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Purpose: Vitamin K1 (VK1) has been proved to have anticancer properties in various cancer cells. However, little is known about the
effects of VK1 on hematologic malignancies. The aim of this study was to evaluate the cytotoxic effects of VK1 on Jurkat
T Lymphocyte Leukemia Cells (Jurkat T cells), as well as to investigate the changes in gene expression.

Methods: Jurkat T cells and normal human peripheral blood mononuclear cells (PBMCs) were treated with VK1 at different
concentrations, and the cell viabilities were evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay. Cell apoptosis was detected by Annexin V-FITC cell apoptosis detection kit and the cell cycle was determined by PI staining
and flow cytometric analysis. Differentially expressed genes (DEGs) of Jurkat T cells induced by VK1 were analyzed by RNA
sequencing. The mRNA expression of HMGCR and HMGCSI were further verified by real-time RT-qPCR.

Results: VK1 showed an obviously antiproliferative effect on Jurkat T cells but no any effects on normal human PBMCs. VK1
induced Jurkat T cells apoptosis and cell cycle arrest at GO/G1 phase. A total of 21 down-regulated and 34 up-regulated genes were
identified by transcriptome analysis. We selected HMGCR and HMGCS1 genes among the significantly up-regulated genes for further
RT-qPCR analyzation. It was confirmed that VK1 up-regulated the mRNA expression of HMGCR and HMGCS]1.

Conclusion: VK1 has cytotoxic effects and transcriptional regulation of multiple genes on Jurkat T cells. The genes of HMGCR and
HMGCS] related pathways may play roles in this process.
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Introduction

Acute lymphocytic leukemia (ALL) is an aggressive hematological malignancy that affects both children and adults, with
incidence peaking between 1 and 4 years of age.! From 1990 to 2017, the global incidence of ALL increased by 30.81%.>
The 5-year survival rate of ALL varies with age, 85% for children and 50% for adults.®> For patients with relapsed/
refractory ALL, the 5-year survival rate is lower than 10%.* The current therapeutic approaches for ALL typically
involve chemotherapy and radiation therapy.” Although high-dose multi-agent chemotherapy has shown clinical effec-
tiveness, it can also cause some severe side effects, such as myelosuppression.® Therefore, it is necessary to search for
agents that is safe and non-toxicity to improve the management of ALL.

Vitamin K (VK) is a fat-soluble vitamin with a common skeleton of 2-methyl-1,4-naphthoquinone structure, which is
modified by different side chains to form various VKs including naturally occurring VK1 (phylloquinone) and VK2
(menaquinone), as well as synthetic forms such as VK3 (menadione), VK4, and VK5. VK1 has a saturated side chain,
also known as leaf green quinone, which mainly exists in green leafy vegetables such as broccoli, lettuce, spinach,
fermented soy (natto), spring onions, and cabbage naturally.” VK2 is a compound characterized by partially unsaturated
side chains and is commonly produced by various bacteria through the fermentation of meat and dairy products. VK3 is

a synthetic vitamin that can be alkylated into VK2 in the liver.
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VK is essential in the coagulation process. VK, by serving as a cofactor, plays a vital role in the conversion of
glutamic (Glu) residues into y- Carboxyglutamic acid (Gla) residues, which is important for ensuring proper blood
clotting and preventing excessive bleeding.® In addition to coagulation, VK also plays an active role in maintaining bone
and cardiovascular health,”'® and promoting wound healing."' In recent years, increasing evidences suggest the
cytotoxicity of VKs on different cancer cells. It has been demonstrated that VK1 has anticancer properties across several
types of cell lines, including liver, colon, lung, stomach, nasopharynx, breast, pancreatic and oral epidermoid cancers.'*”
15 VK1 also shows inhibitory effects on Neuroblastoma cells (NBP2).'® In addition, the anticancer effects of VK1 are
also observed in combination with other compounds. The combination of VK1 and Lactobacillus rhamnosus GG shows
against colon adenocarcinoma cells. The co-treatment with VK1 and Sorafenib induces growth inhibition and apoptosis
in pancreatic cancer cells and glioma cells.'”'®

The cytotoxic effect of VK1 on cancer cells is due to the promotion of cell cycle arrest and apoptosis through
transcription factors such as c-Myc, c-Jun, and c-Fos.'>?* VK1 can trigger apoptosis of liver cancer cells through the
phosphorylation of INK and c-Jun, as well as caspase activation.”' In human colon cancer cells and gastric cancer cells,
VK1 induces apoptosis involving mitogen-activated protein kinase (MAPK) pathway.'*'* VK1 starts caspase-dependent
apoptosis through MAP kinase pathway and leads to an inhibition of pancreatic cancer cell survival.'

Numerous studies have reported the anticancer effect of VK1 on solid tumors, but little is known about the effects of
VK1 on hematological malignancies. Given the urgent need for novel therapeutic agents with better safety profiles in
leukemia treatment, exploring the potential of naturally derived compounds like VK1 is of significant value.
Furthermore, unlike other vitamin K analogs whose effects on leukemia have been preliminarily explored, the impact
of VK1 on T-cell acute lymphoblastic leukemia remains largely uncharacterized. The objectives of this study were to
evaluate the cytotoxic effects of VK1 on Jurkat T cells and attempt to understand its underlying mechanism by the

observation of VK1 induced DEGs.

Materials and Methods
Cells and Cell Culture

Jurkat T cells were obtained from Academy of Military Medical Sciences, Academy of Military Sciences, Beijing, China.
The use of Jurkat T cells was approved by the Ethical Committee of the Ninth Medical Center, Chinese PLA General
Hospital. Normal human PBMCs were isolated from the peripheral blood of healthy volunteers according to the method
previously described.”® The cells were cultured in RPMI 1640 medium (HyClone, USA) supplemented with 10% (v/v)
heat-inactivated fetal bovine serum (FBS; Gibco BRL, USA), antibiotics (penicillin 100U/mL and streptomycin 100ug/
mL; Livning Biotechnology, Beijing, China) at 37 °C under 5% CO2 in air. This study has been approved by the Ethical
Committee of the Ninth Medical Center, Chinese PLA General Hospital, Beijing, China (approval number: LL-LCSY
-2023-03). The use of Jurkat T cells was also covered under this protocol, and separate approval for the utilization of
normal human PBMCs was granted by the same committee.

Cell Viability Measurement

Jurkat T cells and normal human PBMCs were cultured in mediums containing VK1 (Huayang Pharmaceutical, Jiangsu,
China) at five different concentrations (4.6 uM, 9.2 uM, 18.3 uM, 27.5 uM and 55 uM) in 96-well plates for 48 h. MTT
stock solution (Smg/mL; Sigma Aldrich, USA) was added to the medium at 1/10 of the original culture volume in each
well and cells were cultured for additional four hours. After incubation, the supernatant was discarded and DMSO
(150uL; Solarbio, Beijing, China) was added to each well. The absorbance was detected at 570nm using microplate
reader (Bio-Rad, CA, USA). The relative cell viability was expressed as the ratio of the absorbance of VK1 treated cells
against that of the untreated cells.

Apoptotic Analysis
Jurkat T cells (5 x 10°~1x10° cells) were cultured in medium containing VK1 (10 uM and 50 uM) for 24 h or 48 h, then
washed with PBS. The cells were harvested. The apoptotic cells were examined using Annexin V-FITC Cell Apoptosis
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Detection kit (Beyotime Biotechnology, Shanghai, China). The apoptotic cells were estimated by Annexin V/ Propidium
Iodide (PI) staining. The cells were analyzed by flow cytometer (Navios, Beckman Coulter Inc., Brea, CA, USA) and
subsequently classified into four groups, viable (Annexin V~ /PI"), early apoptotic (Annexin V'/PI"), late apoptotic
(Annexin V*/PT"), and necrotic (Annexin V /PI") cells.”® Data were analyzed using Kaluza Analysis 2.1 software
(Beckman Coulter, CA, USA).

Cell Cycle Analysis

Jurkat T cells (1 x 10° cells) were seeded in flask and incubated with medium containing VK1 (10 uM and 50 uM) for
24 h or 48 h. The cells were harvested and washed with PBS, then fixed in 100% ethanol at —20 °C for 15min, treated
with ribonuclease A (RNaseA) (100 pg/mL) (Sigma Aldrich, USA), and stained with PI (3 uM) (Sigma Aldrich, USA).
The DNA content of cells was determined by a flow cytometer (Navios, Beckman Coulter Inc., Brea, CA, USA) and data
were analyzed by ModFit LT (version 32, Verity Software House, Topsham, ME, USA).

Transcriptomic Analysis and Protein—Protein Interaction (PPI) Network Analysis

Jurkat T cells (1 x 107 cells) were seeded in flask and incubated with culture medium containing 50 uM VK1 for
15 h. Total RNA was extracted using TRIZOL Reagent (Cat#15596-018, Life technologies, Carlsbad, CA, US) following
the standard protocol provided by the manufacturer. The total RNA was further purified using RNAClean XP Kit (Cat
A63987, Beckman Coulter, Inc. Kraemer Boulevard Brea, CA, USA) and RNase-Free DNase Set (Cat#79254, QIAGEN,
GmBH, Germany) after being quality checked. The purified total RNA was subjected to mRNA isolation, fragmentation,
first-strand cDNA synthesis, second-strand cDNA synthesis, end-repair, A-tailing, adapter ligation, and enrichment to
construct sequencing libraries. The qualified libraries were applied to the Illumina NovaSeq6000 sequencing platform
(Illumina, CA, USA) for PE150 sequencing mode. The DEGs were identified using P < 0.05 and the gene expression
fold-change (FC) > 2. The Gene Ontology (http://www.geneontology.org) was used for the GO enrichment analysis of

DEGs at three levels: biological process, cellular component, and molecular function. The KEGG pathway analysis
(http://www.genome.jp/kegg/) was used to identify the number of DEGs in each pathway. The PPI network was

constructed using the STRING database (http://string-db.org) to evaluate the interactive relationship of up-regulated

and down-regulated DEGs. Cytoscape software (version 3.9.1) was employed to determine the degree of connectivity
and identify hub genes.**

Validation of mRNA Expression of DEGs by Real-Time RT-qPCR

HMGCR and HMGCS1 were selected from DEGs for verification. Jurkat T cells were harvested in logarithmic phase of
growth. The cells were seeded in flasks at a density of 1x107 cells per flask and cultured in RPMI 1640 medium
containing VK1 (50 uM) for 8 h, 15 h, 24 h and 48 h. Following incubation, the cells were harvested for total RNA
extraction using the ArchiPure Total RNA Extration Kit (Microbeads; Rrizol; ROCGENE, Xuzhou, China). cDNA was
synthesized using fastKing gDNA Dispeeling RT SuperMix (TIANGEN, Beijing, China). GoTaq"qPCR Master Mix
(Promega, Madison, USA) was used for RT-qPCR following the manufacturer’s instructions. Primers were synthesized
by Shanghai SANGON Biological Engineering Co. Ltd. (Shanghai, China) and primer sequences listed in Supplementary
Table 1. Real-Time RT-qPCR analysis was conducted in SIAN-96S PCR amplification instrument (ZEESAN, Shanghai,
China). The procedure was as follows: 95 °C for 2min, followed by 40 cycles of 95 °C for 15sec, 60 °C for 1min. The

2742 method was used to analyze the expression levels of nominated genes normalized to B-actin expression.

Statistical Analysis

IBM SPSS 26.0 software (IBM Corporation, Armonk, NY, USA) and GraphPad Prism 9.0 (GraphPad Software, San
Diego, CA, USA) were used for statistical analysis. The values, averaged of at least three repeated experiments, were
expressed as mean + standard deviation (SD). Comparisons between experimental groups were performed using One-
way analysis of variance (ANOVA) with Tukey post hoc test for normally distributed data with homogeneous variance,
or Dunnett T3 post hoc test for normally distributed data with unequal variance. P-values < 0.05 were considered
statistical significance. Graphs were generated using GraphPad Prism 9.0.
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Results

The Effect of VKI on the Cell Viability

The Jurkat T cell viability was compared between VK1 (4.6uM, 9.2uM, 18.3 uM, 27.5 pM, and 55 uM) treated cells to
the control cells (OpM). Similarly, in the normal human PBMCs, the comparison of the cell viability was made between
VK1 (4.6uM, 9.2uM, 18.3 pM, 27.5 uM, and 55 uM) treated cells to the control cells (OuM). The proliferation of Jurkat
T cells was significantly inhibited by VK1 treatment (Figure 1). The viability of the cells decreased to 59.5%, 37% and
24.4% in cells treated with VK1 at concentrations of 18.3 uM, 27.5 uM and 55 uM (P<0.01), respectively. The inhibitory
effect of VK1 was in a dose-dependent manner. The IC50 of VK1 was 18.58 uM. The antiproliferative effects of VK1
were not observed in normal human PBMCs (Figure 1). These results are summarized in Figure 1. Together, these data
clearly demonstrate that VK1 exerts a potent and dose-dependent antiproliferative effect on Jurkat T leukemia cells, with
a calculated IC50 of 18.58 uM, while exhibiting no cytotoxicity against normal human PBMCs. This establishes the
selective anti-leukemic potential of VKI.

The Effect of VK| on the Cell Apoptosis

To determine if the suppression of cell viability by VK1 was driven by the induction of programmed cell death, we
analyzed apoptosis using Annexin V-FITC/PI staining followed by flow cytometry. Jurkat T cells were treated with VK1
(10 pM and 50 uM) for 24 and 48 hours. Figure 2a presents representative dot plots from this analysis, where the lower
right quadrant (Annexin V+/PI-) represents cells in early apoptosis, and the upper right quadrant (Annexin V+/PI+)
represents cells in late apoptosis or necrosis.

The quantitative analysis of these results is summarized in Figure 2b. After 24 hours of treatment, a significant
induction of early apoptosis was observed. Specifically, the population of early apoptotic cells increased by 2.8% in the
50 uM VK1 treatment group compared to the control (P < 0.01). By 48 hours, the primary mode of cell death shifted to
late apoptosis, with the 50 uM VK1 treatment leading to a significant 2.77% increase in late apoptotic cells (P < 0.01).
This temporal progression from early to late apoptosis indicates that VK1 triggers a cascade of apoptotic events in Jurkat
T cells over time. These findings demonstrate that the induction of apoptosis is a key mechanistic component of the
cytotoxic effects exerted by VKI.

1.5=

viability (%)
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0 5 10 15 20 25 30 35 40 45 50 55 60
VK1 concentration(pM)

Figure | VKI exhibits a selective antiproliferative effect on Jurkat T cells. Cell viability of Jurkat T cells (®) and normal human peripheral blood mononuclear cells (PBMCs,
m) was assessed by MTT assay after 48 h of treatment with various concentrations of VK|. Data are presented as mean + SD (n23). **P < 0.0] compared with the untreated
control group of Jurkat T cells.
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Figure 2 VK| induces apoptosis in Jurkat T cells in a time- and dose-dependent manner. (a) Representative flow cytometry dot plots of Annexin V-FITC/PI staining. The
X-axis represents Annexin V-FITC fluorescence intensity, and the Y-axis represents Propidium lodide (Pl) fluorescence intensity. The lower left quadrant (Annexin V /PI")
represents viable cells, the lower right quadrant (Annexin V+/PI") represents early apoptotic cells, and the upper right quadrant (Annexin V+/PI+) represents late apoptotic/
necrotic cells. Panels represent: al, Control, 24 h; a2, VKI 10 uyM, 24 h; a3, VKI 50 uM, 24 h; a4, Control, 48 h; a5, VKI 10 uM, 48 h; aé, VKI 50 uM, 48 h. (b)
Quantitative analysis of apoptotic cells after 24 h and 48 h of treatment. The left cluster of bars in each panel corresponds to early apoptosis, and the right cluster to late
apoptosis. Data are presented as mean * SD (n23). Groups are represented as follows: open bars (o), control; hatched bars (////), 10 pM VKI; solid bars (m), 50 uM VKI.
*P < 0.0 compared with the untreated control group at the corresponding time point.

The Effect of VKI on the Cell Cycle
Further, we investigated whether the changes of cell cycle involving the inhibitory effect of VK1 on cell growth. Cells
were treated with VK1 for 24 h or 48 h, and the results are showed in Figure 3.

The percentage of cells in GO/G1 phase increased significantly after 24 h treatment with VK1 (P < 0.01). Compared
with the control group, the average value of cell population in GO/G1 phase increased by 5.2% and 9.48% in cells treated
with VK1 at concentrations of 10 uM and 50 uM, respectively. Meanwhile, the percentage of cells in S phase and G2/M
phase declined in VK1 treated cells. After 48 h treatment with VK1, the cell population in GO/G1 phase showed a similar
change as 24 h treatment. Hence, VK1 (10 uM and 50 uM) induced cell cycle arrest at GO/G1 phase at two selected time
points. The flow cytometric profiles and quantitative analysis are presented in Figure 3a and b, respectively. The

significant increase in the GO/G1 population, accompanied by a concomitant decrease in S and G2/M phases, indicates
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Figure 3 VKI induces cell cycle arrest at GO/G| phase in Jurkat T cells.(a) Representative flow cytometry histograms of cell cycle distribution analyzed by Propidium lodide
(Pl) staining. The X-axis represents DNA content, and the Y-axis represents cell count. Panels represent: Al, Control, 24 h; A2, VKI 10 pM, 24 h; A3, VKI 50 puM, 24 h; A4,
Control, 48 h; A5, VK1 10 pM, 48 h; A6, VKI 50 pM, 48 h. The peaks from left to right correspond to cells in GO/GI, S, and G2/M phases of the cell cycle, respectively. (b)
Quantitative analysis of cell cycle distribution after 24 h and 48 h of treatment. The Y-axis represents the percentage of cells in each phase. The left set of bars corresponds
to the 24 h time point, and the right set to the 48 h time point. Data are presented as mean + SD (n23). Groups are represented as follows: open bars (O0), control; hatched
bars (//l/), 10 yM VKI; solid bars (m), 50 uM VKI. *P < 0.05, **P < 0.0] compared with the untreated control group at the corresponding time point.

that VK1 effectively triggers a cell cycle arrest at the G1/S checkpoint in Jurkat T cells. This arrest provides
a mechanistic explanation for the observed inhibition of cell proliferation.

Transcriptomic and PPl Network Analysis
DEGs

Cells were treated with VK1 (50 pM) for 15 h, and the transcriptomic changes of the cells were analyzed by RNA-seq.
The gene expression profiles were shown by volcano plot and heat map in Figure 4. Fifty-five DEGs (P<0.05 and FC>2)
were identified in VK1 treated cells, including 21 down-regulated genes and 34 up-regulated genes (Figure 4a and b).
The overall landscape of these transcriptional changes is visualized in the volcano plot (Figure 4a), which highlights the
significantly up- and down-regulated genes, and the heatmap (Figure 4b), which shows the consistent expression pattern
of these DEGs across replicates.
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Figure 4 Transcriptomic profiling of Jurkat T cells in response to VKI treatment. (a) Volcano plot of DEGs. The X-axis represents the log, fold-change (log,FC) in gene
expression between VK| -treated and control cells. The Y-axis represents the statistical significance of the change as -logo of the adjusted p-value (g-value). The two vertical
dashed lines indicate the thresholds for |log,FC| > | (corresponding to a twofold change). The horizontal dashed line indicates the significance threshold of q < 0.05. Each
point represents a single gene, colored based on its expression and significance: red points, significantly up-regulated DEGs; blue points, significantly down-regulated DEGs;
gray points, genes with no significant change. (b) Heatmap of the 55 identified DEGs. Rows represent individual genes. Columns represent biological replicates: the first
three columns correspond to the three VKI-treated samples (VK-3, VK-2, VK-I), and the last two columns correspond to the two control samples (C2, CI). There are only
two sets of samples in the control group since the outlier group C3 was eliminated through principal components analysis (PCA). This result was further confirmed by RT-
qPCR. The color scale (Z-score) indicates the relative expression level of each gene across samples, from down-regulated (blue) to up-regulated (red). (c) GO enrichment
analysis of DEGs. The bubble chart displays the top 30 significantly enriched GO terms. The X-axis represents the Rich Factor. The Y-axis lists the enriched GO terms. The
size of each bubble is proportional to the number of DEGs mapped to the specific GO term. The color of the bubbles represents the GO domain: biological process (red),
cellular component (green), and molecular function (blue). The color intensity of the bubbles corresponds to the statistical significance (-logo(q-value)), with more intense
colors indicating higher significance. (d) KEGG pathway enrichment analysis of DEGs. The bar chart displays the top 30 significantly enriched KEGG pathways. The X-axis
represents the Rich Factor. The Y-axis lists the enriched pathways. The length of each bar corresponds to the Rich Factor value for that pathway. The color of the bars
corresponds to the statistical significance (-log)o(q-value)), with more intense colors indicating higher significance. The number of DEGs mapped to each pathway increases
with the color intensity of the bar. (e) PPl network of the DEGs. Nodes represent proteins, and edges (gray lines) represent predicted or known interactions. The core
nodes with the highest connectivity scores, including HMGCR and HMGCS|, are centrally located within the network.

GO Enrichment and KEGG Analysis

The GO enrichment of DEGs was analyzed for three aspects of biological process, cellular component and molecular
function. The biological processes involved DEGs are mainly concentrated in cholesterol biosynthetic, cholesterol
metabolic, lipid biosynthetic and steroid metabolic process, etc. (Figure 4c¢).

KEGG pathway enrichment analysis revealed that the top 30 pathway DEGs were significantly enriched in metabolic
pathways, steroid biosynthesis, terpenoid backbone biosynthesis, apoptosis, AMPK signaling pathway, p53 signaling
pathway, cholesterol metabolism, bile secretion and other pathways (Figure 4d). The functional implications of these
DEGs are summarized in Figure 4c and d. The GO and KEGG enrichment analyses reveal that VK1 treatment
profoundly disrupts metabolic processes, particularly cholesterol and steroid biosynthesis, and engages key oncogenic
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Figure 5 VKI upregulates the mRNA expression of HMGCR and HMGCSI in a time-dependent manner. Relative mRNA expression levels of HMGCR (left panel) and
HMGCSI (right panel) in Jurkat T cells treated with 50 uM VKI for the indicated times (8, 15, 24, and 48 hours), as determined by RT-qPCR. Gene expression was
normalized to B-actin and is presented relative to the control group (0 h). The Y-axis represents the relative mRNA expression level. Within each cluster of two bars at
a given time point, the left, open bar (0) represents the control group and the right, solid black bar (m) represents the VK|-treated group. Data are presented as mean * SD
(n23). **P < 0.0 compared with the untreated control group at the corresponding time point.

pathways including apoptosis and p53 signaling, thereby providing a molecular basis for the phenotypic effects we
observed.

PPl Network Analysis

It is widely recognized that genes carry out their biological functions through interactions with other genes, rather than
functioning independently. Thus, PPI network analysis of the 55 DEGs was performed in order to determine any
significant gene associations. It was found that HMGCR (log2FC=1.38, P=2.00E-21) showed the highest number of
interactions with other DEGs, as well as HMGCS! (log2FC=1.50, P=4.18E-10), LDLR (log2FC=1.01, P=2.89E-09),
SOLE (1og2FC=1.04, P=1.11E-09), and INSIG! (log2FC=1.53, P=3.92E-15). Consequently, we selected HMGCR and
HMGCS1 in up-regulated DEGs for further verification (Figure 4¢). The PPI network (Figure 4¢) identified HMGCR and
HMGCS]I as central hub genes among the up-regulated DEGs, indicating their pivotal role in the cellular response to
VK1 and guiding our selection for further validation.

Verification of the DEGs, HMGCR and HMGCSI

The DEGs, HMGCR and HMGCS1, were further verified by RT-qPCR. Cells were treated with VK1 (50 uM) for 8 h,
15 h, 24 h and 48 h, and total RNA was isolated for analyzation (Figure 5). Compared with the control group, the mRNA
expression of HMGCR was up-regulated by VK1 at 15, 24, 48 hours treatment with the peak observed at 15 h time-point
(P <0.01). The up-regulation of HMGCS1 mRNA expression induced by VK1 was observed at 8 h (P < 0.01). VK1 had
a time-dependent impact on the mRNA expression of HMGCR and HMGCSI. The time-dependent mRNA expression
profiles of HMGCR and HMGCS! are shown in Figure 5. The successful verification of these key mevalonate pathway
genes by RT-qPCR not only confirms the reliability of our transcriptomic data but also strengthens the hypothesis that
VKI exerts its anti-leukemic effects by perturbing cholesterol metabolic homeostasis.

Discussion

VK, an essential nutrient commonly linked to the clotting cascade, has been shown to possess anticancer properties as
well. In recent years, the antitumor effects of VK have been observed in vivo and in vitro. A study has demonstrated that
VK2 significantly inhibits the tumor growth in sarcoma-180 tumor-bearing mice.?* In a clinical trial, VK3 supplementa-
tion results in a reduction in tumor volume and an increase in average survival time for 17% in patients with late-stage
hepatocellular carcinoma (HCC).?® A survey study found a negative correlation between the intake of VKI and
dihydrovitamin K1, not VK2, in the diet and the risk of pancreatic cancer.”’ An in vitro study has shown that
VK2 has a dose-dependent inhibitory effect on cell growth in multiple lung carcinoma cell lines.*® In human colon
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cancer cell lines, VK1 inhibits cell proliferation, induces cell apoptosis and leads to cell cycle arrest.'* It has been
proposed that VK may play a potential role in inhibiting the growth of solid tumors by actively inducing cell cycle arrest,
differentiation, and apoptosis.”’~° However, few studies about VK on hematological malignancies have been reported.

It has been reported that VK3 and VK5 can inhibit leukemia cell proliferation and induce the cell apoptosis.’’
VK2 has shown to induce cell apoptosis and autophagy in leukemia cell lines and primary cultured leukemia cells.** >
In this study, we demonstrated that VK1 significantly inhibited the proliferation of Jurkat T cells while it did not cause
any inhibition on normal human PBMCs. The concentrations of VK1 used in this study are consistent with those

1318 ensuring pharmacological relevance for

employed in prior in vitro investigations of its anticancer properties,
mechanistic exploration. Additionally, VK1 promoted cell apoptosis and induced cell cycle arrest at GO/G1 phase.
These results suggest that VK1 has potential cytotoxic effects on Jurkat T cells, a type of hematological malignancy cell
line® has cytotoxic effects of VK1, VK2, and VK3 against human T lymphocytic leukemia cell lines including Jurkat
T cells. Their results showed that VK2 and VK3, not VK1, reduced cell viabilities of Jurkat T cells at the concentration of
0.1uM, 1pM, 10uM and 100 uM. Their results about VK1 are contrary to ours. The inconsistent results may attribute to
the different experimental conditions or methods. Collectively, it appears that VK has anticancer effects in hematological
malignancies.

Almost all reported mechanisms about VK on cancer cells focus on solid tumors. The anticancer effects of VK3 is
mainly through oxidative stress and aromatization, while VK1 and VK2 are mainly through non-oxidative stress
mechanisms.’® VK promotes cancer cell apoptosis by altering intracellular calcium homeostasis and activating pro-
apoptotic factors such as c-Jun N-terminal kinases (JNKs), Fas-dependent and -independent signaling pathways, and
nuclear factor kappa-B (NF-kB).>” VK2 inhibits cell growth by suppressing NF-xB binding site-dependent cyclin D1
promoter activity in HCC cells.”” However, little is known about how VK exerts anticancer effects on hematologic
malignancies.

In our study, a total of 21 down-regulated and 34 up-regulated genes were identified by transcriptomic analysis. These
VK1 regulated genes involved various cell functions, including metabolic pathways, steroid biosynthesis, terpenoid
backbone biosynthesis, apoptosis, AMPK signaling pathway, p53 signaling pathway, cholesteric metabolism, bile
secretion, etc. These results suggest that the cytotoxic effects of VK1 on Jurkat T cells may be related to multiple
signaling pathways. Our KEGG pathway analysis provides a potential molecular basis for the cytotoxic phenotypes we
observed. The enrichment of DEGs in the “Apoptosis” and “p53 signaling pathway” (Figure 4d) is highly consistent with
our flow cytometric results showing induction of both early and late apoptosis (Figure 2). Furthermore, the “p53
signaling pathway” is a well-known regulator of the G1/S cell cycle checkpoint. The engagement of this pathway offers
a plausible explanation for the GO/G1 phase arrest induced by VK1 (Figure 3), as it can lead to the inhibition of cyclin-
dependent kinases required for S phase entry. Thus, the transcriptomic data robustly support our functional findings that
VK1 induces apoptosis and cell cycle arrest in Jurkat cells.

While the precise entry mechanism of VK1 into Jurkat cells was not directly investigated in this study, it is
noteworthy that the transcriptomic profile did not show significant enrichment in known vitamin K transport pathways.
As a fat-soluble vitamin, VK1 may passively diffuse across the plasma membrane or utilize specific transporters,
a process that could differ between leukemic cells and their normal counterparts, potentially explaining the selective
toxicity we observed. This represents an important area for future investigation. Additionally, while previous reports on
VKI in solid tumors have emphasized roles for MAPK and NF-«kB pathways, our KEGG analysis did not identify these
pathways as among the most significantly enriched. Instead, our data point towards a pronounced impact on metabolic
pathways, particularly cholesterol and steroid biosynthesis. This suggests that the anticancer mechanism of VK1 may be
cell context-dependent, and in Jurkat T leukemia cells, it may pivot towards disrupting metabolic homeostasis. This
notion of context-dependent mechanisms is supported by recent comprehensive reviews, which highlight the diverse and
complex roles of Vitamin K beyond coagulation, including its involvement in various cell fate decisions and signaling
pathways across different cancer types.*®

We selected HMGCR and HMGCS! genes from the significantly up-regulated DEGs for RT-qPCR analysis. The
results confirmed that the mRNA expression of HMGCR and HMGCS1 were up-regulated by VK1. The study implicates
that HMGCR and HMGCS! related pathway could be involved in the anticancer effects of VK1 on hematologic
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malignancies. HMGCR and HMGCSI are known to be key enzymes in mevalonate (MVA) pathway.’* The MVA
pathway plays central roles in cholesterol biosynthesis. Importantly, a recent study demonstrated that the inhibition of
HMGCSI by metformin effectively suppresses tumorigenesis, providing direct experimental evidence for targeting this
enzyme in cancer therapy.>’

In addition, recent study has shown that abnormalities in MVA pathway could promote malignant transformation.*’
The MVA pathway utilizes Acetyl-CoA to synthesize sterols that play a crucial role in the growth and progression of
tumors.*' Acetyl-CoA undergoes catalysis by HMGCS, leading to the synthesis of 3-hydroxy-3-methylglutaryl-coenzyme
A (HMG-CoA). This compound is then reduced to MVA through the action of HMGCR. Subsequently, cholesterol is
produced via a series of enzymatic reactions.*> HMGCS! is located upstream of HMGCR and is required in the catalytic
synthesis of HMG-CoA, which serves as the substrate of HMGCR. HMGCR and HMGCS1 have been identified in
various types of cancers. In vivo tumorigenesis experiments demonstrate that HMGCR and HMGCS]I are critical for
primary tumorigenesis, angiogenesis, and cell survival of breast cancer cells, while HMGCR is also essential for the
extravasation and subsequent engraftment of breast cancer cells in the lung parenchyma.*® The HMGCR expression level
is positively correlated with good prognosis in patients with breast cancer.** Statins, powerful inhibitors of HMGCR,*
can induce specific apoptosis in hematological malignancies when it is used in the treatment of hypercholesterolemia.*®*’
This apoptotic induction effect of statins is attributed to direct inhibition of HMGCR in tumor cells.*® Pandyra found that
statin administration increased the expression of HMGCR and HMGCS! in multiple myeloma and acute myelogenous
leukemia (AML) cell lines. Dipyridamole, as an antiplatelet agent, has been found to enhance the anticancer activity of
statins through reducing the feedback response that up-regulates HMGCSI and HMGCR.*® Therefore, the activation of
HMGCR and HMGCS!I may play a role for the anticancer effects of VK in some types of cancer cells.

To our knowledge, the present study is the first time to report the evidence about the metabolic-related genes,
HMGCR and HMGCS1, may participate in the inhibitory effects of VK1 on Jurkat T cells. The central role of HMGCR
and HMGCS! in our transcriptomic dataset is particularly intriguing. Beyond their canonical function in cholesterol
synthesis, the mevalonate pathway outputs, such as geranylgeranyl pyrophosphate (GGPP), are essential for the
prenylation and thus proper membrane localization and function of small GTPases (eg, Ras, Rho). These proteins are
critical downstream regulators of both cell proliferation and survival signaling. Therefore, the VK1-induced upregulation
of HMGCR/HMGCS! could represent a compensatory feedback response to a deeper disruption of the mevalonate
pathway. This disruption, by limiting GGPP availability, would impair the function of these GTPases, ultimately leading
to the cell cycle arrest and apoptosis we observed. This hypothesis aligns with the known mechanism of statins, which
directly inhibit HMGCR and can induce similar cytotoxic effects in leukemia cells.

However, studies have also shown that HMGCR and HMGCS! promote cancer progression in some types of cancers.
It has been reported that the overexpression of HMGCR promotes cell growth and migration in gastric cancer cells.
While, knocking down the expression of HMGCR inhibits the cell growth, migration, and tumorigenesis.*® Ashida found
that overexpression of HMGCSI or HMGCR in prostate cancer cells promotes cell growth, but is accompanied by low
invasiveness. Their explanation is that HMGCR and HMGCS! are required for the growth of prostate cancer cells until
they progress to aggressive disease, after which their expression is down-regulated during invasion or metastasis.*®
Previous studies have shown that HMGCR expression is negatively correlated with the aggressiveness of breast
cancer.***° The discrepancies between studies may be due to the dual properties of cancer-related genes. The critical
role of the mevalonate pathway in oncogenesis is increasingly recognized beyond cholesterol synthesis. Recent work has
shown that this pathway is vital for primary tumor growth and metastasis in breast cancer,”” and its interaction with key
tumor suppressors like p53 can modulate the response to therapies such as statins.*®>! This evolving understanding
underscores the pathway’s complexity and context-dependency. Numerous studies have revealed the dual nature of some
cancers-related genes, showing their ability to either promote or suppress the development of cancers. This duality is
contingent upon various factors such as the specific malignant tumors, tissue type, cancer stage, gene dosage, and their
intricate interactions with other contributors in the process of carcinogenesis.’>>* The discovery of phosphatase and
tensin homolog (PTEN) in the metabolic pathways associated with HMGCR and HMGCS! provides strong evidence to
support this viewpoint. PTEN, as a traditional tumor suppressor, has been extensively investigated in various types of
malignancies.® Currently, PTEN has been found to be an agent with dual roles in tumorigenesis. The loss of PTEN
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protein expression has been found to be associated with decreased survival rates in diffuse large B-cell lymphoma
(DLBCL) patients with excessive activity of a serine threonine kinase, AKT. Conversely, in patients with normal AKT
activation, high levels of PTEN expression are associated with poorer survival rates. It can be seen that PTEN has shown
different impacts on the survival outcomes of DLBCL depending on the activity of AKT.> Disabled-2 (DAB2) and YAP/
TAZ, which are widely recognized as tumor suppressors, have also been shown to have the nature of pro-
tumorigenesis.’®>’ It remains unclear whether HMGCR and HMGCS]I also possess dual properties as other dual nature
genes in tumorigenesis. Further studies are necessary to gain a better understanding about roles played by HMGCR and
HMGCS! in the anticancer activities of VK1.

Our study provides the first transcriptomic evidence that VK1 exerts cytotoxic effects in Jurkat T lymphocytic
leukemia cells primarily by perturbing metabolic pathways and inducing cell cycle arrest and apoptosis. The distinct
transcriptional response observed, centered on genes like HMGCR and HMGCSI, highlights a potentially novel
mechanism of action for VK1 in hematological malignancies, differing from its established roles in solid tumors.
Future studies employing genetic knockdown (eg, siRNA) of key identified genes like HMGCR and HMGCS1, combined
with metabolic flux analysis and rescue experiments, will be crucial to validate their essential role in VK1-induced
cytotoxicity and to elucidate the precise molecular cascade initiated by VK1 in leukemia cells. Furthermore, future
investigations should also aim to validate the observed gene expression changes at the protein level (eg, by Western Blot)
and to elucidate the precise mechanism of VK1 cellular uptake, which may underpin its selective toxicity.

Conclusion

In conclusion, by integrating cellular phenotyping with unbiased transcriptomics, our study provides a comprehensive
framework for understanding the anti-leukemic action of VK 1. We have demonstrated that VK1 inhibits proliferation,
induces apoptosis, and causes GO/G1 cell cycle arrest in Jurkat T cells. Crucially, the transcriptomic data not only
corroborate these phenotypes by revealing the activation of relevant pathways but also uncover a previously under-
appreciated metabolic vulnerability-the mevalonate pathway-as a central and potentially novel target of VKI in
hematological malignancies. This work successfully achieves our stated objective of elucidating the underlying
mechanism of VK1 and positions it within the broader research context of targeting cancer metabolism for therapeutic
benefit.
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