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A B S T R A C T   

Betulinic acid (BA) is a pentacyclic triterpene found in many plant species and has a broad- 
spectrum anti-tumor effect in various cancers, including colon cancer (CRC). However, its anti-
cancer mechanism in CRC is no clear. RNA sequencing and bioinformatics analysis showed BA up- 
regulated 378 genes and down-regulated 137 genes in HT29 cells, while 2303 up-regulated and 
1041 down-regulated genes were found in SW480 cells. KEGG enrichment analysis showed BA 
significantly stimulated the expression of metallothionein 1 (MT1) family genes in both HT29 and 
SW480 cells. Metallothionein 1G (MT1G) was the gene with the highest upregulation of MT1 
family genes induced by BA dose-dependently. High MT1G expression enhanced the sensitivity of 
CRC cells to BA, whereas, MT1G knockdown had the opposite effect in vitro and in vivo. GSEA 
and GSCA showed genes affected by BA treatment were involved in cell cycle and G2/M 
checkpoint in CRC. Flow cytometry further exhibited BA reduced the percentage of G0/G1 cells 
and increased the percentage of G2/M cells in a dose-dependent manner, which could be rescued 
by MT1G knockdown. Moreover, MT1G also counteracted the BA-induced changes in cell cycle- 
related proteins (CDK2 and CDK4) and p-Rb. In summary, we have revealed a new anti-tumor 
mechanism that BA altered the cell cycle progression of CRC cells by upregulating MT1G gene, 
thereby inhibiting the proliferation of CRC cells.   

1. Introduction 

Colon cancer (CRC) is the fourth leading cause of cancer death worldwide [1]. The 5-year and 10-year survival rates are 65 % and 
58 %, respectively [2]. Drug resistance is a common feature of many patients with CRC and find new drugs with new anticancer 
mechanisms is an effective method to improve the survival of patients with CRC. The advantage of traditional Chinese medicines 
(TCMs) over small molecule targeted agents for the treatment of chronic illnesses is multifold [3]. In recent years, many monomer 
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components which is target of TCM have been gradually revealed, laying a foundation for its clinical application. 
Betulinic acid, BA, is a naturally occurring pentacyclic lupin-type triterpenoid and its monomer components is mainly isolated from 

birch trees with a wide range of biological effects, including antiviral, antiparasitic, antibacterial, and anti-inflammatory activities. In 
addition, BA has a prominent site of natural anticancer drugs without toxicity to normal cells in vitro and in vivo [4]. BA was 
attenuated as a potentially selective anti-melanoma agent and entered a phase II clinical trial for skin cancer [5]. Lactoferrin-tethered 
betulinic acid nanoparticles promoted rapid delivery and cell death in triple negative breast and laryngeal cancer cells [6]. BA sup-
pressed breast cancer aerobic glycolysis via caveolin-1/NF-kappaB/c-Myc pathway [7]. BA suppressed ovarian cancer cell prolifer-
ation through induction of apoptosis [8]. BA delivered in liposomes reduces growth of colon cancers in mice without causing systemic 
toxicity [9]. BA was reported as potential antitumor agents [10]. Therefore, BA inevitably inhibited cancer cell proliferation by 
important mechanism. Today, transcriptome analysis offers the opportunity to analyze a large number of targets and determine 
mechanisms of action. However, the specific mechanism driving BA anti-tumor in CRC using RNA sequencing method remains unclear. 

MT plays an important role in tumorgenesis, progression and drug resistance [11]. Most of the biological functions of MTs are 
related to detoxification of heavy metals and metal binding of enzymes and transcription factors zinc/copper [12]. MT1G is a member 
of the metallothionein family, MT1G promotes the chemosensitivity of CRC cells [13], functions as a novel biomarker correlated with 
prognosis and immune infiltration in CRC [14]. MT1G also plays a vital role in the change from G1 to S in the growth of acute leukemia 
cells [15]. However, whether MT1G is involved in BA-induced proliferation inhibition remains to be further studied. 

In this paper, RNA sequencing was used to screen the differentially expressed genes (DEGs) induced by BA in CRC cells, and the 
functions of these DEGs were analyzed through bioinformatics analysis. The results showed that 263 was differentially transcripted 
after BA treatment in both SW480 and HT29 CRC cells. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
analysis revealed that these DEGs were significantly enriched in mineral absorption and the cell cycle. Among these DEGs, five MT 
family proteins were all significantly activated by BA. Notebly, MT1G was the most upregulated. Therefore, we used MT1G gene as the 
main research objects to explore whether BA depends on this protein to inhibit proliferation of colon cells. 

2. Materials and methods 

2.1. Cell culture and sample collection 

BA (CAS# HY-10529) was purchased from Med Chem Express and purity was greater than 98 %. 1 mg BA was dissolved to 1 mL 
DMSO, and then the BA solutions were diluted into the complete medium to reach the indicated concentrations. The human CRC cell 
lines HT29 and SW480 were purchased from National Collection of Authenticated Cell Cultures and authenticated by Shanghai Yihe 
Applied Biotechnology Co., Ltd. HT29 was cultured with McCoy’s 5A medium and SW480 was cultured with DMEM medium, both of 
which were supplemented with 10 % fetal bovine serum (GIBCO No.: 10099141) and 1 % penicillin/streptomycin (Sigma). 

2.2. RNA extraction 

2 × 10 ^ 6 SW480 and HT 29 cells were seeded into 6-well plates and cultured for 24h. After adding 100 μM or 80 μM BA and the 
same concentration of control DMSO to the medium for 24h, removing the supernatant and adding 500 μl Buffer RL directly to the 
plate for digestion, lysis, and vortex shaking until no obvious cell mass was present. The split samples were transferred to FastPure 
gDNA-Filter Columns III (FastPure gDNA-Filter Columns III already in the collection tube) and centrifuged at 12,000 rpm for 30 s. The 
FastPure gDNA-Filter Columns III was discarded and the filtrate was collected.0.5 × the filtrate volume of absolute ethanol was added 
to filtrate. Add 700 μl Buffer RW1,12,000 rpm to the FastPure RNA Columns III by centrifugation for 30 s and the filtrate was dis-
carded.700 μl Buffer RW2, 12,000 rpm for 30 s and the filtrate was discarded. Add 500 μl Buffer RW2 (absolute ethanol) added to 
FastPure RNA Columns III, centrifuge at 12,000 rpm for 2 min and carefully remove the adsorption column from the collection tube. 
Carefully, the adsorption column was transferred to a new RNase-free Collection Tubes 1.5 mL centrifuge tube, dropping 50–200 μl of 
RNase-free ddH2O to the central adsorption column, standing at room temperature for 1 min, centrifugation at 12,000 rpm for 1 min to 
elute RNA. The extracted Total RNA can be used directly for downstream experiments or stored from-85 to-65 ◦C. 

2.3. mRNA library construction, filtering and reference genome alignment 

mRNA library construction was performed by BGI company [16]. The filtering software SOAP nuke independently developed by 
BGI for filtering was used [17]. Hierarchical indexing for spliced alignment of transcripts software was used compare reference 
genomes. 

2.4. DEGs screening and hierarchical clustering analysis 

The PossionDis method [18] was used to identify the DEGs between BA treated and control samples, |log2FC|>1, adjusted False 
discovery rate （FDR） <0.001 is used as the threshold to identify DEGs. Based on the detection results of DEGs, the hierarchical 
cluster analysis of the coupled DEGs was performed using the R-pack heatmap. 
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2.5. GO and KEGG pathway analysis 

GO, KEGG and Reactome were used as bioinformatic tool that provides the comprehensive information to calculate the P value, and 
then the P value was corrected by FDR. Function of Q value ≤ 0.05 was considered to be a significant enrichment. 

2.6. RT-PCR 

The Evo M-MLV RT kit with gDNA clean for RT-PCR (AG11711) was employed for reverse transcription. RT-PCR was conducted 
using the Takara SYBR® Premix Ex Taq™ II (Tli RNaseH Plus) kit (RR820Q) as per the provided guidelines to assess the relative 
expression of the beta-actin, MT1G genes, as well as other genes. The primer sequences of the 17 genes were shown in Supplementary 
Table 1. The experiment was repeated 3 times. 

2.7. MT1G knockdown and over-expression assay 

The RNAi lentiviral vectors LV-MT1G-RNAi and control grouop LV–NC–RNAi, the MT1G lentivirus over-expression group pLV 
[Exp]-EGFP:T2A:Puro-EF1A > hMT1G and the control group pLV[Exp]-EGFP:T2A:Puro-EF1A > mCherry were respectively con-
structed and packaged by Shanghai Genechem. The knockdown (shMT1G) and control (shNC) group targeted sequences were “5′- 
GCTCCCAAGTACAAATAGAGT-‘3” and “5’-TTCTCCGAACGTGTCACGT-‘3”, respectively, while the sequence of the MT1G gene 
(NM_001301267.1) was over-expressed. Before infection, the virus was slowly thawed on ice. The original medium was aspirated from 
the cells, 1/2 volume of fresh medium was added, the virus stock solution was added to the cells, and the cells were mixed gently. Small 
volumes were infected at 37 ◦C for 4 h, and the medium was replenished to a normal volume after 4 h. After 24 h of infection, the 
medium was replaced with fresh complete culture medium, and cultured at 37 ◦C for 48 h. The GFP expression efficiency was observed 
by fluorescence microscopy. The medium was replaced with fresh complete medium containing puromycin, and the stably transduced 
cell line was screened. 

2.8. Cell proliferation assay 

We used two types of cell lines in this study, including SW480 and HT29 (All cell lines were uniformly validated by STR). MT1G 
over-expressed SW480 cells or MT1G knock down HT29 cells and control cells were seeded in a 96-well plate (10000 per well) for 24h, 
and then treated with BA at different concentrations and control (isometric DMSO) for another 24h with 5 repeats. 10 μl of Cell 
counting kit 8 (CCK8) reagent was added to each well and incubated at 37 ◦C for 1h. The absorbance value was measured at 490 nm by 
using a Biotek Synergy H1 Full-featured Microplate Reader. Cell survival rate was statistically analyzed using GraphPad Prism 8 
software. 

2.8.1. Cell cycle assays 
To analyze the cell cycle, 2 × 10^6 cells infected with shMT1G or shNC lentivirus were inoculated into the 6-well plates for 24h, and 

treated with BA at 100 μM or 80 μM and control (isometric DMSO）for another 24h, and then cells were collected, washed three times 
in PBS, and fixed in 70 % ice ethanol for 4 h or overnight. The cells were resuspended with the directed dilution method followed by a 
propioniol iodide solution (50 μg/mL propidium iodide, 50 μg/mL RNase A) (Mocon Biotechnology, MX3222). The cell cycle was 
analyzed based on the flow cytometry by flow cytometry (BD Bioscience, NJ). 

2.9. Western blotting 

Western blotting was performed as described previously [19]. CDK2 (#2546), CDK4 (#12790), phospho-Rb (Ser807/811) 
(#8516T), Rb (#9313) and anti-rabbit IgG, HRP-linked antibody (#7074) were purchased from CST. MT1G (#OM263051) was 
purchased from OmnimAbs. Beta Actin Ab polyclonal antibody (#AF7018) was purchased from Affinity Biosciences. 

2.10. GSEA and GCEA analysis of BA-induced DEGs 

GSEA,a computational method that determines whether an a priori defined set of genes shows statistically significant, concordant 
differences between two biological states. The Molecular Signatures Database (MSigDB) was used with GSEA software. Enter gene 
pairs in the investigate dialog box, select H: hallmark gene sets, and calculate overlapping genes. GSCAonline software was used to 
validate gene enrichment information in 329 (COAD) Colon adenocarcinoma samples (Tumor:288; Normal:41; paired:26), GSVA & 
Pathway activity was explored.*, P value ≤ 0.05; #, FDR ≤ 0.05. 

2.10.1. Xenograft experiments in mice 
All animal experiments received approval from the Animal Ethics Committee of Jining Medical College (Approval No. 2022B060). 

Four-week-old male BALB/c nude mice and NVSG mice, the internationally recognized tool mice with the highest degree of immu-
nodeficiency, were purchased from Jinan Pengyue Experimental Animal Breeding Co., LTD. The mice were subcutaneously admin-
istered with either 1 × 10^7 MT1G knock down cells or control SW480 cells, with each group consisting of five mice, after 7 days, BA 
(20 mg/kg,40 mg/kg, 80 mg/kg) was intraperitoneally injected into these mice every day for 1 month. The mice were housed with a 
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Fig. 1. BA-induced DEGs analysis in HT29 and SW480 cells. A and B. Volcano map of DEGs (>2 fold change) in HT29 and SW480 cells treated with 
BA at 100 μM or 80 μM for 24 h. The X axis represents the difference multiple value after log2 conversion, and the Y axis represents the significance 
value after -log10 conversion. Red represents upregulated DEGs, blue represents downregulated DEGs, and gray represents non-DEGs. Student’s t- 
test: P < 0.05, FDR value < 0.001, n = 5. C and D. Venn diagram of the overlapping highly regulated and downregulated genes in SW480 and HT29 
cells treated with BA for 24 h. E-H. SW480 and HT29 cells were treated with BA at the indicated concentrations for 24 h and the cells were collected 
for RT-PCR using indicated primers. GAPDH was used as an internal control. Data are presented as the mean ± SD, n = 3, *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001. 
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12-h light/dark cycle. All procedures strictly adhered to established guidelines. Ultimately, the mice were euthanized with CO2, and 
the resultant tumor samples were subjected for weighing and statistical analysis. 

2.11. Statistical analysis 

The data were used as an average, and the standard deviation (SD). The results were statistically analyzed using GraphPad Prism 8 
software. Student’s T test and two-way ANOVA were used. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 were considered to 
have low, medium, and high statistical significance, respectively. 

3. Results 

3.1. RNA sequence analysis of human colorectal cancer cells with or without BA 

To study the gene expression profile of human colorectal cancer cells treatment with BA, HT29 and SW480 cells were treated with 
BA and DMSO for 24h at indicated concentration. Our previous research has confirmed that the IC50 values of HT29 and SW480 was 
100μМ or 80μМ after treatment for 24h, respectively [19]. Therefore, we chose the concentration corresponding to the IC50 value in 
this study. RNA sequencing analysis identified 515 and 3344 differentially expressed mRNAs (>2 fold change, FDR value < 0.05) in 
HT29 or SW480 cells treated with BA at 100μМ or 80μМ or DMSO for 24h, respectively. There were 378 up-regulated and 137 
down-regulated mRNAs in HT29 cells and 2303 up-regulated and 1041 down-regulated mRNAs in SW480 cells (Fig. 1A and B). Venn 
diagram analysis showed 181 genes were highly-expressed, and 82 genes were down-expressed in both HT29 and SW480 cells under 
BA treatment (Fig. 1C and D). Hierarchical cluster analysis of DEGs in SW480 or HT29 cells is displayed in the heatmap 

Table 1 
The top 20 up-regulated and 20 down-regulated genes in both SW480 and HT29 cells.   

SW480 HT29 

Gene Symbol log2 (BA80/Ctr) FDR (BA80/Ctr) log2 (BA100/Ctr) FDR (BA100/Ctr) 

CRYAB 4.04 <0.001 4.51 <0.001 
BHLHA15 3.99 <0.001 1.95 <0.001 
ARC 4.56 <0.001 1.60 <0.001 
BPIFC 7.02 <0.001 2.40 <0.001 
GEM 5.29 <0.001 1.25 <0.001 
CXCL1 4.06 <0.001 1.31 <0.001 
CXCL2 4.89 <0.001 1.66 <0.001 
CXCL3 6.66 <0.001 2.70 <0.001 
HSPA1A 4.55 <0.001 1.48 <0.001 
HSPA1B 4.17 <0.001 1.30 <0.001 
HSPA6 11.05 <0.001 3.67 <0.001 
CXCL8 9.22 <0.001 2.46 <0.001 
KRT16 4.91 <0.001 3.44 <0.001 
MT1G 6.19 <0.001 10.11 <0.001 
ANGPTL4 3.97 <0.001 4.52 <0.001 
CCL20 5.36 <0.001 3.28 <0.001 
SPRR2D 4.39 <0.001 3.76 <0.001 
TNFAIP3 5.60 <0.001 2.03 <0.001 
UPP1 4.84 <0.001 1.24 <0.001 
SEMA7A 4.24 <0.001 1.62 <0.001 
SEMA3A − 2.91 <0.001 − 1.85 <0.001 
IQGAP2 − 2.80 <0.001 − 1.26 <0.001 
LRRC45 − 2.89 <0.001 − 1.03 <0.001 
PLA2R1 − 3.04 <0.001 − 1.41 <0.001 
RAB26 − 3.20 <0.001 − 1.34 <0.001 
HPGD − 2.81 <0.001 − 1.09 <0.001 
GLDN − 3.27 <0.001 − 1.71 <0.001 
KLRC3 − 2.84 <0.001 − 6.41 <0.001 
SP5 − 2.85 <0.001 − 1.08 <0.001 
FAM183A − 3.59 <0.001 − 1.91 <0.001 
C21orf58 − 3.24 <0.001 − 1.55 <0.001 
SLC39A10 − 2.87 <0.001 − 2.40 <0.001 
VANGL2 − 3.83 <0.001 − 1.32 <0.001 
NYNRIN − 3.54 <0.001 − 1.36 <0.001 
SERF1A − 4.64 <0.001 − 1.78 <0.001 
SORBS2 − 3.76 <0.001 − 1.01 <0.001 
LGR5 − 4.00 <0.001 − 1.77 <0.001 
TNFSF10 − 4.77 <0.001 − 2.12 <0.001 
SYT8 − 4.64 <0.001 − 1.54 <0.001 
MGAM2 − 3.17 <0.001 − 1.30 <0.001  
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Fig. 2. BA promoted the expression of MT1G and MT1G was low expressed in colorectal cancer. A. According to the KEGG_pathway annotation 
classification, the phyper function in R software was used to perform enrichment analysis, calculate the P value, and then perform FDR correction on 
the P value to obtain the Q value. Generally, a function with a Q value ≤ 0.05 was regarded as significantly enriched. B. The expression of MT1G and 
other MT1 family genes was determined by RNA sequencing in both HT29 cells and SW480 cells after treatment with BA at 100 μM or 80 μM. Data 
are presented as the mean, n = 5.C. The expression of MT1G genes was further detected by RT-PCR in both SW480 cells and HT29 cells after 
treatment with BA at the indicated concentration. Data are presented as the mean ± SD, n = 3, Student’s t-test * P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001.D. MT1G expression levels in colorectal cancer and normal patients were calculated by using GEPIA online. E. The mRNA levels of 
MT1G were analyzed by RT-PCR in 8 pairs of colorectal cancer and adjacent nontumor tissues (n = 8), which were collected from Jining Medical 
University Affiliated Hospital. Data are presented as the mean ± SD, n = 3, Student’s t-test, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. F. 
Kaplan-Meier curves of patients with colorectal cancer with low versus high expression of MT1G using TCGA sequencing data. GEPIA online 
software was used to analyze the relationship of MT1G gene with CRC patients’ survival. G. Disease free survival of patients with colorectal cancer 
with low versus high expression of MT1G using TCGA sequencing data. GEPIA online software was used to analyze the relationship of MT1G gene 
with CRC patients’ disease free survival. H-J. Association between MT1G expression and TNM stage in colorectal cancer patients by anayzing TCGA 
sequencing data. GEPIA online software was used to analyze the relationship of MT1G gene with CRC patients’ TNM stage. 

Table 2 
GSEA analysis of overlapping DEGs induced by BA in CRC cells. 
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(Supplementary Fig. 1). The list of the top 20 up-regulated and down-regulated overlapping DEGs is shown in Table 1. The repro-
ducibility and repeatability of the results were validated by RT-PCR. The top 6 up-regulated and 6 down-regulated genes of the 
intersection were selected. As expected, 6 up-regulated genes, MT1G, HSPA6, MT1F, ZNF469, SPRR2D and RGS16, and 6 
down-regulated genes, SPTLC3, FAM78A, UBA7, KLRC3, SLC39A10 and TSPOAP1, were further confirmed in BA treatment group vs. 
control groups in both SW480 and HT29 cells, suggesting that the overlapping genes were trustworthy (Fig. 1E–H). 

3.2. BA treatment upregulated the expression of MT1G gene in a dose dependent manner in CRC cells 

To better classify the identified overlapping genes, GO enrichment and KEGG analysis of DEGs were implemented. In the cell 
composition group, DEGs in both SW480 and HT29 cells were mainly enriched in cytoplasm. In the molecular function group, DEGs in 
both SW480 and HT29 cells were mainly enriched in protein binding. In the biological process group, DEGs in both HT29 and SW480 
were mainly enriched in cell cycle (Supplementary Fig. 2A). KEGG analysis revealed DEGs were significantly enriched in mineral 
absorption, and cell cycle (Fig. 2A). The DEGs induced by BA were involved in mineral absorption, which mainly included MT1 family 
genes [20]. It is worth noting that MT1G and MT1F were the top 20 significantly DEGs in response to BA and RNA sequencing showed 
that the expression of all MT1 family genes was also significantly up-regulated by BA in both SW480 cells and HT29 cells, and MT1G 
had the most obvious fold difference among these genes (Fig. 2B). Next, we further detected the expression changes of MT1G under 
different concentrations of BA. With increasing BA concentration, the expression of MT1G was up-regulated in a dose-dependent 
manner in both SW480 and HT29 cells (Fig. 2C). TCGA data analysis showed that MT1G was expressed at lower levels in CRC tis-
sue than in normal colon tissue (Fig. 2D). Additionally, the expression of MT1G in CRC and normal colon tissue was further performed 
by RT-PCR, and results showed that MT1G was indeed significantly down-regulated in CRC tissues (Fig. 2E). Although, there was no 
correlation of MT1G expression with TNM stage in colorectal cancer patients (Fig. 2H–J), the results of both survival analysis and 
disease-free survival analysis showed that the patients with high MT1G expression had longer and higher quality of life than those in 
the lower expression group (Fig. 2F and G). The above results suggested CRC cell proliferation inhibited by BA, which was previously 
confirmed by us and others [19,21], was most likely associated with MT1G protein. 

3.3. MT1G inhibited the sensitivity of CRC cells to BA by affecting the cell cycle change 

To identify the cellular mechanisms by which BA influenced tumor development, we also performed GSEA to compute overlaps 
between BA-induced 263 DEGs in HT29 and SW480 CRC cells and human MSigDB hallmark gene sets. GSEA analysis revealed BA- 
induced DEGs had a significant association with G2M_CHECKPOINT and MITOTIC_SPINDLE cell cycle related important pathways 
(Table 2). To further verify this enrichment result, the association between BA-induced gene sets and CRC was compiled by GSCA. The 
result showed that BA-induced gene sets in CRC was also significantly enriched in cell cycle (Supplementary Fig. 2B). GO and KEGG 
analysis indicated that BA induced DEGs was also significantly enriched in cell cycle processes (Supplementary Fig. 2 A and 2A). Due to 
SW480 cell has lower expression than HT29 cells (Supplementary Fig. 3), the MT1G over-expression lentivirus (OE-MT1G) and control 
(OE-NC) were used to infect SW480 cells. The MT1G knockdown lentivirus (shMT1G) and control (sh-NC) were used to infect HT29 
cells. After the MT1G gene was stably knock down or over-expressed, the over-expression and knockdown effects were determined by 
RT-PCR (Fig. 3A). Cell proliferation assay showed that MT1G over-expressing cells were more sensitive to BA than the control group 
(Fig. 3B). While, MT1G knockdown cells had the opposite trend compared to the control (Fig. 3C). To identify whether this phe-
nomenon was dependent on the upregulated MT1G protein, we performed cell cycle assays using MT1G lentiviral stable knockdown 
cell lines and control cell lines after BA treatment at 100 μM in HT29 or 80 μM in SW480. The flow cytometry results showed the 
proportion of cells in G1 phase reduced, but the proportion of cells in G2/M phase was raised after BA treatment in both HT29 and 
SW480 cells compared to the control DMSO treatment in shNC-SW480 cells, in contrast, MT1G knockdown partially reversed this 
phenomenon (Fig. 3D and E). We observed that the mRNA levels of CDK2, CDK4, cyclin D1 and cyclin D3 were significantly up- 
regulated after BA treatment compared to the control in HT29 cells, while CDK2, CDK4, and cyclin D3 proteins were significantly 

Fig. 3. MT1G mediated BA-induced cell growth inhibition by changing cell cycle distribution in CRC cells. A. Expression analysis of MT1G. After 
MT1G and control gene corresponding lentivirus infected into CRC cells and MT1G gene stable knock-down or over-expression cell line was 
screened, cells were treated with BA at indicated concentration for 24 h. The expression of MT1G was measured by RT-PCR. Data are presented as 
the mean ± SD, n = 3, Student’s t-test, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. B–C. Analysis of the effects of MT1G on cell pro-
liferation. MT1G gene stable knock-down and over-expression cell line were treated with indicated concentrations of BA for 24 h and then cell 
viability determined by cck8 were presented as the mean ± SD, n = 5, Student’s t-test, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. D-E. 
Analysis of the effects of MT1G on cell cycle distribution. After LV-shMT1G and control lentivirus were infected into CRC cells and MT1G gene stable 
knockdown cell line was screened, cells were treated with BA at 100 μM in HT29 and at 80 μM SW480 cells for 24 h and then cell cycle distribution 
was determined by Flow Cytometry. The percentages of cells at different periods were generated and statistically analyzed using GraphPad Prism 8 
software. Data are presented as the mean ± SD, n = 3, Student’s t-test, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. F-G. Expression 
analysis of cell-cycle-related proteins at mRNA levels. RNA was then extracted and the expression of CKD2, CDK4, cyclin D1 and cyclin D3 were 
determined by RT-PCR. Actin was used as internal control. The expression of these genes was statistically analyzed using GraphPad Prism 8 
software. Data are presented as the mean ± SD, n = 3, Student’s t-test, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. H. Expression analysis 
of cell-cycle-related proteins at protein levels. Cell proteins were then extracted and the expression of CDK2, CDK4, MT1G, p-Rb and Rb were 
determined by Western blot. Actin was used as internal control. The full and non adjusted images can be found in supplementary materials 
named“Full and unadjusted Western blot images”. 
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up-regulated in SW480 cells. MT1G gene knockdown significantly offset the BA-induced increase of CDK2 and CDK4 protein 
expression compared to that in the control group at the mRNA level in both HT29 and SW480 cells(Fig. 3F and G). p-Rb/Rb plays an 
important role in cell cycle conversion [22], and the expression of p-Rb and Rb was also further detected by Western blot. The results 
showed BA augmented the expression of CDK2, CDK4 and p-Rb at the protein levels and this phenomenon was also damaged by MT1G 
knockdown (Fig. 3H), suggesting that MT1G has an indispensable role in the induction of cell cycle progression alteration by BA 
treatment. 

3.4. MT1G knockdown restrained BA-induced cell growth inhibition by changing cell cycle distribution in a dose dependent manner in vivo 

To further identify that the cell cycle changes induced by BA were influenced by the expression of MT1G in a dose-dependent 
manner, we therefore further performed concentration gradient experiments in shMT1G and shNC groups to analyze the cell cycle 
changes induced by different concentrations of BA. The results of cell cycle analysis showed that with the increase of BA concentration, 
the proportion of cells in G0/G1 phase decreased and the proportion of G2/M phase cells increased successively in shNC-SW480 cells; 
however, in shMT1G-SW480 cells, the proportion of cells in G0/G1 and G2/M phase kept almost unchanged with the increase of BA 
concentration (Fig. 4A). To verify this in vivo, we injected mice with the same number of shNC-SW480 and shMT1G-SW480 cells 
subcutaneously and intraperitoneally injected with different doses of BA or DMSO a week later. Results displayed BA significantly 
inhibited the tumor growth in a concentration-dependent manner in shNC-SW480 group, whereas in tumors formed by shMT1G- 
SW480 cells, BA slightly inhibited the tumor growth (Fig. 4B–E). Above results showed MT1G promoted BA-induced cell cycle changes 
in CRC cells both in vitro and in vivo, and then inhibited CRC cells proliferation. 

4. Discussion 

Colorectal cancer is one of the most malignant cancers in the world [1]. High mortality rates demonstrate growing interest in 
identifying novel high-potency and TCMs related pharmacological agents of cancer treatment [23]. BA is a naturally occurring 
pentacyclic triterpenoid from plant origin and has been noticed recently for its antitumor effect [24]. Nevertheless, we and others 
reported that BA suppressed the growth of tumor cells in CRC cells [25], and their potential targets in CRC based on RNA sequencing 
have not been systematically studied. 

RNA sequencing has many advantages for unbiased detection of transcripts as well as low-abundance transcripts [26]. Therefore, 
bioinformatics methods were used to identify the central DEGs of CRC cells induced by BA. Our study finds for the first time that BA 
inhibits CRC proliferation by enhancing the mineral absorption pathway by GO and KEGG analysis. The absorption of minerals is 
mainly regulated by metallothionein (MTS). In 1957, MTs were found to be responsible for the metabolism of naturally accumulated 
tissue components in mammalian kidneys [27] and were known as sulfhydryl rich proteins [28]. In humans, MTs has four major 
subtypes (MT1, MT2, MT3, MT4), which encodes genes on chromosome 16q13 (29) [11]. Emerging evidence indicates that MTs play 
an important role in tumorigenesis, progression and drug resistance [27]. MT1G is expressed at lower levels in CRC cells than in normal 
tissues. In addition, gene signature including MT1G predicted the survival rate [28]. High MT1G isoform expression sensitizes colon 
cells to oxaliplatin and 5-fluorouracil [29]. Consistently, our results showed that MT1G overexpressing cells were more sensitive to BA 
than control cells. MT1G knockdown cells had the opposite trend compared to the control. The MT1G protein is sulfhydryl rich proteins 
with high affinity for binding a variety of copper ions. Copper is also a very important allosteric modulator of enzymes, such as 
mitogen-activated protein kinase 1 (MEK 1) and MEK 2 in cell growth and proliferation [30]. Therefore, we speculated that BA most 
probably increased the binding of cells to copper ions by activation of MT1G protein, resulting in the decreased activity of cell 
proliferation-related protein kinase, and subsequent inhibiting colorectal cancer cell proliferation. The above results were further 
prompt us that BA can function as an effective chemotherapeutic agent, such as OXA and 5-FU, to kill CRC through MT1G regulation. 

The cell cycle was divided into G1/G0, S, G2/M stages. Cells are driven through these stages by cyclin-dependent kinases (CDKs) 
and their partner cyclins. CDKs (e.g., CDK2 and CDK4) sequentially regulate various events of the cell-cycle. Among them, G1 was 
directly regulated by CDK2 and CDK4 [31]. The CDK4 and CDK2 contributes to control cell cycle entry and phosphorylates 

Fig. 4. MT1G knockdown restrained BA-induced cell growth inhibition by changing cell cycle distribution in CRC cells in a dose dependent manner 
in vivo. A. Cell cycle distribution induced by different concentrations of BA after MT1G or NC gene knockdown. After LV-shMT1G and 
control lentivirus were infected into SW480 cells and MT1G gene stable knockdown cell line was screened. These cells were treated with BA at 20 
μM, 40 μM, 60 μM, 80 μM in SW480 cells for 24 h, respectively, and then cell cycle distribution was determined by Flow Cytometry. The percentages 
of cells at different periods were generated and statistically analyzed using GraphPad Prism 8 software. Data are presented as the mean ± SD, n = 3, 
Two way ANOVA test, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. B. Exhibition of the growth of subcutaneous tumors induced by BA 
with different concentrations after MT1G or NC gene knockdown. After LV-shMT1G and control lentivirus were infected into SW480 cells and MT1G 
gene stable knockdown cell line was screened. MT1G gene stable knock-down and control cells were subcutaneously injected at the left axilla of 
nuded nice for 1 week and then mice were injected intraperitoneally with 20 mg/kg/day, 40 mg/kg/day or 80 mg/kg/day of BA. C. Tumor weights 
were measured and analyzed in shMT1G and shNC groups. Data are presented as the mean ± SD, n = 3, Two way ANOVA test, *P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001.D.Tumor volume were measured and analyzed in shMT1G and shNC groups. Tumor length and width were 
measured every 7 days, mice were sacrificed at day 30, subcutaneous tumors were dissected, photographed, and weighed. Data are presented as the 
mean ± SD, n = 3, Two way ANOVA test, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. E. Mechanism summary diagram. BA induced 
colorectal cancer cell cycle alterations in G0/G1 and G2/M phase via upregulating MT1G proteins, which leads to inhibition of CRC cells 
proliferation. 
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retinoblastoma protein (pRb), causing a transition of cell-cycle from G to S phase [32]. MT1G over-expression increased the number of 
cells in G1 phase and decreased the number of cells in S and G2 phases in NCI–N87 and HGC-27 cells [12]. In addition, the cell cycle 
was also arrested at the G1 phase when cells were over-expressed with MT1G gene, with the number of G1 phase cells increasing 
approximately 7 % in K1 cells and FTC133 cells [33]. Another study reported that high MT1G expression weakens ATRA-induced G1 
arrest in NB4 cells by regulating the induction of the G1 regulator [34]. Our results confirmed that BA treatment significantly reduced 
the number of cells in G1 phase and increased G2 phase in CRC cells. Mechanistically, BA altered the cell cycle distribution accom-
panied by increased expression of CDK2, CDK4, and much more retinoblastoma protein (pRb) in the phosphorylation state in HT29 and 
SW480 cells, while MT1G knockdown impaired the BA-induced augmentation of CDK2, CDK4 and p-RB. These results indicated that 
MT1G mediates BA to arrest the cell cycle at G2/M phase through CDK2 and CDK4, which keeps retinoblastoma protein (pRb) in 
phosphorylation state. Most importantly, we enriched BA-induced differential genes through GSEA and GSCA, and BA-induced DEGs 
were enriched into G2/M cycle transition and cell cycle process, which is consistent with our functional experiment that BA-induced 
G2/M cell arrest through MT1G regulation. This phenomenon was further verified by concentration gradient experiments and in vivo 
nude mice, so we summarized the involvement of MT1G in the altered cell cycle progression induced by BA treatment. 

In conclusion, we found that BA significantly upregulated the expression of MT1G and affected the cell cycle proceeding by 
upregulating MT1G, in order to inhibit CRC cell proliferation, providing a theoretical basis for the clinical treatment of BA in the 
future. 
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