IObservationaI Study

Medicine

The prognostic value and immunological role of
calcium/calmodulin dependent protein kinase
kinase 2 (CAMKK2) in pan-cancer study

Senjun Jin, MD?, Yanyan Wang, MDP, Sheng’an Hu, MD?, Guangzhao Yan, MD#*

Abstract

A thorough assessment of calcium/calmodulin dependent protein kinase kinase 2 (CAMKK?2) in pan-cancer studies is CUI’I’GQ

absent. We integrate multi-omics and clinical data to conduct a molecular landscape of CAMKK2. Gene variation results revealed
abnormal high frequency mutations of CAMKK2 in uterine corpus endometrial carcinoma, while expression level analysis
demonstrated relatively high expression of CAMKKZ2 in prostate adenocarcinoma. The aberrant expression of CAMKK2 was
found to be predictive of survival outcomes in several cancer types. Additionally, we identified potential regulators of CAMKK2
expression, including miBNAs such as miR.129.1.3p, as well as small-molecule drugs such as EPZ004777, which significantly
correlated with CAMKK2 expression. Single-cell transcriptome analysis of kidney renal clear cell carcinoma further revealed a
significantly higher expression of CAMKKZ2 in and monocyte and macrophage M1. Furthermore, in the kidney renal clear cell
carcinoma IMvigor210 cohort, patients ongoing immunotherapy with higher CAMKK2 expression experienced a significantly
longer median overall survival, but it was observed that in bladder urothelial carcinoma GSE176307 and skin cutaneous melanoma
GSE78220 cohorts, CAMKK2 might significantly prolong overall survival. Briefly, CAMKK2 emerges as a promising molecular
biomarker that holds potential implications for prognostic evaluation and predicting the effectiveness of immunotherapy across
cancers.

Abbreviations: BLCA = bladder urothelial carcinoma, BRCA = breast invasive carcinoma, CAMKK2 = calcium/calmodulin
dependent protein kinase kinase 2, CNV = copy number variations, GEO = Gene Expression Omnibus, HPA = Human Protein
Atlas, HR = hazard ratios, KIRC = kidney renal clear cell carcinoma, KM = Kaplan-Meier, LGG = lower grade glioma, LIHC =
liver hepatocellular carcinoma, LUSC = lung squamous cell carcinoma, MESO = mesothelioma, NK = natural killer, OS = overall
survival, OV = ovarian serous cystadenocarcinoma, PRAD = prostate adenocarcinoma, SKCM = skin cutaneous melanoma,
STAD = stomach adenocarcinoma, TCGA = The Cancer Genome Atlas, THCA = thyroid carcinoma, UCEC = uterine corpus

endometrial carcinoma, UVM = uveal melanoma.
Keywords: CAMKKZ2, immunotherapy, pan-cancer, prognosis

1. Introduction

Cancer has emerged as the second most prominent cause
of global mortality, trailing only cardiovascular disease.!!
According to the latest epidemiological studies, approximately
18 million individuals worldwide received new cancer diagno-
ses in 2018, and predictive models indicate an overall risk of
20.2% for developing cancer in the age range of 0 to 74 years.?!
Despite some advancements in controlling the overall mortality
rate through research on cancer pathogenesis and treatments
over the last 2 decades, a comprehensive understanding of its
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biological characteristics has not yet met the criteria of preci-
sion medicine.>* The tumor’s resilience to inhibitory responses
within the pathways responsible for cancer hallmarks is
attributed to genomic mutations and epigenetic alterations.?!
As clinical drug development increasingly relies on gene
mutations and kinase inhibition, there is a growing demand
for in-depth investigations into the molecular mechanisms of
tumors. Furthermore, exploring tumor immunity through in
vivo and in vitro studies has highlighted the urgent necessity
of identifying additional biomarkers to aid in the diagnosis and
prognosis of cancer.
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The calcium/calmodulin dependent protein kinase kinase 2
(CAMKK2) gene locus, spanning over 40 kb pairs, is situated on
chromosome 12q24.2 and comprises 18 exons and 17 introns.!?!
Like other members of the calmodulin kinase family, CAMKK2
exhibits distinct N- and C-terminal domains, alongside a central
Ser/Thr-directed kinase domain, followed by a regulatory domain
consisting of overlapping autoinhibitory and calmodulin-
binding regions.”! Isoform variability primarily arises from dif-
ferences in the carboxy termini, resulting in the existence of 7
CAMKK?2 isoforms generated through alternative splicing and/
or variable utilization of polyadenylation sites.[**! Isoform 1 of
CAMKK?2 is the most abundantly expressed isoform, particu-
larly in the brain and throughout the body.!*! Initially, CAMKK2
was found to regulate memory formation, long-term memory,
and appetite through the activation of cAMP-responsive ele-
ments in the hippocampus.!®?! While isoform 2 of CAMKK2 is
expressed in several brain cancer cell lines, it is the predominant
isoform in the prostate, regardless of the presence of cancer."”!
Subsequent studies have demonstrated that CAMKK2 serves as
a direct androgen receptor-target gene and functional driver of
prostate cancer progression.[®1%!l Moreover, higher CAMKK2
activity has been associated with tumor aggravation in various
cancer cell lines, including glioblastoma multiforme, liver hepa-
tocellular carcinoma (LIHC), ovarian serous cystadenocarci-
noma (OV), and stomach adenocarcinoma (STAD).">'¥I Despite
the significant importance of CAMKK2, there is currently a
lack of public resources providing prognostic information on
CAMKK?2 in a broader range of cancer types.

In addition to its expression in tumor cells, CAMKK2 is also
found in various immune cells, including macrophages, myeloid
cells, myeloid-derived suppressor cells (MDSCs), and natural
killer (NK) cells.!'s-181 CAMKK2 expression in macrophages and
myeloid cells has been associated with decreased recruitment
of T cells.['>!¢l Interestingly, intrinsic deletion of CAMKK2 in
MDSCs and NK cells surprisingly leads to increased metastatic
progression, highlighting a crucial role for this enzyme in the
antitumor immune response.!'”'$! However, the precise molecu-
lar mechanisms underlying the opposing functions of CAMKK2
in different immune cells require further investigation.

In the present study, we employed a combination of The
Cancer Genome Atlas (TCGA) project and Gene Expression
Omnibus (GEO) databases to perform a comprehensive
pan-cancer analysis of CAMKK2. Our analysis encompassed
various aspects, including the assessment of genetic alterations,
differential expression patterns, subcellular localization, correla-
tions with patient survival, identification of associated microR-
NAs, and exploration of potential drug candidates. Moreover,
we investigated that CAMKK2 served as a biomarker to pre-
dict immunotherapy response in 6 real-world immunotherapy
cohorts and 2 single-cell datasets. To the best of our knowledge,
this study represents the first extensive analysis of CAMKK2’s
molecular mechanisms in pan-cancer using multi-omics data.

2. Materials and methods

2.1. Data acquisition

Transcriptomic profiles and paired overall survival (OS) out-
come, copy number variations (CNVs), single-nucleotide poly-
morphisms of 33 cancer types from TCGA was downloaded
from https://xenabrowser.net/datapages/. Data from 3 immu-
notherapy cohorts (bladder urothelial carcinoma [BLCA]
GSE176307; skin cutaneous melanoma [SKCM] GSE78220,
and SKCM GSE91061) were downloaded from GEO.""-2!l Data
from other 3 immunotherapy cohorts (BLCA, IMvigor210;
kidney renal clear cell carcinoma (KIRC) IMvigor210; KIRC
PMID32472114) were downloaded from supplementary
materials of the 2 literatures.?>*! Two single-cell datasets of
KIRC, GSE139555, and GSE145281, were downloaded from
GEO'[24,25]
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2.2. CAMKK2 genomic variant

We collected a comprehensive cohort of 11,124 patients to deter-
mine the prevalence of CAMKK2 mutations, CNV amplifica-
tion, and deep deletion. The number of patients with CAMKK2
genetic variants was shown in the bar plot by the R package
ggpubr.?¥ The alteration ratio of CAMKK2 in each cancer type
was calculated as the percentage of abnormal genomic variants
relative to all tumors associated with that specific cancer. The
percent of alteration ratio was generated in a heatmap by the
R package pheatmap.?”! To evaluate the impact of CAMKK2
variants on patient outcomes, we analyzed survival data using
Kaplan—-Meier (KM) curves via the R packages “survminer” and
“survival,” including log-rank P value < .05, median overall sur-
vival (mOS), and hazard ratios (HR).1?$2°!

2.3. The mRNA expression of CAMKK2

We collected the TPM (transcripts per million) values
of CAMKK2 mRNA from the transcriptomic profiles in
pan-cancer. To ensure robustness and account for potential
batch effects, data from different test batches were aver-
aged. Additional information on the GDC (Genomic Data
Commons) pipeline can be found on their website at https:/
docs.gdc.cancer.gov. For statistical validity, we focused on
sixteen cancer types that had more than 10 paired normal
samples available. These cancers were included in the com-
parative analysis of differential expression between tumor
tissues and their respective normal tissues. Differences
between groups were accomplished by Wilcoxon test with P
value < .05 in the R package ggpubr.2°!

2.4. Immunohistochemistry and immunofluorescence

For the experiments involving immunohistochemistry and
immunofluorescence, we utilized the CAMKK2 antibodies
HPA017389 and HPA063713 obtained from Sigma-Aldrich.
All experimental results have been meticulously conducted and
documented in the Human Protein Atlas (HPA),?% which can be
accessed at https://www.proteinatlas.org/. In the immunohisto-
chemistry experiments, tumor and normal tissue samples were
collected from various organs in the HPA, including the breast,
colon, lung, prostate, and kidney (https://www.proteinatlas.
org/ENSG00000110931-CAMKK2/pathology). These samples
were then subjected to immunohistochemical staining using the
CAMKK?2 antibodies. In addition, 3 different cell lines, namely
A-431,U-251MG, and U20S, were utilized for the immunofluo-
rescence experiments in the HPA (https://www.proteinatlas.org/
ENSG00000110931-CAMKK2/subcellular#human).?*! = These
cell lines were treated with the CAMKK2 antibodies to inves-
tigate the subcellular localization and distribution of CAMKK2
protein. Detailed experimental methods have been described
at https://www.proteinatlas.org/about/assays+annotation. All
these experimental results, including immunohistochemistry
and immunofluorescence findings, can be accessed and explored
in detail on the HPA website."

2.5. Overall survival outcome

Survival analysis of patients was carried out using the R package
survival. To determine the optimal cutoff value for continuous
CAMKK2 expression, we utilized the surv_cutpoint function via
the R packages “survival” to categorize patients into 2 groups
with high and low CAMKK2 expression.”?! Subsequently, a cor-
relation analysis between CAMKK2 expression levels (divided
into high and low groups) and overall survival was performed.
For visualization purposes, forest plots and KM plots were gen-
erated using the R packages forestplot and survminer, respec-
tively.??3! The forest plot provided a graphical representation
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of the HR and 95% confidence intervals, while the KM plots
displayed the survival curves for patients in the CAMKK2 high
and low expression groups.

2.6. CAMKK2-targeted miRNA

To predict miRNA candidates targeting CAMKK2, we utilized
the R package multiMiR,*? which incorporates 7 miRNA-
mRNA link databases, namely EIMMo, MicroCosm, miRanda,
DIANA-microT, PITA, and TargetScan. These databases were
used to identify potential miRNA binding sites within the
CAMKK2 mRNA sequence. The prediction results obtained
from these databases were visualized using the R package
UpSetR, which allows for the creation of an upset map.?*? This
map provides a comprehensive overview of the shared and
unique miRNA predictions across the different databases. These
miRNAs that are simultaneously predicted to target CAMKK2
by 3 different databases deserve more attention. To further
analyze the relationship between CAMKK2 and the predicted
miRNAs, we calculated the Pearson correlation coefficient with
P value < .05 using the R package Hmisc.* This correlation
analysis provides insights into the potential regulatory associa-
tions between CAMKK?2 and the identified miRNAs. The result-
ing correlation values were then visualized using the R package
pheatmap, generating a heatmap representation.?”!

2.7. Drug sensitivity

The Genomics of Drug Sensitivity in Cancer version 2 data-
base provides valuable information on IC50 values and tran-
scriptomic data for 167 cell lines treated with various drugs. To
analyze the correlation between drug sensitivity and CAMKK2
expression, we utilized the R package oncoPredict.! This pack-
age enables the prediction of drug IC50 values for each patient
in the TCGA dataset based on their transcriptomic data. To
investigate the relationship between IC50 values and CAMKK?2
expression, we calculated the Pearson correlation coefficient.
This analysis assessed the strength and direction of the correla-
tion between drug sensitivity and CAMKK2 expression levels.
For visual representation, we generated a heatmap, scatter plot,
and box plot.?* These plots provide insights into the relationship
between drug sensitivity and CAMKK2 expression. The scatter
plot was specifically created using the R package ggpubr, which
offers customizable and visually appealing scatter plots.=2®!

2.8. Single-cell distribution

The analysis of 2 single-cell datasets of KIRC, namely
GSE139555 and GSE145281, was conducted using the online
platform Tumor Immune Single-cell Hub (TISCH).124253¢ To
ensure data quality, low-quality cells were filtered out based on
2 criteria: cells with a total count <1000 and cells with a num-
ber of detected genes <500. Both datasets were then uniformly
processed using the MAESTRO workflow.*”! Furthermore, to
address potential batch effects, datasets with a median entropy
lower than 0.7 underwent batch correction using the R package
Seurat.*®! This step helped to minimize any technical variations
between the datasets and ensured more reliable downstream
analyses. In the analysis, cell markers, such as CD80, which
serves as a marker for macrophage M2, were obtained from
the CellMarker 2.0 database (http://bio-bigdata.hrbmu.edu.cn/
CellMarker).*) These cell markers played a crucial role in iden-
tifying and characterizing specific cell types within the KIRC
single-cell datasets.

2.9. Immunotherapy outcome

Six cohorts with patients receiving immunotherapy, including
transcriptomic profiles and clinical information were collected
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as described in Section 2.1. Survival analysis of patients with
various CAMKK2 expression was referred to the Section 2.5
in the present study. This analysis involved stratifying patients
based on their CAMKK2 expression levels and comparing their
survival outcomes via the R packages “survminer and “sur-
vival.”282] By examining the relationship between CAMKK2
expression and overall survival, the study aimed to elucidate
the potential prognostic value of CAMKK2 in the context of
immunotherapy.

2.10. Statistical analysis

The statistical analysis was conducted using the R program
within the RStudio platform.**1 For comparing differences
between 2 groups, the default Wilcoxon test was employed.
On the other hand, when comparing differences among mul-
tiple groups, a one-way analysis of variance (ANOVA) was
performed. To assess the impact of different factors on overall
survival, KM analysis and a log-rank test were utilized. These
methods allowed for the comparison of survival curves between
different groups. In all statistical analyses, a significance level of
P < .05 was considered statistically significant unless otherwise
specified. This threshold was used to determine the presence of
significant differences or associations between variables under
investigation.

2.11. Ethical statement

All the data used in this study was open-access data from online
databases, so the ethical approval was not necessary in our
research.

3. Result
3.1. Study design

Our study consists of 6 main steps, namely data collection,
mutated CAMKK2, altered CAMKK2 expression, correlation
between CAMKXK2 expression and overall survival, CAMKK2
in chemotherapy, CAMKK2 in immunotherapy (Fig. 1). After
completing the data collection, our study proceeded through
several key analyses. Firstly, we discovered that CAMKK2 muta-
tions were associated with prognosis in cancer patients based on
genetic alterations. Subsequently, we examined the differences
in CAMKK?2 expression between tumor and normal tissues at
both mRNA and protein levels. Following this, we utilized sur-
vival analysis to investigate the relationship between CAMKK?2
expression and prognosis in cancer patients. Additionally, we
analyzed the correlation between CAMKK2 expression and the
dosage of chemotherapeutic agents. Finally, we explored the
potential of CAMKK?2 as a predictor of immunotherapy efficacy
within immunotherapy cohorts.

3.2. Genetic alteration

To comprehensively explore the mutational characteristics of
CAMKK?2 during tumor progression, we performed a thor-
ough analysis of mutations and CNVs using genomic data
obtained from the TCGA database across various types of can-
cer. A total of 232 patients exhibited CAMKK2 gene variants,
with 29 patients having both CAMKK2 mutations and CNVs
(Fig. 2A). The largest number of CAMKK2 variants, as well
as the highest mutation rate, were uterine corpus endometrial
carcinoma (UCEC) patients (n =44, ratio = 8.3%), followed
by SKCM patients (n =25, ratio=35.3%) and OV patients
(n =19, ratio =4.6%) (Fig. 2A and B). To assess the impact
of CAMKK2 variants on patient prognosis, we performed a
comparative analysis with a group of 10,866 patients with-
out CAMKK2 variants. The results showed that patients with
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Figure 1. The flow-process diagram of the present study. (A) The research process is divided into 6 main steps, namely data collection, mutated CAMKK2,
altered CAMKK2 expression, correlation between CAMKK2 expression and overall survival, CAMKK2 in chemotherapy, CAMKK2 in immunotherapy.

CAMKK2 mutations (n = 177) exhibited a significantly bet-
ter overall survival prognosis across different types of cancer
(P=.032; HR = 0.73, 95% CI 0.57-0.94) (Fig. 2C). However,
when comparing patients with CAMKK2 copy number ampli-
fication (n = 65) or deletion (n =16) to those with wild-type
CAMKK2, no significant differences in overall survival progno-
sis were observed (Fig. 2D and E).

3.3. Expression of CAMKK2

A gene expression landscape of CAMKK2 across cancers was
conducted. The analysis revealed that CAMKK2 exhibited rela-
tively high expression levels in almost all cancer types, as indi-
cated by the large TPM values. Notably, the most significant
expression of CAMKK2 was observed in patients with prostate
adenocarcinoma (PRAD) (Fig.3A). Furthermore, significant
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Figure 2. Genetic alterations of CAMKK2 with implication in prognosis. (A) Number of patients with CAMKK?2 variants, including mutation and copy number
amplification or deep deletion, in 32 cancers from the TCGA dataset. (B) The percentage of CAMKK2 mutation, copy number amplification, deep deletion and
all variants in different cancers. (C) Kaplan-Meier (KM) curve of OS analysis between patients with CAMKK2 mutation and wild in pan-cancer. (D) KM curve of
OS analysis between patients with CAMKKZ2 amplification and wild in pan-cancer. (E) Curve of OS analysis between patients with CAMKK2 deep deletion and

wild in pan-cancer.

differences in CAMKK2 transcriptional levels were observed
between tumor tissues and their corresponding adjacent normal
tissues in thirteen types of cancer, as illustrated in Figure 3B.
Specifically, in breast invasive carcinoma (BRCA), colon adeno-
carcinoma, esophageal carcinoma, lung adenocarcinoma, lung
squamous cell carcinoma (LUSC), rectum adenocarcinoma, thy-
roid carcinoma (THCA), and UCEC, a significant decrease in
CAMKK2 expression was observed in tumor tissues compared
to adjacent normal tissues. Conversely, in head and neck squa-
mous cell carcinoma, kidney chromophobe, KIRC, kidney renal
papillary cell carcinoma, and PRAD, increased expression of
CAMKK?2 was observed in tumor tissues compared to adjacent
normal tissues.

3.4. Expression of CAMKK2 protein

Consistent with the mRNA expression levels of CAMKK2,
immunohistochemical staining results demonstrated weak or
undetectable expression of CAMKK2 protein in tumor cells of
BRCA, colon adenocarcinoma, lung adenocarcinoma and LUSC

(Fig. 4A-D). Immunohistochemical staining was performed to
visualize CAMKK2 protein expression levels in different tis-
sues. The representative staining results showed varying levels
of CAMKK2 expression in breast (medium), colon (low), lung
(low), prostate (high), and kidney (medium) tissues (Fig. 4A-F).
Specifically, in prostate tissue (Fig. 4E), CAMKK2 protein was
observed to be highly expressed in both glandular cells and
tumor cells. In kidney tissue (Fig. 4F), CAMKK2 protein was
undetectable in cells of the glomeruli, exhibited medium levels
in cells of the tubules, and displayed medium levels in tumor
cells of renal cancer. Additionally, immunofluorescence reveals
that CAMKK2 is localized to microtubules in 3 tumor cell lines,
A-431,U-251MG, and U20S (Fig. 5).

3.5. Prognostic biomarker

In our comprehensive analysis of the relationship between
CAMKK2 mRNA expression levels and patient survival out-
comes, we stratified patients into 2 groups based on CAMKK?2
expression levels within each cancer type. The forest plot
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Figure 3. The CAMKK2 expression status in different tumors and normal tissues. (A) The mRNA expression of CAMKK2 across 33 cancer types from TCGA
data. (B) The TCGA project’s CAMKK2 gene expression difference between tumors and adjacent normal tissues of 16 organs.

(Fig. 6A) illustrates the associations between CAMKK2 expres-
sion and OS across different cancer types. The results revealed
that high expression of CAMKK2 was significantly associated
with better OS in BRCA, acute myeloid leukemia, brain lower
grade glioma (LGG), THCA, and uterine carcinosarcoma.
Conversely, high CAMKK2 expression was associated with
worse OS in KIRC, LIHC, LUSC, mesothelioma (MESO), OV,
SKCM, STAD, and uveal melanoma (UVM). To further visualize
the impact of CAMKK2 on patient survival, KM plots were gen-
erated for representative cancer types. For BRCA (Fig. 6B) and
LGG (Fig. 6C), high CAMKK2 expression was associated with
significantly better OS (BRCA: log-rank P =.015, HR = 0.67,
95% CI 0.48-0.94; LGG: log-rank P =.017, HR = 0.58, 95%
CI 0.39-0.86). Conversely, in KIRC (Fig. 6D), LIHC (Fig. 6E),
and KIRC (Fig. 6F), high CAMKK2 expression was associated
with worse OS (KIRC: log-rank P <.001, HR =2.15, 95% CI
1.53-3.02; LIHC: log-rank P =.026, HR = 1.74, 95% CI 1.04-
3.23; KIRC: log-rank P =.003, HR = 1.50, 95% CI 1.14-1.96).

3.6. Targeted miRNA

In our study, we aimed to investigate the microRNA-CAMKK?2
interactions and their role in regulating the physiological activ-
ity of CAMKK2. To predict microRNAs targeting CAMKK2,
we utilized 7 databases and identified a total of 728 potential
microRNAs (Fig. 7A). Among these, the largest number of
microRNAs were predicted by PITA (498) and DIANA-microT
(416), followed by EIMMo (378), TargetScan (268), miRanda
(140), miRdb (120), and PICTAR (63). Interestingly, 15 microR-
NAs were predicted by 5 or more of the 7 databases simultane-
ously. However, when analyzing the TCGA pan-cancer project

data, we found that only 13 out of the 728 potential microR-
NAs targeting CAMKK2 were detected. These 13 microRNAs
were further analyzed for their correlation with CAMKK2
expression levels. The heatmap (Fig. 7B) shows the correlation
between these microRNAs and CAMKK2 expression across
different cancer types. Among them, hsa.miR.129.1.3p showed
the strongest positive correlation with CAMKK2 expression
in LGG, and hsa.miR.96.5p showed the strongest negative
correlation with CAMKK2 expression in testicular germ cell
tumors.

3.7. Potential drug

We used the Genomics of Drug Sensitivity in Cancer version
2 database to analyze transcriptomic data from 10 tumor cell
lines after 161 drug treatments. Using a ridge regression model,
we predicted the drug sensitivity of patients from TCGA across
10 cancer types and correlated it with CAMKK2 expression
levels. To identify the drugs with the strongest correlation with
CAMKK?2 expression in each tumor type, we selected the top
3 drugs for each cancer, resulting in a heatmap of 26 drugs
based on their correlation with CAMKK?2 (Fig. 8A). Among all
the analyzed results, the strongest positive correlation between
drug sensitivity and CAMKK2 expression was observed for the
drug EPZ004777 in LGG (Fig. 8B). Following that, UML.77
and NVP.ADW742 showed the next strongest positive correla-
tions with CAMKK2 in other cancer types (Fig. 8C and D). On
the other hand, the most strongly negative correlation between
drug sensitivity and CAMKK2 expression was observed for
the drug Lapatinib in OV (Fig. 8E). This was followed by
Entinostat in MESO and AZD3759 in OV, both of which also
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Figure 4. The immunohistochemistry data of CAMKK?2 in tumors and normal tissues of breast (A), colon (B), lung (C and D), prostate (E) and kidney (F) from
the human protein atlas.
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Figure 5. The immunofluorescence data of CAMKK2 in A-431, U-251MG, and U20S cell lines from the human protein atlas.
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Figure 6. Association of CAMKK2 with overall survival. (A) Hazard ratio of CAMKK2 expression in different cancers from the TCGA dataset. (B-F) KM curve of
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Red curves mean higher CAMKK2 expression, and green curves mean lower CAMKK2 expression.

showed strong negative correlations with CAMKK2 expression
(Fig. 8F and G).

3.8. Single-cell localization

In the analysis of single-cell datasets GSE139555 and
GSE145281 in KIRC, we examined the distribution of
CAMKK2 across different cellular taxa. In the GSE139555
dataset, cells were categorized into a total of 16 cell types,
including B cell, CD8 + T effector (CD8Teff), macrophage M1,
macrophage M2, monocyte, and others (Fig. 9A). Comparing
the expression of CAMKK2 with CD80, a marker of macro-
phage M2, we observed that CAMKK2 is mainly expressed in
monocytes and macrophage M1 (Fig. 9B and C). This indicates

that CAMKK2 expression is associated with specific immune
cell types in the tumor microenvironment of KIRC. A similar
cellular expression distribution of CAMKK2 was also observed
in the GSE145281 dataset (Figs. 9D-F), further supporting the
consistency of CAMKK2 expression across different single-cell
datasets in KIRC.

3.9. Biomarker for immunotherapy

To evaluate the potential of CAMKK2 as an immunotherapy
biomarker, 6 real-world immunotherapy cohorts were analyzed
in this study. In the GSE176307 cohort of BLCA patients, those
with low CAMKK2 expression had a median OS of 6.9 months,
which was significantly longer than the 3.4 months observed
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Figure 7. Potential related miRNAs. (A) The upset plot of CAMKK2-targeted miRNAs predicted by 7 mRNA-miRNA databases, of which miRNAs overlapped
in more than 3 databases was shown in table. (B) Expression correlation of CAMKK2 with miRNAs detected in the TCGA project.

in subjects with high CAMKK2 expression (log-rank P =.008;
HR =2.16, 95% CI 1.03-4.56) (Fig. 10A). A similar trend was
observed in the BLCA cohort IMvigor210 (Fig. 10B), where
patients with lower CAMKK2 expression had better overall sur-
vival compared to those with higher CAMKK2 expression (log-
rank P=.038; HR =1.95, 95% CI 1.19-3.20). This suggests
that low CAMKK2 expression may be associated with an favor-
able response to immunotherapy in BLCA. In the KIRC cohorts
from IMvigor210 and PMID32472114, patients with higher
CAMKK?2 expressions seemed to have better overall survival,
although the differences did not reach statistical significance
in both 2 cohorts (Fig. 10C and D). In the SKCM GSE78220
cohort, patients with higher CAMKK2 mRNA levels had signifi-
cantly shorter overall survival compared to patients with lower
CAMKK2 mRNA levels (log-rank P =.026; HR =3.73, 95%
CI 1.12-12.36) (Fig. 10E). This indicates that high CAMKK2
expression may be associated with poorer prognosis in SKCM
patients receiving immunotherapy. A similar trend was observed
in the GSE91061 cohort, another immunotherapy melanoma
cohort, although the difference in overall survival did not reach
statistical significance (log-rank P =.078; HR =2.31, 95% CI
0.92-5.85) (Fig. 10F).

4. Discussion

CAMKK?2 initially gained recognition for its involvement in facil-
itating memory formation in the hippocampus and promoting

proliferation in prostate tumors.!*!® However, recent studies have
revealed its significant role in diverse cancers and immune cell
populations. Nevertheless, current understanding of CAMKK2’s
impact on different cancer types and immune cell subtypes
remains limited. It has been debated that CAMKK2 mediates
proliferation or inhibition in cancer cells, such as its immunosup-
pression in macrophages and myeloid cells, but antitumor effects
in MDSCs and NK cells."*¥1 To bridge this knowledge gap, our
study employed a comprehensive multi-omics approach encom-
passing a wide range of 33 distinct cancer types. To minimize the
impact of differences in data processing and statistical methods
between different online tools on the results, we downloaded the
raw data reported in the literature and wrote R codes for uniform
processing. For example, when performing survival analysis for
CAMKK2, 2 common methods include the cox proportional-
hazards model and the KM curve (also known as the Product
limit method), whereas our analysis avoids the mixing of the 2
methods used by some online tools. Our objective was to eluci-
date the molecular mechanisms underlying the observed upregu-
lation of CAMKK2 in cancer. By exploring CAMKK2 within the
context of cancer and the tumor immune microenvironment, our
research not only emphasizes its prognostic significance across
diverse cancer types but also unveils its pivotal role in patients
undergoing immunotherapy. Through our investigation, we aim
to address the intricate relationship between CAMKK2, cancer
progression, and the tumor immune microenvironment, thereby
expanding our comprehension of CAMKK2’s functions.
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Figure 8. Potential related drugs. (A) Correlation of CAMKK2 expression with the sensitivity of 26 drugs in pan-cancer by Genomics of Drug Sensitivity in
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ADW742 (D) in LGG. The scatter plot of the top negatively correlated drug Lapatinib in OV (E), Entinostat in MESO (F) and AZD3759 in OV (G).

Initially, our analysis focused on investigating CAMKK2 muta-
tions and copy number variations in cancer. This study specifi-
cally examines the clinical significance and therapeutic potential
of CAMKK2 as a biomarker in advanced PRAD using various
preclinical models.***4 Previous research has demonstrated that
androgen receptor—-CAMKK2-AMPK signaling promotes pros-
tate cancer cell growth by enhancing central carbon metabolism,
including glucose uptake and phosphorylation.*>#%l However,
our findings indicate that genetic alterations in CAMKK2 are
only observed in 2.4% of PRAD patients, while the rates are
higher in UCEC (8.3%) and OV (4.6%) (Fig. 2B). The increased
prevalence of CAMKK2 variants in UCEC and OV suggests that

10

CAMKK?2 also plays a significant role in the female reproduc-
tive system. In OV cell lines HO8910 and OV90, CAMKK2 has
been shown to promote ovarian cancer progression, which is
consistent with our findings and hypotheses. Given the higher
mutation rate of CAMKK2 in UCEC, further in vivo and in vitro
experiments are warranted to explore its implications.

Then, we analyzed CAMKK2 expression, emphasizing its
relationship with overall survival. The subcellular localization of
CAMKK2, whether in the cytoplasm or nucleus, remains a sub-
ject of debate.*3#-481 However, our immunofluorescence results
strongly support cytoplasmic expression of CAMKK2 (Fig. ).
Previous studies in LIHC, OV, and STAD have suggested that
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elevated CAMKK2 expression promotes tumor proliferation
and metastasis, indicating that patients with high CAMKK2
expression may have a poorer prognosis.l'>!3l However, whether
CAMKK?2 can also serve as a prognostic biomarker in other
cancers remains unknown. Our survival analysis by KM curve
showed that CAMKK2 also functions as a risk factor in KIRC,
LUSC, MESO, SKCM, and UVM (Fig. 6A). Intriguingly, we
discovered a favorable role for CAMKK2 in BRCA, acute
myeloid leukemia, LGG, THCA, and uterine carcinosarcoma,
which has not been reported previously. Altered CAMKK2
expression mediated by small-molecule drugs or miRNAs may
be a means of clinical intervention to influence patient prog-
nosis. For instance, STO-609, a small-molecule inhibitor of
CAMKK2, has been shown to inhibit the growth of C4-2B
human prostate cancer cells in a castration-resistant prostate
cancer xenograft model.*>*! In our study, we identified a signif-
icant positive association between EPZ004777 and CAMKK2
in LGG (rho = 0.679, P < .001) and a significant negative asso-
ciation between Lapatinib and CAMKK2 in OV (rho = -0.302,
P <.001) (Fig.8B and E). Additionally, hsa.miR.129.1.3p
and hsa.miR.129.2.3p showed interesting associations with
CAMKK2 in LGG and pancreatic adenocarcinoma (Fig. 7B).
It has been reported that miR.129 is involved in tumorigenesis
and progression through the regulation of multiple IncRNAs,
such as AC130710, MALAT1, and HOTAIR.%52 The import-
ant role of IncRNA-miRNA-mRNA regulatory network in the
tumor microenvironment has been confirmed by more and more
studies in recent years.’>-’! With the advancement of interac-
tion prediction studies in computational biology,**-%! such as
GCNCRF and NDALMA,%¢3 it makes IncRNA-miRNA-
CAMKK?2 also a future research direction that cannot be
ignored.

Furthermore, we investigated the involvement of CAMKK2 in
tumor immunity. The specific immune cell types through which
CAMKK?2 regulates the tumor microenvironment remain a sub-
ject of debate. In skeletal muscle, genetic depletion of Prkaal,
which indirectly inhibits CAMKK2, promotes a shift in macro-
phage polarization from the anti-inflammatory M2 phenotype
towards the pro-inflammatory M1-like phenotype. Additionally,
dendritic cells derived from Prkaal-deficient mice exhibit an
enhanced inflammatory response to lipopolysaccharide and
CD40 stimulation.[**%] Another study demonstrated that dele-
tion of CAMKK2 accelerates the terminal differentiation of
MDSCs, leading to increased AMPK-dependent production of
reactive oxygen species.!'”? Furthermore, upregulated CAMKK2
expression in NK cells has been shown to mitigate the adverse
effects of a lactate-rich tumor microenvironment."$! In our anal-
ysis of 2 single-cell datasets, CAMKK2 was detected in nearly
all cell types, with significantly higher expression observed in
monocytes and M1 macrophages (Fig. 9). A growing body of
research evidence suggests that CAMKK2 can be involved in the
regulation of immune cell infiltration thereby affecting patient
immunotherapy. Unfortunately, no studies have been conducted
to correlate CAMKK2 with the efficacy of immunotherapy.
Therefore, we collected 6 cohorts of patients with BLCA, KIRC,
and SKCM receiving immunotherapy to assess the potential of
CAMKK?2 as a biomarker for guiding immunotherapy decisions.
As depicted in Figure 10, BLCA and SKCM patients with low
CAMKK?2 expression were found to derive benefits from immu-
notherapy and exhibit improved OS, whereas the opposite trend
was observed in KIRC patients. Our study demonstrates for the
first time the potential application of CAMKK2 as a biomarker
for the prediction of immunotherapy efficacy.

Despite the comprehensive integration of data from multiple
databases in our study, there are several limitations that should
be acknowledged. Firstly, the divergent prognostic implications
of increased CAMKK2 expression in different tumor types
remain unverified and require further investigation. Secondly,
the omics data and patient information utilized in our analysis
are derived from publicly available databases and have not been

Medicine

experimentally validated in clinical settings. Therefore, future
studies should focus on experimental validations and func-
tional investigations to elucidate the precise role of CAMKK2 in
tumors and immune cells.

In conclusion, our bioinformatics-based pan-cancer analysis
of CAMKK2, integrating transcriptomic, genomic, pharmacog-
enomic, and clinical data, has revealed significant associations
between CAMKK2 and both survival prognosis and immune
response. Notably, our findings provide novel evidence suggest-
ing that CAMKK2 may influence the overall survival of BLCA,
KIRC, and SKCM patients undergoing immunotherapy through
its impact on monocyte and macrophage cells. These insights
highlight the potential of combining CAMKK2 modulators
with existing checkpoint inhibitors as a promising therapeutic
approach in combating tumors.
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