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Simple Summary: This study reveals the role of Pim-2 kinase in regulating the metabolism and
proliferation of multiple myeloma (MM) cells. We believe that our study makes a significant
contribution to the literature because, using patient data as well as cell line-based metabolomic
studies, we establish that Pim-2 kinase directly regulates glycolysis, energy production, and survival
and that Pim-2 is a potential target for MM treatment.

Abstract: Pim-2 kinase is overexpressed in multiple myeloma (MM) and is associated with poor
prognosis in patients with MM. Changes in quantitative metabolism, glycolysis, and oxidative
phosphorylation pathways are reportedly markers of all tumor cells. However, the relationship
between Pim-2 and glycolysis in MM cells remains unclear. In the present study, we explored the
relationship between Pim-2 and glycolysis. We found that Pim-2 inhibitors inhibited glycolysis and
energy production in MM cells. Inhibition of Pim-2 decreased the proliferation of MM tumor cells
and increased their susceptibility to apoptosis. Our data suggest that reduced Pim-2 expression
inhibits the energy metabolism process in MM, thereby inhibiting tumor progression. Hence, Pim-2
is a potential metabolic target for MM treatment.
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1. Introduction

Pim-2 kinase, a member of the Pim family constituting a class of serine/threonine
kinases [1], is encoded by the oncogene Pim-2, located on the X chromosome [2], and is
highly expressed in multiple cancers, including most hematological malignancies (leukemia,
myeloma, and lymphoma) and some solid tumors (liver, lung, prostate, and breast can-
cers) [3-5]. Increased PIM kinase expression is related to the progression and prognosis of
diseases, making it a potential biomarker candidate and therapeutic target.

Multiple myeloma (MM), a cancer of plasma cells, occurs mainly in the bone mar-
row. Despite several new treatment options, it is still considered incurable. Malignant
proliferation of monoclonal plasma cells causes anemia. MM cells not only provide a
cellular microenvironment to protect themselves from the immune system [6] but also pro-
duce a variety of cytokines to stimulate osteoclastogenesis and suppress osteoblastic (OB)
differentiation from bone marrow stromal cells, leading to extensive bone destruction [7].

Pim-2 kinase levels were significantly higher than those of other Pim family members
in CD138* myeloma cells in a series of 41 patients with newly diagnosed MM, suggesting
that Pim-2 is relevant to MM cell proliferation [8]. Several studies have identified that
Pim-2 promotes MM cell proliferation and inhibits apoptosis via the IL-6/STAT3 and NF-«B
pathways, respectively [6,9-11]. Abnormal cell cycle in MM can be regulated by Pim-2
kinase by maintaining the phosphorylation of critical mediators, including p21Cip1/Wafl
(CDKN1A) [12] and p27KIP1 (CDKN1B) [13,14]. Pim-2 kinase is also a common down-
stream mediator for the suppression of osteoblastogenesis in myeloma [15], suggesting
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that it plays a role in bone metabolism [16]. However, few experimental studies have
addressed the metabolic profile of myeloma cells, and whether Pim-2 kinase plays a role in
the metabolic processes of myeloma cells remains unknown.

Our experiments revealed that the level of Pim-2 kinase increased in MM patients
and was related to energy metabolism. Moreover, mass spectrometry-based untargeted
metabolomics indicated that energy metabolism participates in the progression of myeloma.
We also report that inhibitors of Pim-2 kinase prevented cell growth and ATP production
by disrupting glycolytic flux and oxidative phosphorylation. Further, inhibitors of Pim-2
kinase could also regulate glycolytic enzymes and the adenosine monophosphate-activated
protein kinase (AMPK) pathway involved in energy metabolism.

2. Materials and Methods
2.1. Patient Information

All patients were treated at the Department of Hematology, Tianjin Medical University
General Hospital, from September 2020 to September 2021. The patient group consisted of
23 newly diagnosed MM (NDMM) patients and 30 healthy controls (Table 1). The Human
Ethics Committee of the Tianjin Medical University General Hospital approved the research
protocol. Various characteristics of the patients are listed in Table 1.

Table 1. Characteristics of the patients.

Characteristics MM (n = 23) Control (n = 30) p Value
Age 64.69 + 8.63 47.57 £ 13.62 0.1079

Female gender (%) 13 (56.52) 4 (57.14) 0.9778
Hemoglobin 68 +17.22 89.26 £ 30.99 0.7342
Serum calcium 226 £0.16 2.38 = 0.36 0.3823
Creatinine 59.43 + 24.90 214.78 + 230.08 <0.0001
Albumin 37.17 £2.40 32.91 £5.80 0.0934
Lactate dehydrogenase 187.33 £ 54.42 223.11 4= 142.89 0.5566

Bone marrow samples were collected from patients as described previously. Patient bone
marrow samples were centrifuged to obtain the supernatant, and the samples were stored
at —80 °C for subsequent LC-MS/MS analysis. To keep the concentration of metabolites
consistent in each group, we took 200 pL of supernatant from each group for the assay.

2.2. Cell Culture

Human myeloma cells (MM1. S, U266, and OPM2) were purchased from the Tu-
mor Cell Bank of the Chinese Academy of Medical Sciences (Beijing, China). The cell
lines were cultured in RPMI 1640 (Gibco, Life Technologies, Carlsbad, CA, USA) con-
taining 10% fetal bovine serum (FBS) (Gibco, Life Technologies, Carlsbad, CA, USA) and
1% penicillin/streptomycin (Solarbio, Beijing, China) in an incubator at 37 °C in a humidi-
fied atmosphere consisting of 95% air and 5% CO;. The Pim kinase inhibitor SMI-16a was
provided by MedChemExpress (Monmouth Junction, NJ, USA) and was frozen as a stock
solution at —80 °C.

2.3. Metabolomic Analysis

We selected MM1.S, U266, and OPM2 cells as MM cell lines and divided them into
control groups as well as a Pim-2 inhibitor-treated group. We collected 1 x 107 cells
per group to ensure homogenization. After collecting the suspended cells, they were
washed with ice-cold PBS and centrifuged at 900 rpm in triplicates. The cells were quickly
placed in liquid nitrogen for 30 s and stored at —80 °C for LC-MS/MS analysis. LC-MS/MS
analysis was performed using an ultra-performance liquid chromatography (UHPLC)
system (Thermo Fisher Scientific, Waltham, MA, USA) with a UPLC BEH amide column
coupled to a Q-exactive HFX mass spectrometer. Electrospray ionization was used to
test for both positive and negative ions. The qualitative and quantitative results of the
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metabolome were subjected to univariate and multivariate analyses (MVA) to screen for
metabolites that appeared significantly different.

2.4. Cell Viability Assay

The MM cells were harvested and seeded in 6 well plates. Next, 10 uL of CCK-8
reagent (CCK-8; Bimake, Houston, TX, USA) was added to the wells, which were placed in
an incubator at 37 °C in a 5% CO, atmosphere for 3 h, and then the absorbance was read at
450 nm using a microplate reader. The cell viability percentage was calculated as follows:

Cell viability (%) = [a (trial group) — A (blank group)]/[a (control group) — A (blank
group)] x 100. A (blank group): absorbance of wells with medium and CCK-8 solution
without cells; a (trial group): absorbance of wells with cell, CCK8 solution, and drug
solution; and a (control group): absorbance of wells with cells and CCK8 solution without
drug solution.

2.5. Apoptosis Assay

Cells in culture were harvested, washed with cold PBS, and resuspended in 400 uL
Annexin binding buffer. Thereafter, 5 uL of annexin V-FITC and 5 uL of PI (BD Pharmingen;
BD Biosciences) were added to each sample, and after mixing, the sample was incubated
for 15 min in the dark. Stained samples were measured using flow cytometry (FCM)
within 1 h. CytExpert software2.0 (Beckman CytoFLEX) was used to analyze the FCM data.

2.6. 5-Ethynyl-2-Deoxyuridine (EAU) Assay

EdU staining was performed using the BeyoClick™ EdU-488 kit (Beyotime) according
to the manufacturer’s protocol. The MM cells were inoculated into 96-well plates at a
density of 5 x 10° cells/well and treated with 10 uM EdU at 37 °C for 2 h. Cells were then
subjected to a fixation step in PBS with 3% paraformaldehyde and a permeabilization step
with 0.5% Triton X-100 at room temperature. The fixative was removed, and the cells were
washed with PBS containing 3% BSA. Subsequently, the MM cells were incubated in a click
additive solution and protected from light. The stained samples were analyzed using flow
cytometry. CytExpert software (Beckman CytoFLEX) was used to analyze the FCM data.

2.7. ATP Assay

The ATP assay was performed using an ATP Assay Kit (Beyotime) according to the
manufacturer’s protocol. Cells were collected and washed three times with PBS, followed
by lysis with lysis solution. At the same time, gradient concentrations of ATP standards
were prepared with the fresh lysate, and 100 pL of the samples to be tested and the diluted
gradient ATP standards were added to the assay plate, followed by the addition of 100 pL
of the ATP assay working solution, and the absorbance values of each group of cells were
measured at 28 °C for 5 min. Finally, the ATP assay was calibrated using the protein
quantification results in each group of cells.

2.8. Reactive Oxygen Species (ROS) Assay

The ROS assay was performed using an ROS Assay Kit (Beyotime) according to the
manufacturer’s protocol. Cells were inoculated in 12-well plates at 2 x 10° cells per well
and pre-incubated in an incubator at 37 °C with a 5% CO; atmosphere for 24 h. The cells
were grouped for intervention after plastering. After incubating with the fluorescent probe
2,7-dichlorofluorescein diacetate (DCFH-DA), the cells were collected and detected using
flow cytometry, according to the reactive oxygen species detection kit.

2.9. Mitochondrial Mass Assay

We used a flow cytometry-based method to assess mitochondrial mass using Mito
Tracker Red CMXRos (Beyotime). Cells were washed twice with PBS and stained with
50 nM Mito Tracker Red CMXRos working solution for 30 min at 37 °C. At the end of
the incubation period, cells were centrifuged at 1000 x g for 5 min, the supernatant was
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discarded, and fresh cell culture solution was preincubated at 37 °C to resuspend the cells.
Fluorescence was analyzed using the CytExpert software (Beckman CytoFLEX).

2.10. Measurement of Mitochondrial Oxygen Consumption Rate (OCR)

Cells were plated on 96-well cell culture plates and incubated overnight in a CO,
incubator at 37 °C, after which 150 uL of fresh medium was added to each well and
incubated in a CO; incubator at 37 °C for 30 min. Extracellular O, depletion reagent (10 uL)
(Ab197243, Abcam, Cambridge, UK) was added along with two drops of pre-warmed,
high-sensitivity mineral oil. Fluorescence (EX 380 4= 40 nm, EM 615 + 10 nm) was measured
every 6 min for 90 min at 37 °C using a multi-detection microplate reader (Spectramax iD5,
Molecular Devices, SAN Jose, CA, USA).

2.11. Glycolysis Assay

Glycolysis assays were performed according to the instructions provided in the Gly-
colysis Assay Kit (Ab197244; Abcam, Cambridge, UK). This assay measures extracellular
acidification due to lactate production during glycolysis. Cells were incubated overnight in
96-well plates, as instructed, and then cleared from CO; for 3 h at 37 °C in a CO; free incu-
bator. Next, 10 uL of glycolysis assay reagent containing a cell-impermeable pH-sensitive
fluorophore and 150 pL of respiration buffer were added. Cells were then exposed to
hypoxia, and the fluorescence (Ex 380 £ 40 nm Em 615 + 10 nm) was measured every 6 min
for 90 min at 37 °C using a multi-detector enzyme marker (SpectraMax iD5, Molecular
Devices, USA).

2.12. SiRNA Transfection to Knock Down Pim-2

The MM cells were inoculated into 6-well plates, and approximately 2 mL of antibiotic-
free medium was added to each well so that the cell density at the time of transfection was
between 40% and 60%. Next, 4 uL/well of the Lipo 3000 transfection reagent was diluted
with 200 pL of serum-free medium, mixed, and left for 5 min at room temperature. Eight
microliters of the designed siRNA primer PIM2-Homo-525 (GenePharma), as well as siRNA
GAPDH (positive control) and siRNA NC (negative control), was added to 200 pL of serum-
free medium. The mixture was incubated for 20 min at room temperature before mixing
with transfection reagents to form transfection complexes. The siRNA transfection reagent
mixture was added to the cell culture plate, gently mixed, and incubated in a CO; incubator.
The proteins were extracted after 72 h of transfection for subsequent experiments.

2.13. Western Blotting Analysis

Cells were lysed with RIPA (Sigma-Aldrich, St. Louis, MO, USA) lysis buffer, and the
supernatant was collected by centrifugation, followed by the addition of SDS loading buffer
and boiling at 95 °C for 15 min. The cooled protein samples were added to polyacrylamide
gels for electrophoretic separation. The separated protein samples in the gel were subse-
quently transferred to a PVDF membrane, and the antibodies were added after blocking
in 5% nonfat milk for 1 h. Next, the membrane was washed thrice with TBST (Solarbio,
Beijing, China) and incubated for 1 h with a secondary antibody at room temperature,
followed by three TBST washes. The final results were observed by adding a luminescence
solution and using an ECL chemiluminescence system.

The primary antibodies used were Pim-2 (#4730), AMPK-« (#5831S), and p-AMPK-«
(#2535), which were purchased from Cell Signaling Technology (Danvers, MA, USA). LKB1
(ab199970) was purchased from Abcam (Cambridge, UK). The secondary antibody (#7074)
was purchased from Cell Signaling Technology.

2.14. Statistical Analysis

We used the R package maxstat (maximally selected rank statistics with several p-value
approximations, version: 0.7-25) to calculate the optimal cut-off value of Pim-2, setting
the minimum grouping sample size to be greater than 25% and the maximum sample
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size grouping. The patients were divided into two groups with high and low expression
of Pim-2, and the prognostic differences between the two groups were further analyzed
using the Survfit function of the R package survival, and the significance of the prognostic
differences between the samples of different groups was evaluated using the log-rank test
method. We evaluated the prognostic significance of each gene using lasso Cox regression
analysis by integrating survival time, survival status, and gene expression data using the R
package survival. Three biological replicates were used for the metabolomic analysis. A
Student’s t-test was performed using GraphPad Prism 7.0 software (GraphPad Software
Inc., La Jolla, CA, USA). Statistical significance was set at p < 0.05.

3. Results
3.1. High Expression of Pim-2 Kinase Correlates with Poor Prognosis and Genes Involved in
Energy Metabolism in MM Patients

We downloaded the available data from the Multiple Myeloma Research Foundation
(MMREF, CoMpass) database, which includes RNA gene expression data from 731 patients
with NDMM. We divided the patients into two groups with high and low Pim-2 expression
and further analyzed the prognostic differences between the two groups. We observed a
significant prognostic difference (p < 0.001), which suggested that high expression of Pim-2
kinase in MM patients was associated with poor prognosis (Figure 1A). Pim-2 is known
to play an important role in aerobic glycolysis and tumor development. Therefore, we
analyzed the cumulative expression levels of specific genes related to the gluconeogenic and
endoplasmic reticulum stress pathway by grouping them according to Pim-2 expression
levels. We found that gluconeogenesis and endoplasmic reticulum stress-related gene
expression levels were elevated in patients with high Pim-2 expression levels (Figure 1B,C,
Table 2). This implies that Pim-2 may be involved in the glyccometabolic process and
endoplasmic reticulum stress in patients with MM.

Table 2. Relative expression levels of genes related to glycometabolism.

High Pim-2 Low Pim-2
Label Expression Group Expression Group p Value
(Mean + Std) (Mean =+ Std)

PDHA1 1(3.61 £0.39) 0 (3.45 £+ 0.39) <0.001
DLAT 1(3.49 £ 0.55) 0(3.33 £ 0.66) <0.001
CS 1(4.42 £ 0.36) 0(444 +£0.37) 0.87
OGDH 1(4.55 £ 0.61) 0(4.38 +0.73) <0.001
DLST 1(3.95 £ 0.46) 0 (4.08 £+ 0.48) <0.001
DLD 1(3.17 £ 0.45) 0 (3.06 £ 0.48) <0.001
IDH2 1(6.49 £0.71) 0(6.32 £ 0.84) <0.05
SDHB 1(4.51 £0.35) 0(4.35 +0.34) <0.001

FH 1(4.94 £ 0.67) 0 (4.59 £ 0.68) <0.001
MDH?2 1(5.12 £ 0.40) 0 (5.02 £ 0.45) <0.001

Next, we performed a non-targeted metabolomic study of bone marrow supernatants
from 30 MM patients and 20 healthy controls by LC-MS assay. Figure 1C,D show that
there were significant differences among the HC, MM-ISSS-1, MM-ISSS-11I, and MM-ISSS-II1
groups. Using the results from HC as a reference, the differences in metabolite changes in
patients with MM were plotted in a volcano plot (Figure 1E). The results showed that most
metabolite levels were upregulated in MM patients, indicating the presence of metabolic
abnormalities in patients with MM. Hierarchical clustering analysis identified a high
concentration of most metabolites in high-risk MM patients, which could distinguish these
patients from HC and lower-risk MM patients (Figure 1F), suggesting that hypermetabolism
may be associated with a poor prognosis of MM. This feature is also illustrated in Figure 1G,
which shows that the metabolites were significantly upregulated in MM patients. These
data indicate metabolic abnormalities in patients with MM, which may be related to the
poor prognosis of MM.
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Figure 1. High expression of Pim-2 kinase correlates with poor prognosis and genes involved in
energy metabolism and endoplasmic reticulum stress in MM patients. (A). Survival curves of MM
patients by subgrouping according to Pim-2 expression. L means MM patients with low expression
of Pim-2. (B). Association of pim2 expression levels with gluconeogenesis-related genes. L means
MM patients with low expression of Pim-2. H means MM patients with high expression of Pim-2.
(C). Association of pim2 expression levels with endoplasmic reticulum stress-related genes. (D). A 3D
score scatter plot of a PCA model for group MM vs. HC. Samples are all at 95% confidence intervals.
(E). Most metabolites of MM patients were increased. Significantly upregulated metabolites are
depicted in red, significantly downregulated metabolites in blue, and non-significantly differential
metabolites in gray. (F). The concentration of most metabolites in high-risk MM patients is high.
The abscissa of the plot represents different experimental groupings, the ordinate represents the
differential metabolites contrasted by the group, the color block at different positions represents the
relative expression of the metabolite at the corresponding position, red indicates that the substance
is highly expressed in the group where it is located, and blue indicates that the substance is lowly
expressed in the group where it is located. (G). Metabolite content in MM patients was significantly
increased. The abscissa represents the Z value, the ordinate represents the differential metabolites,
and the dots in different colors represent samples in different groups.
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3.2. Pim-2 Kinase Inhibitors Inhibit Glycometabolism in MM

Based on these findings, we aimed to determine the specific role of Pim-2 in the
regulation of energy metabolism in MM patients. Therefore, we used LC-MS/MS to detect
MM cell metabolites. The heatmap shows the main differential metabolites between the
control and Pim-2 kinase inhibitor-treated MM cells (Figure 2A,B), indicating that the
inhibition of Pim-2 leads to a significant reduction in metabolites. Enrichment analysis
of metabolites revealed that several important metabolic pathways were perturbed in the
SMI-16a-treated group. Metabolites, such as glucose, lipids, and amino acids, were all
downregulated, resulting in the reduction of related metabolites and ATP. Further metabolic
pathway analysis revealed that the differential metabolites were enriched in the “glycolytic
or glycoisomeric” pathway in both positive and negative ion modes. Combined with the
above findings, we focused on exploring the effects of Pim-2 on MM glycometabolism.
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Figure 2. Pim-2 kinase inhibitors inhibit glycometabolism in MM. (A). Score scatter plot of OPLS-DA
model for group SMI-16a vs. Control. Each scatter represents a sample, and scatter shape and
color indicate different experimental groupings, with a greater lateral distance between samples
illustrating greater group differences and a closer longitudinal distance illustrating better within
group reproducibility. (B). Heatmap of hierarchical clustering analysis for SMI-16a vs. Control
groups. (C). KEGG classification for group SMI-16a vs. Control. The abscissa represents the number
of differential metabolites annotated under a certain pathway as a percentage of all the number of
differential metabolites annotated, and the ordinate represents the enriched KEGG metabolic pathway
names. (D). In the SMI-16a treatment group, glucose metabolism, lipid metabolism, and amino acid
metabolism were all downregulated. The abscissa in the figure represents the differential abundance
score (DA score) and the ordinate represents the KEGG metabolic pathway name. Dots distributed
to the right of the middle axis and longer line segments indicate a greater tendency for the overall
expression profile of the pathway to be upregulated; dots distributed to the left of the middle axis
and longer line segments indicate a greater tendency for the overall expression profile of the pathway
to be downregulated. (E). Glycometabolism plays an important role in MM cells. Pathway analysis
for group SMI-16a vs. Control. Each square in the rectangular tree diagram represents a metabolic
pathway, and the square size indicates the impact factor size of that pathway in the topological
analysis. The square color indicates the p-value of the enrichment analysis, and the darker the color,
the smaller the p-value and the more significant the enrichment. (F). Different metabolites were
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enriched in glycolysis or gluconeogenesis. Each bubble in the bubble plot represents a metabolic
pathway, and the abscissa on which the bubble is located and the bubble size represent the effect
factor size of that pathway in topology analysis, and the larger the effect factor, the larger the size.
The ordinate where the bubble is located and the bubble color indicate the p-value of the enrichment
analysis, and a darker color of the p-value indicates significant enrichment. ** p < 0.001; *** p < 0.0001.

3.3. Pim-2 Kinase Inhibitor Participates in the Regulation of MM Cell Proliferation and Apoptosis

To elucidate how Pim-2 participates in the development of MM, we verified whether
inhibition of Pim-2 in MM cells could affect MM cell proliferation. First, we examined the
dose-dependent effects of Pim-2 kinase inhibitors on MM cell proliferation using the CCK-8
assay. SMI-16a, a potent inhibitor of Pim-2 kinase, effectively attenuated the tumorigenic
capacity of many human malignancies. In this study, we used SMI-16a to inhibit Pim-2
kinase in MM cells. The IC50 values of OPM2 cells, U266 cells, and MM1.S cells were 88.75,
91.4, and 77.13 uM, respectively (Figure 3A). Exposure to SMI-16a at concentrations of
100 uM or higher inhibited the growth of almost all tumor cells, indicating its significant
anti-proliferative activity. Next, we conducted an EAU admixture test to assess the effect of
Pim-2 kinase inhibitors on cell viability. Each cell line was treated at different concentrations
according to the IC50 of the drug. The percentage of EdU-positive cells was lower in the
SMI-16a-treated group than in the control group (Figure 3B). These data indicate that the
Pim-2 kinase inhibitor had a significant inhibitory effect on MM cell proliferation.
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Figure 3. SMI-16a inhibited cell proliferation and induced cell apoptosis in MM cells. (A). Cell
viability of MM cell lines treated with increasing concentrations of SMI-16a for 48 h. (B). EAU assay
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for viability of MM cells after SMI-16a treatment (1 = 3 for each group). (C). The apoptosis assessment
using propidium iodine (PI) and Annexin V detection by flow cytometry at 48 h of treatment
(n = 3 for each group). * Indicates a significant difference compared with the HC group, p < 0.05.
** Indicates a significant difference compared with the HC group, p < 0.001.

We next assessed the ability of Pim-2 kinase inhibitors to induce apoptosis in MM
cells. We used PI/Annexin V to double-stain MM cells and analyzed the apoptosis rate
using flow cytometry. The percentage of apoptotic cells increased in a dose-dependent
manner 48 h after SMI-16a treatment (Figure 3C). These results suggested that Pim-2 kinase
inhibitors induce apoptosis in MM cells.

3.4. Inhibition of Pim-2 Reduces Cellular Glycometabolism and Energy Production

Next, we evaluated the state of cells in terms of oxygen consumption and glycolysis.
The results showed that Pim-2 inhibition led to a decrease in ATP production (Figure 4A),
indicating that energy production was indeed induced by Pim-2. MitoTracker is a flu-
orescent dye that specifically marks the mitochondria and can be used to visualize and
quantify these organelles in the cell. We found that mitochondrial mass was decreased in
the SMI-16a-treated groups compared with that in the control group in different MM cell
lines (Figure 4B,C). Next, we treated MM cells with SMI-16a for 48 h and measured the ROS
levels. As shown in Figure 4D, the ROS level in the treated group decreased. This suggests
that the Pim-2 kinase inhibitor may inhibit ROS production from mitochondria. We thus
assessed the ability of the cells to consume O,. The results of the oxygen consumption study
showed that the mitochondrial function of MM cells treated with SMI-16a also tended
to be reduced as compared to that of the control cells (Figure 4E). These data illustrate
that the inhibition of Pim-2 blocks MM cells from obtaining energy via mitochondrial
aerobic oxidation. To detect aerobic glycolysis, which is the main mechanism by which MM
cells produce energy, we measured the extracellular acidification rate (ECAR). The results
showed that ECAR levels also decreased after Pim-2 inhibition compared to levels in the
control (Figure 4F). This suggests that Pim-2 may promote aerobic glycolysis to generate
more ATP to meet the energy demands of MM cell development.
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Figure 4. Pim-2 is involved in energy metabolism through participation in aerobic oxidation and
glycolysis. (A). Detection of ATP production levels in different treatment groups. In different MM
cells, ATP levels were lower in the SMI-16a-treated group than in the control group. (B). The detection
of cellular mitochondrial mass after MM cell lines were treated with SMI-16a for 48 h. (C). The total
percentage of mitochondrial mass in different cells. (D). Total percentage of ROS in different cells.
(E). Oxygen consumption analysis. Control and SMI-16a groups were measured by fluorescence
spectroscopy over 90 min and compared for fluorescence emission. (F). Glycolysis assay measured as
cytoplasmic acidification. Glycolysis was measured in Control and SMI-16a groups by fluorescence
emission over 90 min. Each group of experiments was repeated 3 times. * Indicates a significant
difference compared with the HC group, p < 0.05. ** Indicates a significant difference compared with
the HC group, p < 0.001.
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3.5. Pim-2 Negatively Regulates PKM?2

Numerous studies in recent years have shown that the pyruvate kinase 2 (PKM2)
isoform of pyruvate kinase is a key regulator of the Warburg effect [17]. PKM2 promotes
transcription of target genes such as GLUTs, LDH-A, and HIF-1x-targeted expression
of VEGEF-A, thereby promoting cancer cell growth and positive feedback regulation of
glycolysis [18]. We verified the regulatory role of PKM2 in Pim-2 inhibition of glucose
metabolism by knocking down Pim-2 in MML1.S cells with si-RNA and a Pim-2 kinase
inhibitor. Western blotting results showed a significant reduction in PKM2 and PKM?2
phosphorylation levels in Pim-2-silenced cells (Figure 5). Combined with previous data
analysis, we speculate that Pim-2 silencing may reduce the glycolysis of MM cells by
inhibiting PKM2 phosphorylation.

A MM1.S B MML.S

S— — e | PiM-2 1.5- * . * -
= I I I\
ig - o SMI-16

W — | PKM2  EZ | —y L = 16a
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Figure 5. Pim-2 kinase inhibitors decrease PKM2 expression and phosphorylation. (A). Western blot
analysis showed that the expression of p-PKM2 and PKM2 was downregulated. (B). The histogram
of quantitative analysis of PKM2, p-PKM2, and Pim-2 (based on fold change of glyceraldehyde-3-
phosphate dehydrogenase [GAPDH]). * Indicates a significant difference compared with the HC
group, p < 0.05.

4. Discussion

Pim-2 kinase exerts its oncogenic effects by phosphorylating target proteins involved
in cell cycle and proliferation [19-21]. Pim-2 kinase phosphorylates BAD at serine 112
and reverses BAD-induced cell death [22]. Pim-2 kinase is involved in the transduction
of a variety of cellular signaling pathways, thereby promoting tumorigenesis, particularly
in blood tissues. Newly developed Pim-2 kinase inhibitors are currently being tested in
clinical trials [11,23,24], and these compounds, especially in combination with other drugs,
have shown some success in MM treatment [23,25-28]. However, the mechanism of action
of these treatments has not yet been fully elucidated.

In this study, we found that the level of Pim-2 increased in MM patients and was related
to energy metabolism, which participated in the cell-cycle progression of myeloma cells, as
indicated by mass spectrometry-based untargeted metabolomics analysis. Furthermore,
inhibitors of Pim-2 kinase disrupted glycolytic flux and oxidative phosphorylation, thus
inhibiting cell growth and ATP production in MM cells. We also demonstrated that
Pim-2 kinase inhibitors regulated PKM2 involved in energy metabolism. Previous studies
have demonstrated that PKM2 is the key rate-limiting enzyme in the Warburg effect as
well as the rate-limiting enzyme in the final step of glycolysis in tumor cells and plays
a key role in glycolysis [29]. Since PIM2 is a protein serine/threonine kinase and is a
known phosphorylated protein, we speculate that PKM2 may be a substrate for PIM2.
Furthermore, a previous study showed that Pim kinase directly increases the levels of
PKM2, a key enzyme that regulates cellular metabolism and produces ATP [30]. In this
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study, we also confirmed that Pim-2 kinase inhibitors inhibit PKM2 phosphorylation and
decrease PKM2 levels, which leads to a decrease in ATP. In conclusion, these results suggest
that the metabolic regulation of Pim-2 kinase is one of the pathways involved in the
proliferation of myeloma cells. In fact, we found many possible mechanisms for Pim-2, but
we have only studied PKM2 so far, and other genes need to be studied in depth.

For other cancers, Pim-2 can promote glycolysis in some tumor cells by directly binding
or changing the phosphorylation of PFKFB3 in breast cancer [31], PKM2 in HEK293T
cells [32], and AMPKa in endometrial cancer [33]. Pim-2 activates glucose utilization and
aerobic glycolysis in colorectal cancer cells and increases energy production. Knockdown
of Pim-2 resulted in reduced cellular energy production and increased susceptibility to
apoptosis [34].

Altered cellular metabolism in tumor cells is common and can manifest as abnormali-
ties in mitochondprial function, thus allowing them to escape apoptosis [35]. Polarized M2
macrophages have been found to regulate tumor cell glycolysis through the secretion of
interleukin-6 [36]. Altered adaptive energy metabolism in myeloma cells has also been
correlated with resistance to proteasome inhibitors [37,38]. PRL-3, a cytokine-inducible
oncogenic phosphatase, promotes glucose uptake and lactate excretion and increases
glycine decarboxylase levels. The mRNAs of related proteins are associated with the
expression of PRL-3 in primary myeloma cells [39]. FOXM1 is a positive regulator of
myeloma cell metabolism and strongly influences the bioenergetics pathways of glycolysis
and oxidative phosphorylation. The FOXM1 inhibitor NB73 slowed myeloma progression
both in vitro and in vivo [40]. Knockdown of HSP60 or use of HSP90 inhibitors in myeloma
cells results in the inhibition of proliferation, reduced mitochondrial mass, and weaker
metabolic activity [40,41].

5. Conclusions

In summary, Pim-2 kinase regulated MM cell cycle, proliferation, and metabolism;
acted on osteoblasts to regulate the development of bone disease; and modulated the
immune microenvironment, highlighting that it is a potential therapeutic target in MM.
Our study establishes that Pim-2 kinase can be involved in the development of MM by
regulating MM energy metabolism.
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