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Abstract: B-cell acute lymphoblastic leukemia (B-ALL) is a malignant blood disorder, particularly
detrimental to children and adolescents, with recurrent or unresponsive cases contributing significantly
to cancer-associated fatalities. IKBKE, associated with innate immunity, tumor promotion, and drug
resistance, remains poorly understood in the context of B-ALL. Thus, this research aimed to explore the
impact of the IKBKE inhibitor MCCK1 on B-ALL cells. The study encompassed diverse experiments,
including clinical samples, in vitro and in vivo investigations. Quantitative real-time fluorescence PCR
and protein blotting revealed heightened IKBKE mRNA and protein expression in B-ALL patients.
Subsequent in vitro experiments with B-ALL cell lines demonstrated that MCCKI1 treatment resulted
in reduced cell viability and survival rates, with flow cytometry indicating cell cycle arrest. In vivo
experiments using B-ALL mouse tumor models substantiated MCCK1’s efficacy in impeding tumor
proliferation. These findings collectively suggest that IKBKE, found to be elevated in B-ALL patients,
may serve as a promising drug target, with MCCK1 demonstrating potential for inducing apoptosis in
B-ALL cells both in vitro and in vivo.
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1. Introduction

Acute lymphoblastic leukemia (ALL) is an acute form of lymphoblastic leukemia or lymphoma
characterized by a variety of genetic mutations in individuals with a typical chromosomal structure in
traditional cytogenetics. Approximately 25% of childhood cancers are attributed to this malady, and
adults can also be afflicted with it [1,2]. The primary treatment for ALL is multidrug chemotherapy,
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such as the VP regimen (Vincristine and Dexamethasone) and others. Despite generally successful
results, approximately 20% of B-ALL patients become resistant to treatment during their therapy [3].
Furthermore, recurrent chromosomal abnormalities are common in B-ALL, leading to a high rate of
relapse [4,5]. For individuals with R/R ALL, the search for more effective treatments and medications
is urgent. In the past, chemotherapy drugs have been the primary treatment for R/R ALL. However,
CRR (complete remission rates) for first- and second-line treatments are only 30 to 40% and 10 to
20%, respectively [6]. Despite the emergence of various new treatments, the prognosis of patients with
recurrent or refractory diseases is still severe, and patients with a survival time of more than five years
are still less than 10% [7]. Moreover, research has demonstrated that the persistence of minuscule
amounts of disease (MRD) following induction treatment may be linked to unfavorable outcomes [8],
such as a greater risk of relapse and a shorter lifespan [9]. Consequently, it is essential to investigate
novel therapies to enhance patient well-being and stimulate scientific inquiry.

IKBKE (molecular weight 80 KD) is a non-classical protein of IKK (I«B kinase) and has an essen-
tial role in immune signaling, phagocyte activation, and a variety of metabolic disorders [10,11]. The
expression of IKBKE has been associated with a pivotal regulatory role in the growth and advance-
ment of a range of malignant tumors, including Kaposi’s sarcoma, ovarian cancer, gastric cancer, and
glioma, and is often highly expressed in other solid tumors [12—-14]. Research conducted both in vitro
and in vivo has proven that a decrease in IKBKE expression has a significant impact on the hyperplasia
of multiple cancer cells, causes the cells to die more quickly, and decreases the cells’ ability to invade
and move [15]. Studies conducted in the past have demonstrated that IKBKE is present in some types
of blood cancers, such as AML, Burkitt’s lymphoma, diffuse large B-cell lymphoma, B-ALL, T-ALL,
and multiple myeloma [16—18]. Some scholars have found that IKBKE manages the development of
multiple types of cancer [19], as well as contributing to tumor growth, cell invasion, and resistance to
drug treatments [20]. However, the role and related mechanisms in which IKBKE operates in B-ALL
have yet to be determined. Therefore, the purpose of this study is to explore the effect of IKBKE in
B-ALL and identify new targets for clinical treatment.

MCCKI1 is a malachite green oxalate compound that is particularly effective at inhibiting IKBKE
and its associated pathways (Figure 2A) [21,22]. Liu et al. [23] found that MCCK1 can enhance the
anticancer effect of temozolomide on the invasion, migration, and epithelial-mesenchymal transition
of solid tumor cells in vitro and in vivo. Another study has demonstrated that MCCKI1 can selectively
combat IKBKE both in vitro and in vivo, but the effect of MCCK1 on B-ALL has yet to be determined.
Therefore, this research demonstrates the high expression level of IKBKE in B-ALL patients and
assesses its influence on cell proliferation, division, and B-ALL-derived tumors both in vitro and in
vivo.

2. Materials and methods

2.1. Patients and specimen

Bone marrow samples were extracted for IKBKE expression analysis in 35 patients with an initial
B-ALL diagnosis obtained from the Affiliated Hospital of Guizhou Medical University (Table 1). Ficoll
gradient centrifugation was utilized to separate mononuclear cells from bone marrow [24]. The WHO
2021 criteria were used to determine B-ALL. The Institutional Review Board of the Affiliated Hospital
of Guizhou Medical University authorized the research project, and all participants were made aware
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of their rights as outlined in the Declaration of Helsinki before granting their consent.

Table 1. Patients’ characteristics.

Descriptive statistics

Total patients 35

Median age, years (min-max) 29 (5-66)
Age

<10 4 (11.4%)
1040 21 (60.0%)
>40 10 (28.6%)
White blood cells count (x10°/L)

<10 8 (22.9%)
10-99 16 (45.7%)
>=100 11 (31.4%)
Cytogenetics

Ph (+) 12 (34.3%)
IGH (+) 4 (11.4%)
Normal 19 (54.3%)
Immunophenotype

Pro-B-ALL 8 (22.9%)
Pre-B-All 5 (14.3%)
Common-B-All 22 (62.8%)

2.2. Cells lines and culture

Human B-ALL cell lines NALM-6 and RS4:11 were extracted from the Guizhou Province
Hematopoietic Stem Cell Transplantation Center to be utilized in cell culture and cultivated in
RPMI-1640 medium or DMEM medium (Tianhang Biotechnology Co., Ltd., Hangzhou, China)
supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin (Cyagen Biosciences,
Guangzhou, China) in a 37°C/5% CO2 environment.

2.3. Quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR)

The reagents were employed: MCCKI, the specific selective IKBKE inhibitor (MedChemExpress,
USA); reverse transcription kit (Thermo, USA); PBS solution (Hyclone, USA); fetal bovine serum (Ex-
Cell Bio, China); RPMi-1640 medium (gibco BRL); fetal bovine serum (Tianhang Biotechnology Co.,
Ltd., Hangzhou, China); 0.25% trypsin-0.02% EDTA (Tianhang Biotechnology Co., Ltd., Hangzhou,
China); Cell Counting Kit-8 (7Sea Biotech, Shanghai, China); and Matrix gel (Corning, USA).

2.4. Reagents and antibodies

The cell samples were collected, mixed with 1 ml of Trizol, and centrifuged to obtain a col-
orless supernatant, then mRNA was extracted by adding isopropanol and ethanol, and the con-
centration was measured for evaluation. The mRNA was reverse transcribed using the reverse
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transcription kit to obtain cDNA (reaction conditions: 42°C for 15 min; 95°C for 3 min). Fi-
nally, the cDNA was quantified in real time using Real Master Mix (SYBR Green) (Tiangen Bio-
chemical Technology Co., Ltd., Beijing) and target primers according to the manufacturer’s in-
structions (reaction conditions: 95°C:3 minutes,Icycle; 95°C:5 seconds and 60°C:1 minute for
40 cycle). p-actin was selected as an internal standard to assess mRNA levels. The fol-
lowing are the specific sequences of the primers utilized in the PCR process: IKBKEF:5’-
GGACCCACAGGAAAGAGTG-3’; IKBKER:5’-GGGAAGGCGTATGAGAGC-3’; p-actinF:5’-
CTACCTCATGAAAGATCCTCACCGA-3’; p-actinR:5’-TTCTCCTTAATGTCACGCACGATT-3".

2.5. Western blot analysis

The erythrocyte lysate was added to the bone marrow blood, shaken rapidly for 5 min, then cen-
trifuged at 1500 rpm for 5 min, and the supernatant was discarded. The cell precipitate was then
washed with cold PBS. PMSF (Sigma, China) and RIPA lysate were then added at a ratio of VPMSF:
VRIPA=1:99, the supernatant (4°C) was centrifuged after thorough mixing, and after a series of re-
actions and thermal denaturation, the protein samples were extracted by adding SDS-PAGE protein
loading buffer (Solabio, Beijing). The proteins were electrophoresed, transferred to polyvinylidene
fluoride membranes, and immobilized in a mixture of PBS and 5% skim milk powder. The membranes
were then cryoprotected for 2—4 hours and then rinsed. The primary antibody is incubated with the
membrane for 2 hours. Once complete, the membranes are washed and then immersed for 45 minutes
at room temperature in a secondary antibody solution from Protein Biotechnology. Lastly, using A and
B liquids (7SeaBiotech), color development was used to show the protein spectrum.

2.6. Cell counting kit-8 (CCK-8) proliferation assay

The CCK-8 assay was employed to evaluate the cell’s survival capability following MCCK1 treat-
ment. The B-ALL cells were preplaced on 96-well plates with 6 sub-wells per group at a density of
5000-10,000 cells per well. Following the experimental methodology, various drug concentrations
were introduced, making sure that each well had a total volume of 200 ul. Each well should contain
20 ul of CCK reagent. After gently mixing and another 30—120 minutes in the incubator, measure the
absorbance at 450 nm with a spectrophotometer. (Molecular Devices, Sunnyvale, CA, USA).

2.7. Apoptosis analysis was performed using membrane-linked protein V-FITC/propidium iodide (PI)
labeling

Following incubation, cell suspensions from various wells were aspirated into flow-through tubes
and centrifuged at 1000 rpm for 5 min before being washed and centrifuged once more. 3.5 uL. of An-
nexin V-FITC (7Sea Biotech) and 5 uL. of PI (7Sea Biotech) staining solution were mixed completely,
added to the flow tube with cell precipitation, and incubated for 15 minutes at room temperature. A
flow cytometer was then used to check for apoptosis. Quantitative analysis: To analyze the data and
determine the percentage of apoptotic cells, Flow Jo software was used.

2.8. Cell cycle analysis

Cells were treated following the experimental plan, collected, processed, and heated to 37°C for
30 minutes in the dark before being left in the dark. A BD Biosciences FACSCalibur flow cytometer
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and Multicycle software were used for detection and analysis. According to the protocol, the cells
were plated and given a pharmacological treatment for 24 hours. The cells were then fixed in 70%
pre-cooled ethanol overnight at 4°C. The cell cycle stage of these samples was then determined using
FACScan flow cytometry.

2.9. Invivo experiment

Female NOD/SCID mice, aged four to six weeks, were obtained from SPF Biotechnology (China
Ltd.). These mice are non-obese and severely immunodeficient. We mixed Matrigel (Corning, USA)
with Nalm-6 cells (1 x 107) and implanted the mixture into the left abdomen of the mice. We randomly
assigned all mice to two groups: one group received vehicle (saline) and the other group received 10
mg/kg MCCKI1 (every other day) [11]. Tumor volume changes were recorded (tumor volume (mm3)
was computed as (L X W?)/2, where L is the maximum diameter of the tumor and W is the minimum
diameter of the tumor), and measurements were performed twice a week [25]. The ethics committee
of Guizhou Medical University approved all animal experiments used in this study.

2.10. Histopathological analysis of tumors

After the xenograft tumors were removed, they were promptly preserved in 4% paraformaldehyde.
Next, they were embedded in paraffin wax and sliced into pieces of around 3 um. To observe cell
characteristics, H&E staining was utilized, and the samples were viewed under a light microscope. To
evaluate apoptosis in situ, we utilized the TUNEL Apoptosis Detection Kit (Beyotime) and performed
the terminal dUTP nick-labeling assay (TUNEL) to check DNA fragmentation in the nucleus. The
proportion of apoptotic cells was determined by observing sections under a fluorescent microscope.

2.11. Statistical analysis

GraphPad Software 8.0 (GraphPad Software, CA, USA) was employed to conduct statistical analy-
ses. The quantitative data, which followed a normal distribution, was expressed using the mean + SD
method, and the means of different samples were compared using t-tests or ANOVA tests. Unless oth-
erwise stated, the data are the mean and standard deviation of three independent experiments. p < 0.05
represents statistical significance.

3. Results

3.1. Expression level of IKBKE in B-ALL patients

The IKBKE kinase is recognized for its high expression in various types of cancer. Recent studies
have revealed increased expression in both hematological and solid tumors [26,27]. This research ex-
amined the expression level of IKBKE in BM-MNCs taken from people with B-ALL patients and con-
trols using RT-PCR (Figure 1A). Accordingly, IKBKE expression was significantly higher in B-ALL
patients than in healthy control subjects (p < 0.0001). Additionally, Western blotting also demon-
strated heightened IKBKE protein levels in B-ALL individuals (Figure 1B,C).
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Figure 1. The expression level of IKBKE in B-ALL patients. (A) Real-time PCR was used to
analyze the mRNA expression of IKBKE in BM-MNC from B-ALL patients (n = 35). Data
are expressed as mean + standard deviation; *, p < 0.05 compared to healthy controls; **,
p < 0.01 compared to healthy controls. (B) IKBKE protein levels in B-ALL samples were
measured by protein blotting. Loading control, S-actin. (C) Protein blot results between
the two groups were compared by grayscale analysis. Variances were statistically significant
compared to controls: *, p < 0.05, and **, p < 0.01.
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3.2. MCCKI inhibits the growth of B-ALL cells in vitro

Despite evidence that the IKBKE kinase inhibitor MCCK1 has the capacity to prevent the prolifera-
tion of various solid tumor cells, there has yet to be any research done to assess the impact of MCCK1
on leukemia cells, particularly B-ALL cell lines. In order to investigate clinical treatment strategies, we
exposed two cell lines, NALM-6 and RS4:11 B-ALL, to varying concentrations of IKBKE for 24 and
48 hours, respectively. We then measured their viability using the CCK-8 assay. After being treated
with IKBKE, the viability of both B-ALL cell lines (NALM-6 and RS4:11) was inhibited in a signif-
icant dose- and time-dependent manner (Figure 2B, p < 0.01). At the same time, the cell viability of
NALM-6 and RS4:11 was higher after 24 hours of MCCKI1 treatment than after 48 hours of MCCK1
treatment. In addition, the NALM-6 cells were found to be more responsive to MCCK1 than RS4:11
cells, with an IC50 of 6.365 uM and 6.747 uM, respectively (Figure 2C).

3.3. MCCKI affects apoptosis and the cell cycle of B-ALL cells

This study examined the effects of MCCK1 on B-ALL cell proliferation for the first time by looking
into the drug’s potential to control apoptosis. The research revealed that the number of apoptotic cells
increased in proportion to the concentration of MCCKI following treatment (Figure 3A). In NALM-6
cells, the apoptosis rate increased to 41.02% after treatment with 5 uM MCCKI1, whereas in RS4:11
cells, the rate was lower at 35.18% (Figure 3B).

Altered cell cycle progression is a known cause of apoptosis. Previous studies have found that
downregulation of IKBKE can induce apoptosis of malignant tumor cells and result in cell cycle arrest
in the GO/G1 phase [28]. However, as of yet, no studies have identified a correlation between MCCK1
and the B-ALL cell cycle. The aim of this study was to investigate the impact of MCCK1 on the B-ALL
cell cycle. The results obtained through flow cytometry indicated that MCCKI1 caused cell blockage
in the GO/G1 phase (Figure 3C). Specifically, treatment with 4 uM MCCKI1 resulted in a significant
increase in the number of NALM-6 cells in the GO/G1 phase, from 9.98 to 51.07%, and the ratio of
RS4:11 cells in the same phase increased from 33.95 to 52.26% (Figure 3D).

3.4. The impact of MCCKI on the growth of tumor in vivo

To examine the impact of MCCK1 on tumor growth in vivo, we injected NALM-6 cells (known to
be more responsive to MCCK1) beneath the skin of NOD/SCID mice. Treatment with MCCK1 was
initiated on day 12 (once the tumors were palpable). This treatment was administered every other day
until the 45th day (Figure 4A). Treatment with MCCKI1 significantly inhibited the growth of NALM-
6 cell-derived tumors (Figure 4B,C). The MCCKI-treated mice with transplanted tumors exhibited
an extended overall survival time compared to the control mice, which had a shorter overall survival
(Figure 4D). The H&E staining of xenograft tumors reveals a disorganized arrangement of tumor cells
and an increase in nucleoplasmic content, which is indicative of malignancy (Figure 4E). TUNEL
fluorescence analysis revealed that there were more apoptotic cells in the MCCK-treated group than
in the saline-treated group (Figure 4F,G).
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Figure 2. Inhibition of B-ALL cell growth by MCCK1 in vitro. (A) The structure of MCCKI1. (B) The via-
bility of Nalm-6 and RS4:11 cells were assessed using the CCK-8 assay after being exposed to concentrations
of 0, 1, 2, 4, 8, 16, and 32 uM MCCKI1 for 24 and 48 hours, respectively. (C) Cells were exposed to a range
of concentrations of MCCKI1 from 0 to 32 uM over a 24-hour period, and the results were measured with the
CCK-8 assay. IC50 values were determined by using GraphPad 8.0 software. Data are expressed as mean =+

standard deviation; *, p < 0.05 compared to the 0 uM group; **, p < 0.01 compared to the O uM group.
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injection every other day. (B) Images of subcutaneous xenografts from mice in the vehicle and MCCK1 groups
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compared to the vehicle group; **, p < 0.01 compared to the vehicle group. (D) The survival curve of tumor-
bearing mice was plotted using the Kaplan-Meier method. (E) H&E staining of xenograft tumors in each
group at 20X magnification. (F) Stratified images of TUNEL immunofluorescence at 40x magnification. (G)

Comparison of apoptotic cell differences between the two groups using gray-scale analysis.
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4. Discussion

B-ALL is considered a malignancy of hematopoietic cells that typically exhibits genetic aberrations.
Many cases of B-ALL have recurrent chromosomal abnormalities, including balanced chromosomal
translocation [29]. 20% of patients with B-ALL develop drug resistance during treatment. Low re-
mission rates and high recurrence rates are responsible for the high mortality rate of the disease [30].
Therefore, unearthing novel therapeutic objectives and successful medications is a paramount and long-
term mission for B-ALL treatment.

IKBKE is a crucial serine/threonine protein kinase that is involved in regulating inflammatory re-
sponses, immune cell activation, proliferation, and metabolic disorders [31]. Additionally, it plays a
significant role in the development and progression of numerous solid tumors [32]. The overexpression
of IKBKE has been linked to the growth of cancerous cells, migration, infiltration, and resistance to
chemotherapy. Therefore, IKBKE has been demonstrated to foster development, multiplication, in-
filtration, and medication resistance in multiple malignancies [33—-35]. The real-time PCR technique
was employed to assess IKBKE kinase expression in B-ALL in this investigation. The expression
of IKBKE kinase was more prominent in B-ALL patients as opposed to healthy individuals. It was
found in past research that when MCCK1 restrained IKBKE, it caused the growth of cancer cells with
IKBKE irregularities to cease and become apoptotic. Notably, previous studies have demonstrated
that MCCKI1 is a targeted inhibitor of IKBKE, specifically halting IKBKE’s increase in human cancer
cells in nude mice. However, it does not impact tumor growth in cancer cells lacking elevated lev-
els of IKBKE [36,37]. In line with previous findings, the current study discovered that MCCK1, a
small-molecule inhibitor of IKBKE kinase, effectively suppressed the growth of NALM-6 and RS4:11
B-ALL cell lines, indicating its potential as a cytotoxic agent against these cancerous cells. Addition-
ally, this study explored the drug’s impact on apoptosis and cell cycle progression. A study found that
the tumor cell cycle was blocked in the GO/G1 phase after treatment with an IKBKE inhibitor [38].
Consistent with these results, the study’s findings revealed that MCCKI1 triggers apoptosis and inhibits
cell division during the GO/G1 phase. These results suggest that MCCKI1 can reduce the growth of
B-ALL cells by inducing apoptosis and halting cell cycle progression. The in vitro studies mentioned
above demonstrated that MCCKI inhibited the proliferation of B-ALL cells and promoted apoptosis.
To further explore the anti-tumor effects of MCCKI1, we created a NOD/SCID mouse model by in-
jecting B-ALL cells subcutaneously. The NOD/SCID mouse model, a type of immune-science mouse
model, is an excellent choice for conducting in vivo experiments on hematologic malignancies, as it
displays a wide variety of immunological deficiencies [39]. Currently, subcutaneous injections are
commonly used to generate hematologic tumors [40]. In vivo research has demonstrated that MCCK1
can suppress tumor expansion and induce apoptosis, which has confirmed its anti-tumor efficacy in
B-ALL. Previous studies have shown that IKBKE does not directly activate the NF-kB pathway when
interferon gene-stimulating factor (STING) is activated but drives the NF-kB pathway through its re-
dundant interactions with TBK1 [41,42], thereby affecting apoptosis [43]. Furthermore, IKBKE in-
teracts with numerous proteins and is instrumental in controlling a multitude of signals. Up-regulation
of IKBKE may lead to translocation of the GLI1 core and promote activation of AKT signaling af-
ter mTOR inhibition, thereby participating in cellular regulation [44]. More research is required to
identify the signaling and associated regulatory elements involved in IKBKE in tumor cells since the
role of IKBKE in the regulation of tumor cell signaling was neglected in this work. It is also known
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that tumor cell resistance is closely linked to relapse in B-ALL disease. To continue this study, cell
resistance experiments can be done with this drug compared to other chemotherapeutic agents.

In future work, our study could explore the integration of machine learning techniques in drug dis-
covery efforts targeting B-ALL. Leveraging machine learning algorithms, such as molecular docking
simulations and quantitative structure-activity relationship (QSAR) models, researchers could screen
large libraries of compounds to identify potential inhibitors [45] of the IKBKE kinase, similar to
MCCKI1. These algorithms can efficiently analyze molecular structures and predict the binding affinity
and biological activity of compounds against specific targets [46,47], thereby accelerating the identi-
fication of novel therapeutic agents for B-ALL. Additionally, machine learning approaches can aid in
the prediction of potential off-target effects and toxicity profiles [48], facilitating the selection of lead
compounds with favorable pharmacological properties [49, 50]. By harnessing the predictive power
of machine learning in drug discovery, future research endeavors could expedite the development of
targeted therapies for B-ALL, ultimately improving patient outcomes.

5. Conclusions

In conclusion, B-ALL patients exhibit an excessive expression of MCCK1. MCCKI1, an inhibitor
of IKBKE, was observed to cause a substantial decrease in the growth of B-ALL cells in vitro through
the initiation of apoptosis and a halt in the GO/G1 phase. MCCKI1 decreased the proliferation of tumor
cells in a living organism through toxic effects. This research shows that IKBKE not only inhibits
proliferation and division of B-ALL cells in vitro but also inhibits B-ALL cell viability and induces
apoptosis in vivo. Based on these results, IKBKE is a promising target for B-ALL therapy, and further
research on innovative therapies for B-ALL patients is expected to be conducted.
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