, CIBER-
SORT, CIBERSORT-ABS, QUANTISEQ, XCELL,
MCPCOUNTER, and EPIC algorithms. P values and partial
correlation (cor) values were accessed via purity-adjusted
Spearman’s rank correlation test [9].

2.4. Enrichment Analysis of PKM2-Related Genes. STRING
(https://string-db.org/) enabled the construction of pro-
tein–protein interaction networks, which interacted with
PKM2. GEPIA2 was used to explore similar genes as
PKM2, and Venn diagrams (http://bioinformatics.psb
.ugent.be/webtools/Venn/) were applied to analyze the genes
that bind to and are associated with PKM2. Two sets of

genes were uploaded to DAVID (https://david.ncifcrf.gov/)
for GO enrichment and KEGG pathway analysis. The
above-mentioned data were presented visually in HiPlot
(https://hiplot.com.cn/). Kyoto Encyclopedia of Genes and
Genomes (KEGG, https://www.kegg.jp/kegg/) was applied
to analyze pathways enriched in PKM2-related genes, which
was a database resource for understanding high-level func-
tions and utilities of the biological system, such as the cell,
organism, and ecosystem, from molecular-level information,
especially large-scale molecular datasets generated by
genome sequencing and other high-throughput experimen-
tal technologies [16]. Cytoscape was searched for hub genes
from the genes interacting with PKM2; this enabled the inte-
gration of biomolecular interaction networks with high-
throughput expression data and other molecular states into
a unified conceptual framework [17].

2.5. Validation of PKM2 in THCA. MEXPRESS (https://
mexpress.be/) is a data visualization tool designed for the
easy visualization of TCGA expression, DNA methylation,
and clinical data, as well as the relationships across them
[18]. Thyroid cancer specimen and adjacent normal tissue
were collected in the Department of Thyroid Surgery,
China-Japan Union Hospital of Jilin University. Specimens
were subjected to iTRAQ/TMT-labeled proteomic sequenc-
ing and PRM validation.

3. Results

3.1. Pan-Cancer Expression Profiles and Prognostic Roles of
PKM2. First, the mRNA level of PKM2 in different cancers
was explored from TCGA database (Figure 1(a)). Compared
to the corresponding control tissues, the majority of tumors,
including BLCA, BRCA, CHOL, and COAD, showed higher
expression of PKM2. The protein level of PKM2 in cancers
was also explored from the CPTAC dataset. Compared to
that in the corresponding normal tissues, PKM2 showed
higher expression in colorectal cancer, lung adenocarci-
noma, ovarian cancer, clear cell RCC, and UCEC
(Figure 1(b)). As shown in Figure 1(c) and Figure S1, the
immunohistochemical images of PKM2 also suggested
higher expression in cancers. The association between
PKM2 expression and cancer stages was analyzed next.
Only four types of cancers, namely, LIHC, LUAD, TGCT,
and THCA, were found to show a significant association of
their stage with PKM2 expression (Figure 1(d) and
Figure S2). Besides, the differential expression of PKM2
among various races was explored. The results showed that
in breast cancer, PKM2 expression was significantly higher
in Asians than in African-Americans. And PKM2
expression was significantly lower in African-Americans
than in Asians and Caucasians in colorectal cancer
(Figure 1(e)). In addition, we paid special attention to
prognostic roles of PKM2 in cancer (Figure 2 and
Figure S3). PKM2 expression was highly associated with
the overall survival in nine types of cancers, such as CESC,
HNSC, KIRC, LAML, LIHC, LUAD, MESO, PAAD, and
UVM. Except for that in KIRC, the higher expression of
PKM2 was obviously associated with lower overall survival
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Figure 1: Continued.
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in the remaining eight cancers (Figure 2(a)). Similarly,
higher expression of PKM2 was significantly associated
with lower DFS in GBM, MESO, PAAD, and SARC
(Figure 2(b)). Especially, PKM2 was related to both OS
and DFS in MESO as well as PAAD. The obtained data
suggested that PKM2 might play important roles in cancers.

3.2. Pan-Cancer Epigenetic Variations of PKM2. To explore
the potential functions of epigenetic variation of PKM2, we
focused on its pan-cancer genetic alteration, DNA methyla-
tion, and phosphorylation. First, we observed the genetic
alterations of PKM2 in different cancer samples of TCGA
cohorts. As shown in Figure 3(a), in most cancers, the muta-
tion was the predominant form of genetic alteration in
PKM2. Moreover, the frequency of mutations was the high-
est in UCEC (>3%). In MESO, amplification was the pre-
dominant form of genetic alteration, accounting for more
than 3% (Figure 3(a)). The types, locations, and the number
of cases of genetic alterations of PKM2 are shown in
Figure 3(b). Missense mutations were mainly concentrated
in the domain PK, with R342L/W and G128D/S being the
major mutation types. In addition, the three-dimensional
view showed the spatial structure better (Figure 3(c)). Corre-
lation between PKM2 genetic alterations and clinical sur-
vival, across patients with various tumors, was further
investigated. In UCEC, OS and DSS were better in the genet-
ically altered group, whereas DFS and PFS showed no signif-
icant difference (Figure S4).

PKM2 methylation was investigated next. As shown in
Figure 3(e) and Figure S5, compared to the normal tissues,
promoter methylation levels of PKM2 were significantly
downregulated in the majority of cancers (except PCPG),
such as BLCA, BRCA, CHOL, HNSC, KIRC, KIRP, PAAD,
TGCT, PRAD, THCA, and UCEC. The heatmap in
Figure 3(d) demonstrated the correlation of PKM2
methylation level of UCEC in different chips with
clinicopathological features, such as race and BMI.

The expression levels of PKM2 phosphorylation between
normal tissues and primary tumor tissues were compared
based on the CPTAC database. Figures 3(d)–3(i) and
Figure S6 summarize the PKM2 phosphorylation sites and
their differences in six types of cancer. As shown in
Table S2, in clear cell RCC and UCEC, the
phosphorylation sites of PKM2 were mainly concentrated
in the XP_006720633.1 while in NP_002645.3, PKM2
phosphorylation sites were fewer, especially in breast
cancer and ovarian cancer. Among all the statistically
significant results, only phosphorylation of PKM2 in colon
cancer was downregulated at the S249 site compared to
that in the normal tissue; however, this would require
further investigation. The other genes were upregulated at
the phosphorylation sites, especially in clear cell RCC,
which showed significant phosphorylation across all of its
sites (S111, S201, Y222, S323, S436, and S511). The
potential functions and molecular mechanisms would need
to be explored further.
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3.3. Pan-Cancer Association between PKM2 Expression and
the Level of Immune Cell Infiltration. The association
between PKM2 expression and the level of different immune
cell infiltration in various types of cancers was studied from
TCGA using different algorithms, such as TIMER, CIBER-
SORT, CIBERSORT-abs, TIDE, XCELL, MCPCOUNTER,
and EPIC. Interestingly, the immune infiltration of tumor-
associated fibroblasts was negatively correlated with the
expression of PKM2 when the XCELL algorithm was used
(Figure 4(a)). At the same time, in THYM, a statistically neg-

ative correlation between the two was obtained, regardless of
the algorithm used (Figure 4(c)). In contrast, when using the
EPIC algorithm, PKM2 expression was found to be strongly
positively correlated with fibroblasts in THCA (Figure 4(b)).
Besides tumor-associated fibroblasts, we also found immune
infiltration of B cells to be negatively correlated with the
expression of PKM2 in the majority of tumors, including
BRCA (Figure S7). The above results suggested a greater
correlation between the expression of PKM2 and the
level of tumor immune cell infiltration, which may be
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Figure 2: The pan-cancer prognostic roles of PKM2. (a) The overall survival. (b) The disease-free survival. The survival map and Kaplan-
Meier curves with positive results are given.
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Figure 3: Epigenetic variants of PKM in different cancers of TCGA. (a) The alteration frequency and the mutation type. (b) The mutation site.
(c) The 3D structure of PKM2. (d) The different methylation regions associated with PKM2 in UCEC. (e) The partial positive results of PKM2
promoter methylation levels in multiple tumors. (f) The expression level of PKM2 phosphoprotein (XP_006720633.1, S111, S201, Y222, S323,
S436, and S511) in clear cell RCC. (e) The expression level of PKM2 phosphoprotein (NP_006720633, S111, S276, and S323) in UCEC.
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related to the occurrence and development of cancers.
However, this interesting phenomenon would require
further investigation.

3.4. Possible Molecular Regulatory Mechanisms of PKM2.
Based on the interesting results discussed above, possible
mechanisms of PKM2 expression were considered in order
to determine its role in the development of cancers. Overall,
“Ribosome” pathways were considered to be involved in the
functional expression of PKM2. As shown in Figure 5(a), a
protein-protein interaction network (PPI) was constructed
using 46 proteins that interacted with PKM2, as supported

by experimental evidence. Furthermore, combined with the
GEPIA2 tool, expression of PKM2 was found to be positively
correlated with that of ENO1, PGAM1, LDHA, PGK1, and
ANXA2 (Figure 5(b)). The result was confirmed in
Figure 5(c). Moreover, an intersection analysis of the
PKM2-interacting and PKM2-correlated genes was con-
ducted as shown in Figure 5(d). Common members of the
two groups were LDHA. We performed GO enrichment
with KEGG pathway analysis on all 145 genes from both
the databases. Data suggested that the effect of PKM2 on
tumor pathogenesis may be related to “SRP-dependent co-
translational protein targeting to membrane” and “Viral
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Figure 4: Correlation between PKM2 expression and tumor-associated fibroblast immune infiltration. (a) The potential correlation between
the expression level of the PKM2 and the infiltration level of tumor-associated fibroblasts across all types of cancer. (b) The positive
correlation between the expression level of the PKM2 and the infiltration level of tumor-associated fibroblasts. (c) The negative
correlation between the expression level of the PKM2 and the infiltration level of tumor-associated fibroblasts in THYM.
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transcription” in biological processes (Figure 5(e)). From the
cellular component perspective, PKM2 may have affected
“Cytosolic large ribosomal subunit” and “Ribosome,” lead-

ing to tumorigenesis (Figure 5(f)). The mechanism of
PKM2 action in cancers may be related to “Structural con-
stituent of ribosome” in terms of molecular function

(a)

(c)

(e)

(i)

(f) (g) (h)

(b)

(d)

Figure 5: GO enrichment analysis of PKM2-related genes. (a) The network for PKM2 and the 46 interactive proteins. (b) The expression
correlation between PKM2 and ENO1, PGAM1, LDHA, PGK1, and ANXA2 from the top 100 PKM2 similar genes. (c) The corresponding
heatmap data in the detailed cancer types. (d) An intersection analysis of the PKM2 interactive and similar genes. GO enrichment analysis of
target host genes based on three aspects, including (e) biological processes, (f) cellular components, and (g) molecular functions. (h) KEGG
pathway analysis based on the PKM2 interactive and similar genes. (i) Structure diagram of ribosome.
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(Figure 5(g)). The above may have affected the “Ribosome,”
“Glycolysis/Gluconeogenesis,” and “Biosynthesis of antibi-
otics” pathways, thus causing tumorigenesis (Figures 5(i)
and 6(h)).

Coincidentally, in the previous sequencing data, the dif-
ferentially expressed proteins in thyroid cancer were mainly
enriched in the following pathways: ribosome, apoptosis,
and glutathione metabolism. This suggested that PKM2

(a)

(c)

(d)

(e)

(f)

(g)

(b)

Figure 6: Detection and prognosis of hub genes from the PPI network. (a) The position of hub genes in PPI network. (b) The interaction
between hub genes. (c) The correlations of the representative 10 Hub genes with OS.
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may play an oncogenic role by participating in the “Ribo-
some” pathway. Next, the top 10 hub genes in the PPI net-
work were screened. Figures 6(a) and 6(b) display their
interactions with each other. The top 10 hub genes, namely,
RPL11, RPL19, RPL23, RPL5, RPL23A, RPL9, RPL31,
RPL32, and RPL37A, were negatively correlated with
PKM2 (Table S1) and were all ribosomal protein-related
genes. This suggested once again that PKM2 is highly
likely to be involved in the “Ribosome” pathway. We
further detected the expression profiles of the ten hub
genes across cancers (Figure S8). Most of them were highly
expressed in cancers than in normal tissues. Importantly,
as illustrated in Figures 6(c)–6(f) and Figure S9, hub genes
showed association with OS in several cancers, suggesting
their potential prognostic roles.

3.5. Validation of PKM2 in THCA. Among all the cancers,
we first focused on the role of PKM2 in THCA. As shown
in Figures 1(a) and 7(a), PKM2 was highly expressed in
THCA, and PKM2 expression was associated with tumor
stage, histological type, extra-thyroid carcinoma, and the
diagnostic age. In some of our studies, six normal-tumor
paired tissues were collected and further sequenced by
iTRAQ-labeled LC-MS. A total of 5203 proteins were identi-
fied and quantified with the threshold fold change > 1:30 or
<0.67. Compared to those in normal tissues, 487 proteins
were significantly upregulated and 486 were significantly
downregulated in tumor tissue. According to the proteomic
data, PKM2 was indeed highly expressed in thyroid cancer
(Figure 7(b)), and the differentially expressed proteins were
mainly enriched in the following pathways: ribosome, apo-
ptosis, and glutathione metabolism (Figure 7(c)). Addition-
ally, another 20 paired specimens of THCA were collected
and evaluated by PRM. As illustrated in Figure 7(d),
PKM2 was further validated to have higher expression in
thyroid cancer, compared to that in corresponding adjacent
tissues. We analyzed the relationship between PKM2 expres-
sion and lymph node metastasis; however, we did not find a
statistically significant relationship between the two
(Figure 7(e)), possibly due to the small sample size. We hope
to expand the sample size to continue with the validation in
the future.

4. Discussion

In this study, we analyzed the pan-cancer expression, prog-
nostic roles, epigenetic variants, and the possible oncogenic
mechanism of PKM2, providing a theoretical foundation
for the possibility of PKM2 as a pan-cancer marker.

PKM2 is a common isoform of pyruvate kinase. Praka-
sam et al. had classified PKM into four isoforms, including
PKL, PKR, PKM1, and PKM2, based on their tissue distribu-
tion and selective gene splicing [19]. The expression of
PKM2 in normal tissue cells is shown in Figure S10A-B.
Figure S10C displays the position of PKM2 on the gene
band. Several studies have shown that PKM2 is highly
expressed in a number of tumor cells, such as colon cancer
[20], non-small-cell lung cancer [21], gastric cancer [22],
and melanoma [23]. In our present study as well, we

obtained similar results. Further, we investigated the effect
of PKM2 expression by survival analysis and found high
PKM2 expression to be significantly associated with
reduced OS. Lu et al. investigated the independent effect of
PKM2 expression on survival status using univariate and
multifactorial Cox regression analysis; they concluded that
high PKM2 expression was significantly associated with
reduced OS, and a worse prognosis was observed when
comparing the PKM2-high expression group with the
PKM2-low expression group [24]. Similarly, an article
published in 2020 suggested that overexpression of PKM2
is associated with poor prognosis in patients with
hepatocellular carcinoma [25].

Majority of current research suggests that epigenetic
mechanisms mainly include DNA methylation, histone
modifications, nucleosome remodeling, and RNA-mediated
target [26, 27]. As shown in Figure 3, mutations in the
R342L/W locus have missense concentrated in lung adeno-
carcinomas and uterine carcinomas; mutations in the
G128D/S locus also have missense concentrated in acute
myeloid leukemia, cutaneous melanomas, and squamous cell
carcinomas of the lung. DNA methylation is an epigenetic
process in which a methyl group is added to the cytosine
base of DNA. This occurs most commonly at the CG dinu-
cleotides, being referred to as CpG methylation. DNA meth-
ylation plays an important role in cell growth,
differentiation, and disease development. Aberrant DNA
methylation is often considered a characteristic feature of
cancer development [28, 29]. Several studies have high-
lighted DNA methylation markers associated with differen-
tial cancer survival. For example, de Almeida et al. had
identified novel DNA methylation markers in breast cancer,
of which cg12374721 (PRAC2), cg18081940 (TDRD10), and
cg04475027 (TMEM132C) are promising diagnostic and
prognostic markers for breast cancer as well as others [30].
This phenomenon and its mechanism of formation need to
be explored further and could potentially be a new target
for targeted tumor therapy.

Phosphorylation is an important posttranslational mod-
ification of intracellular proteins. Existing studies have
shown that PKM2 can acquire phosphate groups at specific
sites under the action of protein kinases, leading to changes
in activity and effects on tumor metabolism. Phosphoryla-
tion of PKM2 Y105, especially, has been widely reported in
human cancers. In the experiments by Hitosugi et al., tyro-
sine phosphorylation was found to regulate PKM2 in order
to provide tumor cells with a metabolic advantage, thereby
promoting tumor growth [31]. However, in our current
study, phosphorylation of PKM2 Y105 hardly played an
important role in the development of multiple tumors. This
phenomenon, therefore, should be explored further in the
future.

Tumor-infiltrating immune cells, as an important com-
ponent of the tumor microenvironment, are closely related
to tumorigenesis, progression, or metastasis [32]. And we
investigated the relationship between PKM2 expression
and tumor-infiltrating immune cells represented by fibro-
blasts, B cells, T cell CD4+, T cell CD8+, NK cells, and mast
cells. Results suggested that in some tumors, PKM2
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(a)

(b)
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(c)

Figure 7: The expression and functional validation of PKM2 in THCA. (a) The correlation between PKM2 expression and
clinicopathological characteristics of THCA patients in TCGA. (b) Differentially expressed proteins in normal thyroid tissue and tumor
tissue. (c) Pathway enrichment analysis of differentially expressed proteins. (d) Differential expression of PKM2 protein levels in normal
thyroid and tumor tissues. (e) The correlation between the expression of PKM2 and lymph node metastasis of thyroid cancer.
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expression may be associated with the degree of immune
infiltration of tumor-associated fibroblasts. In addition, we
integrated the information on PKM2 binding and PKM2
expression-related genes in all tumors, performed a series
of enrichment analyses, and identified “ribosome,” “glycoly-
sis/gluconeogenesis,” and “carbon metabolism” as possible
influences in cancer etiology or pathogenesis.

Recently, numerous reports claiming the mechanism of
regulation of tumor development by PKM2 have been pub-
lished. For example, in a study by Zhu et al., unraveling of
the specific molecular mechanisms of lncRNA-mediated
PKM2 expression in cancer metabolism was reported [33].
Finally, we explored the PPI network for hub genes, namely,
RPL11, RPL19, RPL23, RPL5, RPL23A, RPL9, RPL31,
RPL32, and RPL37A. They were found to be associated with
ribosomal proteins. This suggested that mutations in ribo-
somal proteins have the potential to cause tumorigenesis.
In fact, mutations in ribosomal protein-coding genes have
been reported in the literature in relation to T-cell acute
lymphoblastic leukemia (RPL5 and RPL11) and gliomas
(RPL5) [34]. In addition, although we have carried out the
sequencing verification of PKM2 in thyroid cancer, it still
needs to expand the sample size and conduct experiments
to further verify the above conclusions.

In conclusion, PKM2 showed highly significant differen-
tial expression in a variety of tumors and was correlated with
poor prognosis. In addition, further molecular mechanism
exploration, including gene alteration, mutation type and
sites, DNA methylation, phosphorylation, and GO enrich-
ment, implied that Ribosome pathway might be involved
in the functional expression of PKM2. Besides, immunolog-
ical studies suggested PKM2 was positively associated with
the immune infiltration. Those implied that PKM2 might
serve as a potential target for cancer survival and immuno-
therapy by regulating the ribosome pathway.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.

Consent

All authors approved the manuscript for publication.

Conflicts of Interest

The authors declare no competing interest.

Authors’ Contributions

HS and HG contributed to the study concept and design. LM,
TL, JL, and JC contributed to material preparation and data
collection. All authors provided professional suggestions dur-
ing data analysis. LM wrote the first draft of the manuscript.
GD and NL contributed to manuscript review and editing.
HS was responsible for project administration and supervi-
sion. All authors have read and approved the final manuscript.
Lusi Mi and Nan Liang contributed equally to this work.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (81972499), the Science and Technol-
ogy Development Program of Jilin Province (YDZJ202201-
ZYTS112 and 20210402011GH), the Finance Development
Program of Jilin Province (2021SCZ23 and 2022SCZ09),
and Jilin University Bethune Project (2020B14).

Supplementary Materials

Figure S1: immunohistochemistry images of PKM2 in vari-
ous tumors and normal tissues, such as the liver, from
HPA. These results suggested higher expression of PKM2
in tumors. Figure S2: the relationship between the expres-
sion levels of PKM2 and pathological stages of different
tumors from TCGA and visualized by GEPIA2 tool. These
results suggested that 19 types of tumors, such as COAD,
did not show significant association of their stage with
PKM2 expression. Figure S3: relationship between PKM2
pan-cancer expression and its survival progression from
TCGA and visualized by GEPIA2 tool. These results sug-
gested that a number of tumors did not show significant
association of their OS with PKM2 expression, such as
ACC. Figure S4: correlation between PKM2 genetic alter-
ations and clinical survival prognosis in UCEC from TCGA
and visualized by cBioPortal. It indicated that compared
with altered group, unaltered group showed shorter
disease-specific survival and progress free survival in UCEC.
Figure S5: correlation between PKM2 expression and DNA
methylation in multiple tumors from TCGA and visualized
by UACLAN. These results suggested that except PCPG,
PKM2 was significantly downregulated in majority of can-
cers, including BLCA, BRCA, CHOL, HNSC, KIRC, KIRP,
PAAD, TGCT, PRAD, THCA, and UCEC. Figure S6: phos-
phorylation analysis of PKM2 protein in different tumors
from CPTAC and visualized by UACLAN. (A-E) PKM2
phosphorylation sites and their differences in UCEC, LUAD,
colon cancer, BRCA, and OV (positive results). (F-I) PKM2
phosphorylation sites and their differences in UCEC, LUAD,
colon cancer, BRCA, and OV (negative results). Figure S7:
correlation between PKM2 expression and immunocyte
immune infiltration via TIMER2. (A) B cell. (B) T cell
CD8+. (C) T cell CD4+. (D) NK cell. (E) Mast cell. These
results suggested that immune infiltration of B cells to be
negatively correlated with the expression of PKM2 in major-
ity of tumors, including BRCA. Figure S8: the pan-cancer
expression levels of Hub genes from TCGA and visualized
by GEPIA2 tool, including RPL11, RPL19, RPL23, RPL5,
RPL23A, RPL9, RPL31, RPL32, and RPL37A. These results
suggested that most of them were highly expressed in can-
cers than in normal tissues. Figure S9: the pan-cancer corre-
lations of the Hub genes with OS from TCGA and visualized
by GEPIA2 tool. (A) RPL19. (B) RPL23. (C) RPL5. (D)
RPL32. These results suggested that hub genes showed asso-
ciation with OS in several cancers, suggesting their potential
prognostic roles. Figure S10: expression of PKM2 in normal
tissues. (A) Expression of PKM2 in various types of normal
tissues (RNA seq). (B) Expression of PKM2 in various types
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of normal tissues (Protein). (C) The location of PKM2 on
Chr15. Table.S1: topological result exploration for top ten
hub genes. These results suggested that the top 10 hub genes,
namely, RPL11, RPL19, RPL23, RPL5, RPL23A, RPL9,
RPL31, RPL32, and RPL37A, were negatively correlated with
PKM2. Table.S2: sites of PKM2 protein phosphorylation.
These results suggested that in clear cell RCC and UCEC,
the phosphorylation sites of PKM2 were mainly concen-
trated in the XP_006720633.1 while in NP_002645.3,
PKM2 phosphorylation sites were fewer, especially in breast
cancer and ovarian cancer. (Supplementary Materials)
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