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Abstract. Farnesyl diphosphate synthase (FDPS), an essential 
enzyme involved in the mevalonate pathway, is implicated 
in various diseases, including multiple types of cancer. As 
an RNA‑binding protein (RBP), FDPS is also involved in 
transcriptional and post‑transcriptional regulation. However, 
to the best of our knowledge, transcriptome‑wide targets 
of FDPS still remain unknown. In the present study, FDPS 
expression patterns in pan‑cancer were analyzed. In addition, 
it was investigated how FDPS overexpression (FDPS‑OE) 
regulates the transcriptome in HeLa cells. FDPS‑OE 
increased the proliferation rate in HeLa cells by MTT assay. 
Using transcriptome‑wide high throughput sequencing and 
bioinformatics analysis, it was found that FDPS upregulated 
the expression levels of genes enriched in cell proliferation 
and extracellular matrix organization, including the laminin 
subunit γ2, interferon‑induced proteins with tetratricopeptide 
repeats 2 and matrix metallopeptidase 19 genes. According to 
alternative splicing (AS) analysis, FDPS modulated the splicing 
patterns of the bone morphogenic protein 1, semaphorin 4D, 
annexin A2 and sirtuin 2 genes, which are enriched in the cell 
cycle and DNA repair, and are related to cell proliferation. To 
corroborate the FDPS‑regulated transcriptome findings, FDPS 
was overexpressed in human osteosarcoma cells. Differentially 
expressed genes and regulated AS genes in the cells were 
both validated by reverse transcription‑quantitative PCR. The 
results suggested that, as an emerging RBP, FDPS may serve 
an important role in transcriptome profiles by altering gene 
expression and regulating AS. FDPS also affected the cell 
proliferation rate. These findings broaden the understanding 

of the molecular functions of FDPS, and the potential of FDPS 
as a target in therapy should be investigated.

Introduction

The farnesyl diphosphate synthase (FDPS) gene encodes an 
enzyme involved in the mevalonate pathway that catalyzes the 
sequential condensation of dimethylallyl pyrophosphate with 
two molecules of isopentenyl pyrophosphate to form farnesyl 
pyrophosphate  (1). FDPS contributes to the biosynthesis 
of cholesterol and steroid hormones, dolichols, heme A and 
ubiquinone, which are important intermediary metabolites 
that participate in numerous biological processes, including 
response to environmental changes. Disordered FDPS expres‑
sion also leads to multiple types of cancer that threaten human 
health  (2). For example, to investigate whether detectable 
FDPS activity was present in human colorectal cancer (CRC), 
Notarnicola et al (3) conducted a radiochemical assay using 
the tissues of 50 patients and compared the FDPS activity level 
in CRC tissues with that in normal surrounding mucosa. The 
results of the assay demonstrated that FDPS activity and its 
mRNA level were increased in the cancer samples compared 
with in normal mucosa. In addition, higher FDPS activity 
inhibited cellular apoptosis in CRC. Inhibiting farnesyl biosyn‑
thesis may lead to blocking of Ras signaling and the lowering 
of MAPK activity, thus inhibiting proliferation of glioma 
cells  (4). FDPS also serves an important role in the apop‑
tosis of cancer cells by blocking the JNK signaling cascade 
and activating mevalonate metabolism in paclitaxel‑treated 
glioblastoma cells (5).

FDPS is also a crucial enzyme implicated in other 
diseases. The association between FDPS polymorphisms and 
osteoporosis has been extensively investigated (6‑8). Due to 
the important functions of FDPS in the mevalonate pathway, 
an increasing number of studies have evaluated its potential 
as a drug target (9‑11). Since FDPS has an affinity for bone 
minerals and inhibitory effects on osteoclasts, it was previ‑
ously identified as a main biochemical target of the bisphonate 
(BP) drugs widely used to treat osteoporosis (12‑15). FDPS 
generates isoprenoid lipids involved in the post‑translational 
modification of small GTP‑binding proteins essential for 
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osteoclast function (16). Therefore, inhibiting FDPS results in 
the antiresorptive action of BPs and prevents the biosynthesis 
of isoprenoid lipids, ultimately inducing cellular dysfunction 
and osteoclast death (17,18).

It has been demonstrated that FDPS could maintain the 
resorption activity of the osteoclasts (7). FDPS may promote 
cancer progression in PTEN‑deficient prostate cancer through 
the GTPase/AKT axis  (19). However, current studies have 
mainly focused on its role as a synthetase in the mevalonate 
pathway. A previous review study demonstrated that numerous 
metabolic enzymes influence RNAs or their own functions 
through their RNA binding activity  (20). Using an RNA 
interactome method, researchers found that FDPS interacted 
with RNAs in HeLa cells (21), implying that FDPS may serve 
as an RNA‑binding protein (RBP). By interacting with their 
targeted RNAs through a series of canonical RNA binding 
domains, RBPs serve key roles in post‑transcriptional events, 
including alternative splicing (AS) (22), alternative polyad‑
enylation (23,24), gene translational regulation (25) and RNA 
modification  (26). Therefore, any disruption to RBPs that 
regulate crucial cellular functions may cause disease, particu‑
larly cancer cachexia (27‑30). Furthermore, dysregulated AS is 
implicated in multiple types of human cancer, including lung 
and liver cancer (31), and can aberrantly activate oncogenes 
and cancer pathways (32). However, as an emerging RBP, how 
FDPS regulates AS is poorly understood and its genome‑wide 
RNA targets have not been fully investigated.

In the present study, to identify the transcriptome‑wide 
targets of FDPS, the FDPS gene was overexpressed in HeLa 
cells to investigate behavioral changes. In addition, the impact 
of FDPS on gene expression levels and AS was analyzed by 
exploring the transcriptome of the overexpression cells and 
control cells. To verify the findings in HeLa cells, the targeted 
genes were validated in human osteosarcoma (HOS) cells, 
which have been previously studied to investigate the molec‑
ular mechanisms of osteoporosis (33). The results revealed that 
FDPS extensively regulated the RNA levels and AS patterns 
of numerous genes that are involved in cell proliferation or are 
related to the cell cycle, which broadens the understanding of 
FDPS‑mediated essential biological processes in diseases.

Materials and methods

Cell culture and transfection. The human HeLa and HOS 
cell lines (cat. nos. CL‑0350 and CL‑0360, respectively; 
Procell Life Science & Technology Co., Ltd.) were cultured 
at 37˚C with 5% CO2 in Minimum Essential Medium (cat. 
no.  PM150410; Procell Life Science & Technology Co., 
Ltd.) supplemented with 10% FBS (cat. no. 10091148; Gibco; 
Thermo Fisher Scientific, Inc.), 100 µg/ml streptomycin and 
100 U/ml penicillin (cat. no. SV30010; HyClone; Cytiva). HeLa 
and HOS cells (5x104) were cultured in 24‑well plates with 
500 µl cell growth medium. The vector was transfected into 
HeLa cells using Lipofectamine® 2000 (Invitrogen; Thermo 
Fisher Scientific, Inc.) after cells reached 70% confluency 
according to the manufacturer's protocol. The cells were then 
incubated at 37˚C for 48 h. To construct FDPS overexpression 
(FDPS‑OE) and empty vector control samples, HeLa and HOS 
cells were transfected with a FDPS‑OE plasmid or empty vector 
(500 ng/well) using Lipofectamine® 2000 (cat. no. 11668019; 

Invitrogen; Thermo Fisher Scientific, Inc.) according to 
the manufacturer's instructions. For FDPS‑OE, the coding 
sequence of FDPS was cloned into the pIRES‑hrGFP‑1a vector 
(cat. no. 240031; Agilent Technologies, Inc.). The plasmid was 
constructed according to a previously published method (34). 
The primer sequences for FDPS‑OE construction were as 
follows: Forward primer, 5'‑agc​ccg​ggc​gga​tcc​gaa​
ttc​ATG​GAT​TCA​TCC​CTT​ACC​CGC‑3' and reverse primer, 
5'‑gtc​atc​ctt​gta​gtc​ctc​gag​CTT​TCT​CCG​CTT​GTA​
GAT​TTT​GC‑3'. The transfection mixture was prepared at 
37˚C for ~30 min, and then added to the cells for incubation 
for 6 h. The transfection mixture was then replaced with fresh 
medium and the cells were cultured until 48 h. After 48 h of 
transfection, the supernatant was removed from the well plate, 
and the cells were rinsed with PBS. The cells were then lysed 
with TRIzol® (cat. no. 15596‑018; Ambion; Thermo Fisher 
Scientific, Inc.) for RNA extraction and lysed with RIPA buffer 
(cat. no. PR20001; Proteintech Group, Inc.) for the subsequent 
experiments.

Western blotting. To prepare total cell lysates, the cells were 
lysed on ice for 30 min using RIPA buffer (cat. no. PR20001; 
Proteintech Group, Inc.) containing 50  mM Tris‑HCl 
(pH 7.4), 150 mM NaCl, 1% deoxycholate, 1% Triton X‑100, 
1 mM EDTA and 0.1% SDS. The samples were centrifuged 
(12,000 x g for 5 min at 4˚C) and 20 µl supernatant was 
analyzed on a 10% SDS‑PAGE gel after boiling (100˚C) for 
10 min. Protein concentration was determined using the BCA 
method, and 20 µg protein was loaded per lane. Following 
this, the proteins in the gel were transferred onto 0.45‑mm 
PVDF membranes (MilliporeSigma). The membranes were 
blocked with 5% skimmed milk (in buffer containing 10 mM 
Tris pH 8.0, 150 mM NaCl and 0.05% Tween 20) for 1 h at 
room temperature. The membranes were incubated over‑
night with primary antibody at 4˚C and then incubated with 
HRP‑conjugated secondary antibody (anti‑rabbit, 1:5,000; 
cat. no. SA00001‑2; Proteintech Group, Inc.) for 1 h at room 
temperature. The protein bands were visualized by chemi‑
luminescence instrument (cat. no. 5200; Tanon Science and 
Technology Co., Ltd.). FDPS was detected using a monoclonal 
Flag antibody (1:2,000; cat. no. F7425; Sigma‑Aldrich; Merck 
KGaA) diluted in TBS with 0.1% Tween 20. Actin (1:2,000; 
cat. no. AC026; ABclonal Biotech Co., Ltd.) was used as the 
loading control.

MTT assay. Cell proliferation or cytotoxicity was evaluated 
using an MTT assay. Subsequently, 25  µl MTT solution 
(5 mg/ml) was added to each well and the cells were incu‑
bated (37˚C) for a further 4 h. The supernatant was removed 
from each well after centrifugation with 2,504 x g at room 
temperature for 15  min. DMSO was used to dissolve the 
colored formazan crystals produced from the MTT added to 
each well (0.15 ml/well), and the optical density (OD) values 
were measured at 490 nm.

RNA extraction and sequencing. RNA was extracted from 
transfected cells using TRIzol reagent (cat. no. 15596‑018; 
Ambion; Thermo Fisher Scientific, Inc.) and was puri‑
fied twice with phenol‑chloroform. RNA quality was 
determined by examining A260/A280 with a Nanodrop™ 
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OneCspectrophotometer (Thermo Fisher Scientific, Inc.). 
RNA Integrity was confirmed by 1.5% agarose gel elec‑
trophoresis. Qualified RNAs were finally quantified by 
Qubit3.0 with a Qubit™ RNA Broad Range Assay kit (cat. 
no. Q10210; Thermo Fisher Scientific, Inc.). In total, two 
biological replicates were prepared for both FDPS‑OE and 
empty vector control samples. For each sample, 1 µg total 
RNA was used for RNA sequencing (RNA‑seq) library 
preparation with a VAHTS Stranded mRNA‑seq Library 
Prep Kit (cat. no. NR605‑02; Vazyme Biotech Co., Ltd.). 
The libraries were prepared according to the manufacturer's 
instructions and applied to Hiseq X Ten Kit and HiSeq 
X/HD Reagent Kit v2.5 (300/Cycles) (Illumina, Inc.) for 
library construction. An Illumina HiSeq X Ten system was 
used for 150 nucleotide paired‑end sequencing. The loading 
concentration was 3 ng/µl, and the concentration was finally 
quantified by Qubit3.0 (Thermo Fisher Scientific, Inc.). 
For each RNA‑seq sample, the FASTX‑Toolkit (version 
0.0.13; http://hannonlab.cshl.edu/fastx_toolkit/) was used to 
remove adaptors and low‑quality reads. The filtered reads 
were aligned onto the human genome (GRCh38 assembly) 
using TopHat2 v2.1.1 (35).

Differentially expressed gene (DEG) and AS analysis. The gene 
expression levels were calculated as fragments per kilobase of 
transcript per million fragments mapped (FPKM) values. The 
statistical power of this experimental design, calculated using 
RNASeqPower v1.38.0  (36), was 0.99 with two biological 
replicates. The Bioconductor package edgeR v3.32.1 (37) was 
used to screen out the DEGs between FDPS‑OE and control 
cells. A false discovery rate (FDR) <0.05 and fold change >2 
or <0.5 were set as the cut‑off criteria for DEGs. A final power 
value of 0.90 was used to detect a 2‑fold change in expression. 

Furthermore, Pearson's correlation analysis was performed to 
assess sample distance.

The AS events (ASEs) and regulated ASEs (RASEs) 
between the samples were defined and quantified using the 
ABLas pipeline as previously described (38). A total of 10 
types of ASEs were detected based on the splice junction reads, 
including exon skipping (ES), alternative 5' splice site (A5SS), 
alternative 3' splice site (A3SS), intron retention, mutually 
exclusive exons (MXE), mutually exclusive 5' untranslated 
regions, mutually exclusive 3' untranslated regions, cassette 
exon (CE), A3SS + ES and A5SS + ES.

Fisher's exact test was used to calculate the P‑value. P<0.05 
was considered to indicate a statistically significant difference. 
The RASE ratio was calculated as the changed ratio of alter‑
natively spliced reads and constitutively spliced reads between 
FDPS‑OE and control samples. A RASE ratio >0.2 and P<0.05 
were set as the threshold for RASE detection.

Reverse transcription‑quantitative (RT‑q) PCR validation of 
DEGs and AS events in HOS cells. To validate the RNA‑seq 
data and assess gene overexpression, RT‑qPCR was performed 
using FDPS‑OE HOS cells for selected DEGs. The primers for 
RT‑qPCR analysis are listed in Table I. A total of three biolog‑
ical replicates for FDPS‑OE and control samples were used 
for RT‑qPCR. cDNA synthesis was performed using a reverse 
transcription kit (cat. no. R323‑01; Vazyme Biotech Co., Ltd.) 
at 42˚C for 5 min, 37˚C for 15 min and 85˚C for 5 sec, performed 
on a T100 thermocycler (Bio‑Rad Laboratories, Inc.). qPCR 
was performed on the ABI QuantStudio 5 (Thermo Fisher 
Scientific, Inc.) with the following thermocycling conditions: 
Denaturing at 95˚C for 10 min, followed by 40 cycles of dena‑
turing at 95˚C for 15 sec and annealing and extension at 60˚C 
for 1 min. PCR amplifications were performed in triplicate 

Table I. Reverse transcription‑quantitative PCR primers used for gene expression and alternative splicing quantification.

Gene name	 Primer	 Sequence (5'‑3')

GAPDH	 Forward	 CGGAGTCAACGGATTTGGTCGTAT
	 Reverse	 AGCCTTCTCCATGGTGGTGAAGAC
FDPS	 Forward	 AGGGCAATGTGGATCTTGTC
	 Reverse	 GAAAGAACTCCCCCATCTCC
BMP1	 M/AS‑Forward	 ATGGCAAGTTCTGTGGTTC
	 AS‑Reverse	 GGCCTCTTTTCTGAGAAGAAG
	 M‑Reverse	 TCGTCCTTGTCTGAGAAGAAG
SEMA4D	 M/AS‑Forward	 TCCACATTTCCCAGTTCTCC
	 AS‑Reverse	 TAAGATACAGCATTTCTTCTG
	 M‑Reverse	 CTGATGGTTTGCATTTCTTCTG
ANXA2	 M/AS‑Forward	 CAGGTGCCTTTTGTATCC
	 AS‑Reverse	 GCTTTCAAAAAGGGTGAAAATG
	 M‑Reverse	 CACGGCCCAGGGTGAAAATG
SIRT2	 M‑Forward	 AATCTGAGTCGGTCTGGCTC
	 AS‑Forward	 AGGGTGAGAGGGGTCTGGCTC
	 M/AS‑Reverse	 GTAGTTCTGTGCCCTATCACG

ANXA2, annexin A2; AS, alternative splicing; BMP1, bone morphogenic protein 1; FDPS, farnesyl diphosphate synthase; M, model; SEMA4D, 
semaphorin 4D; SIRT2, sirtuin 2.

https://www.spandidos-publications.com/10.3892/ol.2023.13731
https://www.spandidos-publications.com/10.3892/ol.2023.13731
https://www.spandidos-publications.com/10.3892/ol.2023.13731
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for each sample. qPCR was performed on a Bio‑Rad S1000 
(Bio‑Rad Laboratories, Inc.) with reverse transcription kit 
(R323‑01, Vazyme, China). The PCR conditions consisted of 
denaturation at 95˚C for 10 min, and 40 cycles of denaturation 
at 95˚C for 15 sec, and annealing and extension at 60˚C for 
1 min. For each sample, PCR amplifications were performed 
in triplicate. By normalizing the cycle threshold of the control 
housekeeping gene GAPDH, the expression levels of selected 
genes were calculated using the 2‑ΔΔCq formula (39).

In addition, RT‑qPCR was also performed as aforemen‑
tioned to analyze ASEs. The primers for detection of ASEs 
are shown in Table I. A boundary‑spanning primer was used 
for the sequence encompassing the junction of the constitu‑
tive exon and alternative exon, and an opposing primer 
encompassing the constitutive exon was used for detection of 
alternative isoforms. The boundary‑spanning primer of the 
alternative exon was designed according to the ‘model exon’ 
to detect model splicing or according to the ‘altered exon’ to 
detect altered splicing.

Functional annotation. The KOBAS 2.0 server (http://kobas.
cbi.pku.edu.cn./) was used to carry out Gene Ontology (GO) 
term and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
enrichment analyses to examine the primary functions of 
DEGs and differentially alternatively spliced genes (40). A 
hypergeometric test was used to identify the enrichment of 
each pathway, while the FDR (<0.05) was used to define the 
threshold of significance.

Other methods and statistical analysis. Ggplot2 v3.3.5 
(https://github.com/tidyverse/ggplot2) was used to generate 
a volcano plot, heat maps and hierarchical clustering. After 
normalizing the reads of each gene, an in‑house script 
(sogen) was used to visualize next‑generation sequence data 
and genomic annotations. An unpaired two‑tailed Student's 
t‑test was conducted for comparisons between two groups 
using Excel (Microsoft Corporation). The data are presented 
as the mean ± SD of least three biological replicates, except 
for the RNA‑seq data (two biological replicates). P<0.05 was 
considered to indicate a statistically significant difference. The 
Cancer Genome Atlas (TCGA) database was used to verify the 
FDPS expression levels and the prognostic effect of FDPS in 
patients with cervical cancer and other cancers via the Gene 
Expression Profiling Interactive Analysis 2 (GEPIA2) web 
server (http://gepia2.cancer‑pku.cn/#index) (41). For overall 
survival analysis, cervical squamous cell carcinoma (CESC) 
patients (n=3,934) were divided into two groups by auto select 
best cutoff of FDPS expression level using the Kaplan‑Meier 
Plotter web site (42).

Results

FDPS may promote proliferation in HeLa cells and is 
associated with multiple types of cancer. A previous RNA 
interactome study revealed the RNA binding ability of FDPS 
in HeLa cells (21), while the regulatory functions of FDPS 
binding to RNA remained unknown. Thus, HeLa cells were 
used to investigate FDPS functions on the transcriptome, 
and HOS cells were used to validate its potential targets. An 
FDPS‑OE plasmid was constructed and transfected into HeLa 

and HOS cells. The effect of FDPS‑OE in both HeLa (Fig. 1A) 
and HOS cells (Fig. 1B) was assessed by RT‑qPCR. Western 
blot analysis was also conducted to confirm FDPS‑OE 
in HeLa cells (Fig. 1C). Using an MTT assay as the detec‑
tion method, it was observed that FDPS‑OE resulted in an 
increase in OD value (Fig. 1D), suggesting that HeLa cells 
may proliferate more quickly in the FDPS‑OE group (P<0.01) 
than in the control group. Using the GEPIA2 web server, the 
RNA levels of FDPS were determined to be higher in CESC 
tumor samples than in control samples (Fig. 1E), and patients 
with a higher FDPS expression level had a worse prognosis 
(Fig. 1F). According to GEPIA2 analysis result of TCGA 
data, FDPS expression was also dysregulated in other types of 
cancer, including colon adenocarcinoma, lymphoid neoplasm 
diffuse large B‑cell lymphoma, liver hepatocellular carci‑
noma, pancreatic adenocarcinoma, rectum adenocarcinoma, 
thymoma, kidney chromophobe and acute myeloid leukemia 
(Fig. S1). These results suggest that FDPS serves important 
regulatory functions in multiple types of cancer.

FDPS‑OE alters the global expression profiles in HeLa 
cells. To investigate the RNA regulatory functions of FDPS 
in HeLa cells, whole transcriptome sequencing (RNA‑seq) 
experiments were performed to identify its potential targets. 
The polyadenylated RNAs from HeLa cells were captured 
after 48 h of transfection with control or FDPS‑OE plasmids. 
For each RNA‑seq sample, 70±5 million high‑quality reads 
were obtained. Subsequently, the filtered reads were aligned 
onto the human genome (GRCh38 assembly) with a total 
aligned ratio of 91.18‑92.63% and a uniquely aligned ratio of 
96.73‑97.61%. The uniquely aligned reads were then used for 
further analysis.

To compare the gene expression patterns between 
FDPS‑OE and control samples, the expression value of each 
gene was calculated as FPKM, with 28,558 expressed genes 
being identified from the RNA‑seq analysis. The overexpres‑
sion of FDPS was then further validated in a parallel RNA‑seq 
analysis using FPKM values (Fig. 2A). All expressed genes 
were used to calculate a correlation matrix based on Pearson's 
correlation coefficient (PCC) among the samples. The PCC 
between the FDPS‑OE and control samples are presented 
in the diagonal of the heat map in Fig. 2B, where the two 
biological replicates were highly correlated.

To further investigate genes dysregulated by FDPS‑OE at 
the transcriptional level, edgeR was used to identify DEGs 
between FDPS‑OE and control samples. When the cut‑off 
was set at fold change >2 or <0.5 with a 5% FDR, the number 
of upregulated and downregulated genes was 290 and 321, 
respectively, indicating that FDPS had a binary effect on 
transcriptional regulation (Fig. 2C; Table SI). In addition, 
according to the heat map analysis of the expression patterns 
of all DEGs, there was a clear separation between FDPS‑OE 
and control samples and a high consistency in both datasets 
(Fig. 2D). In short, the aforementioned results suggest that 
FDPS‑OE extensively regulates gene expression in HeLa cells.

To reveal the DEG‑enriched functional pathways, GO and 
KEEG enrichment analyses were performed to annotate all 
611 DEGs. The upregulated and downregulated genes were 
enriched in 16 and 10 GO terms, respectively. Based on the 
biological process terms of the GO analysis, the upregulated 
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DEGs were mainly associated with ‘positive regulation of 
cell proliferation’, ‘cytokine‑mediated signaling pathway’, 
‘immune response’, ‘apoptotic process’ and ‘extracellular 
matrix organization’, which were important biological 
processes. By contrast, the downregulated genes were mainly 
enriched in ‘transmembrane transport’, ‘positive regulation 
of transcription from RNA polymerase II promoter’, ‘small 
molecule metabolic process’ and ‘positive regulation of cell 
proliferation’(Fig. 2E). The results of the KEGG enrichment 
analysis are shown in Fig. 2F, the results of which were similar 
with that of the GO analysis.

Validation of DEGs associated with osteoporosis in HOS 
cells. Previous studies have demonstrated that cell prolif‑
eration  (19,27), apoptosis  (43,44) and migration  (28) are 
associated with osteoporosis. Thus, several DEGs enriched 
in the ‘positive regulation of cell proliferation’, ‘apoptotic 
process’ and ‘extracellular matrix organization’ pathways, 
including IL24, interferon‑induced proteins with tetratri‑
copeptide repeats 2 (IFIT2), colony stimulating factor 2, 

MMP19 and laminin subunit γ2 (LAMC2), were screened 
in HeLa cells. To determine whether these genes were also 
regulated by FDPS in osteoporosis cell lines, HOS cells 
were transfected with FDPS‑OE plasmid and RT‑qPCR 
experiments were performed. The results of these experi‑
ments demonstrated that three out of the five selected genes 
(LAMC2, IFIT2, and MMP19) exhibited similar trends after 
FDPS‑OE, consistent with the result of the RNA‑seq analysis 
in HeLa cells (Fig. 3).

FDPS regulates ASEs in HeLa cells. To comprehensively 
investigate the role of FDPS in AS regulation, RNA‑seq in 
HeLa cells was also used to explore FDPS‑meditated ASEs. 
The mean values of 65.3±4.0 million uniquely mapped reads 
were obtained from FDPS‑OE and control cells, of which 
40.52‑41.97% were junction reads. In total, ~68.40% anno‑
tated exons (251,254 out of 367,321) were detected, together 
with 166,644 known splice junctions and 233,935 novel splice 
junctions. Using an ABLas program tool (38), 83,415 known 
ASEs and 61,886 novel ASEs were found.

Figure 1. FDPS‑OE promotes the proliferation rate of HeLa cells and influences patients with CESC. (A) FDPS‑OE in HeLa cells was quantified by RT‑qPCR. 
(B) FDPS‑OE in HOS cells was quantified by RT‑qPCR. (C) FDPS‑OE in HeLa cells was examined by western blotting. (D) An MTT assay demonstrated 
that FDPS‑OE promoted the proliferation of HeLa cells. (E) According to The Cancer Genome Atlas data, higher FDPS expression was observed in the tumor 
tissues of patients with CESC. (F) When analyzing the overall survival time, patients with CESC with higher FDPS expression were found to have a worse 
prognosis than patients with lower FDPS expression. Data are presented as the mean ± SD. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Ctrl, control; CESC, 
cervical squamous cell carcinoma; FDPS, farnesyl diphosphate synthase; HR, hazard ratio; num(N), number of normal tissues; num(T), number of tumor 
tissues; OD, optical density; OE, overexpression; RT‑qPCR, reverse transcription‑quantitative PCR; TPM, transcripts per million.

https://www.spandidos-publications.com/10.3892/ol.2023.13731
https://www.spandidos-publications.com/10.3892/ol.2023.13731
https://www.spandidos-publications.com/10.3892/ol.2023.13731
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A stringent cut‑off of P<0.05 and changed ratio >0.2 was 
applied to identify RASEs with a high confidence (Tables SII 
and SIII). The most prevalent FDPS RASEs were A5SS (136 
events), A3SS (95 events), CE (79 events) and ES (76 events) 
(Fig.  4A). These results suggested that FDPS extensively 

regulated ASEs in HeLa cells. By analyzing the intersection 
between DEGs and AS genes, it was found that four genes 
were shared between DEGs and regulated AS genes (RASGs). 
These four genes were dominated by long non‑coding RNAs, 
including RP1‑179N16.6, RP5‑884G6.2 and RP11‑115D19.1 

Figure 2. RNA‑seq analysis of FDPS‑regulated transcriptome profiles. (A) FDPS expression was quantified by RNA‑seq. Data are presented as the mean ± SD. 
(B) Heat map showing the hierarchically clustered Pearson correlation matrix by comparing the transcript expression values of Ctrl and FDPS‑OE samples. 
(C) Volcano plot showing the identified DEGs of FDPS‑OE compared with Ctrl samples. Upregulated genes are shown in red and downregulated genes are 
shown in blue. (D) Hierarchical clustering heatmap showing all DEGs in the Ctrl and FDPS‑OE samples. FPKM values of each gene were log2‑transformed 
and median‑centered. (E) Top 10 representative GO biological processes of upregulated and downregulated genes. (F) Top 10 representative KEGG pathways 
of upregulated and downregulated genes. ***P<0.001. Ctrl, control; DEGs, differentially expressed genes; FDPS, farnesyl diphosphate synthase; FDR, false 
discovery rate; FPKM, fragments per kilobase of transcript per million fragments mapped; GO, Gene Ontology; IBD, inflammatory bowel disease; KEGG, 
Kyoto Encyclopedia of Genes and Genomes; OE, overexpression; PPAR, peroxisome proliferator‑activated receptor; RNA‑seq, RNA sequencing.
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(Fig. 4B). Notably, these results demonstrated that FDPS was 
also an RASG (Fig. 4B), suggesting that FDPS regulates its 
own AS pattern.

GO functional clustering analysis demonstrated that the 
AS genes were enriched in the ‘regulation of double‑strand 
break repair via homologous recombination’, ‘DNA repair’ 
(not via homologous recombination), ‘endochondral ossifica‑
tion’, ‘G2/M transition of mitotic cell cycle’ and ‘DNA duplex 
unwinding’ (Fig. 4C). Enriched KEGG pathways (P<0.05) 
included pathways involved in ‘homologous recombination’, 
‘glycosaminoglycan biosynthesis‑keratan sulfate’, ‘other 
types of O‑glycan biosynthesis’, ‘glycosphingolipid biosyn‑
thesis‑lacto and neolacto series’ and ‘N‑Glycan biosynthesis’, 
which were important pathways (Fig. 4D).

As shown in the GO functional clustering analysis, 
FDPS‑regulated AS genes were enriched in the ‘endochondral 
ossification’ pathway, which is associated with altering bone 
mass in osteoporosis (29). Therefore, three FDPS‑regulated 
splicing events located in the alkaline phosphatase biomin‑
eralization associated, fibroblast growth factor receptor 3 and 
NGF1‑A binding protein 1 genes were validated by RT‑qPCR 
(data not shown). Several alternatively spliced genes were also 
validated by RT‑qPCR in HOS cells, including bone morpho‑
genic protein 1 (BMP1), semaphorin 4D (SEMA4D), annexin 
A2 (ANXA2) and sirtuin 2 (SIRT2). Although these genes were 
not enriched in the top 10 pathways, they are associated with 
osteoporosis. The RT‑qPCR results of four of the seven RASGs 
(BMP1, SEMA4D, ANXA2 and SIRT2) were consistent with 
the results of the transcriptome analysis in HeLa cells (Fig. 5).

Discussion

As an essential enzyme in the isoprenoid biosynthetic pathway, 
FDPS supplies precursors to synthesize important isoprenoids, 
such as sterols, ubiquinones, carotenoids and dolichols (45). 
Aberrant FDPS expression is associated with disease, particu‑
larly cancer. For example, elevated expression of FDPS has 
been found in a number of human malignant tumors, including 
glioblastoma (23) and prostate cancer (19). FDPS has been 
revealed to be a potential RBP, while the genome‑wide target 
genes of FDPS remain to be determined (3). We hypothesize 
that FDPS may globally regulate gene expression and AS, 
eventually participating in osteoporosis through binding to 
RNAs.

In the present study, RNA‑seq was used to perform the 
transcriptome analysis of FDPS‑OE in HeLa cells. To the best 
of our knowledge, this was the first study to investigate the role 
of FDPS as a transcriptome regulator from a genome‑wide 
perspective. Furthermore, FDPS‑regulated DEGs and RASGs 
were validated in FDPS‑OE HOS cells, indicating that FDPS 
may modulate transcriptome profiles in bone cells. FDPS has 
been demonstrated to promote bone resorption, and thus, is 
indispensable in osteoporosis development (7). In the present 
study, it was demonstrated that FDPS regulated the mRNA 
levels and the AS of genes involved in the ‘positive regulation 
of cell proliferation’, ‘apoptotic process’, ‘extracellular matrix 
organization’ and ‘endochondral ossification’ pathways, which 
may provide a novel perspective in understanding FDPS 
biology and regulatory mechanisms.

The level of cell proliferation was demonstrated to be 
increased significantly in FDPS‑OE cells, which was consis‑
tent with the previous finding that FDPS had an important 
role in promoting cell proliferation  (23,46). Additionally, 
due to FDPS‑OE, several genes associated with ‘positive 
regulation of cell proliferation’, ‘immune response’ and ‘extra‑
cellular matrix organization’ pathways were upregulated, 
including IFIT2, MMP19 and LAMC2, which may benefit the 
survival, proliferation and migration of cancer cells. IFIT2, 
an IFN‑stimulated gene, is a tumor suppressor that inhibits 
proliferation and migration, while promoting the apoptosis of 
cancer cells in a number of tumor types (47‑50). In addition 
to cancer, IFIT2 dysregulation has also been reported to be 
associated with osteoporosis. Gao et al (51) demonstrated that 
IFIT2 serves crucial roles in the fracture repair process in 
osteoporosis, although the exact mechanisms remain elusive. 
In the present study, IFIT2 upregulation was induced by 
FDPS‑OE, implying novel regulating mechanisms of FDPS in 
osteoporosis development.

In the present study, it was demonstrated that FDPS 
regulated the expression of genes involved in ‘extracellular 
matrix organization’. MMP1, MMP2, MMP9 and MMP13 
are expressed in bone tissues and serve key roles in the 
digestion of bone matrix by osteoblasts. MMP13 is also 
positively associated with bone mineral density (52,53). By 
contrast, MMP2 and MMP9 are negatively associated with 
bone mineral density  (22). MMP19 is also involved in the 
breakdown of extracellular matrix in normal physiological 
processes, such as embryonic development, reproduction and 

Figure 3. RT‑qPCR validation of FDPS‑regulated DEGs, including (A) LAMC2, (B) IFIT2 and (C) MMP19. Relative expression levels in HeLa cells (left) and 
RT‑qPCR validation in HOS cells (right). Student's unpaired t‑test was performed to compare FDPS‑OE cells with Ctrl cells. *P<0.5, **P<0.01, ***P<0.001. 
FDPS, farnesyl diphosphate synthase; FPKM, fragments per kilobase of transcript per million fragments mapped; RT‑qPCR, reverse transcription‑quantitative 
PCR.

https://www.spandidos-publications.com/10.3892/ol.2023.13731
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https://www.spandidos-publications.com/10.3892/ol.2023.13731
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tissue remodeling (54). However, to the best of our knowledge, 
the function of MMP19 in osteoporosis remains unknown. 
Upregulation of MMP19 induced by FDPS‑OE in the present 
study indicated that MMP19 may decrease bone mineral 
density in a manner analogous to MMP2 and MMP9. However, 

further investigation is required. LAMC2, a member of the 
extracellular matrix glycoprotein family, is the major compo‑
nent of basement membranes. LAMC2 is involved in various 
biological processes, including cell adhesion, differentiation, 
migration, invasion, traction force and metastasis (55). LAMC2 

Figure 4. Identification and functional analysis of FDPS‑regulated genes and ASEs. (A) Bar plot showing the classification of FDPS‑regulated ASEs. (B) Venn 
diagram showing the overlap of FDPS‑regulated DEGs and RASGs. (C) Top 10 enriched GO biological processes of FDPS‑regulated alternatively spliced 
genes. (D) Top 10 enriched KEGG pathways of FDPS‑regulated alternatively spliced genes. 3pMXE, MXE 3' untranslated regions; 5pMXE, MXE 5' untrans‑
lated regions; A3SS, alternative 3' splice site; A5SS, alternative 5' splice site; ASEs, alternative splicing events; Ctrl, control; DEGs, differentially expressed 
genes; ES, exon skipping; FDPS, farnesyl diphosphate synthase; GO, Gene Ontology; IntronR, intron retention; KEGG, Kyoto Encyclopedia of Genes and 
Genomes; MXE, mutually exclusive; RASE, regulated ASE; RASGs, regulated alternative splicing genes.
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expression was upregulated by FDPS‑OE in the present study. 
However, to the best of our knowledge, the role of LAMC2 
in osteoporosis has not yet been reported. In summary, as an 

RBP, FDPS may participate in osteoporosis by regulating the 
expression levels of genes involved in bone mineral density or 
osteoclastogenesis.

Figure 5. FDPS regulates the AS of genes involved in osteoporosis. Integrative genomics viewer (IGV)‑sashimi plots showing different ASEs in four genes, 
including (A) BMP1, (B) SEMA4D, (C) ANXA2 and (D) SIRT2. The reads distribution of each RASE is plotted in the left panel with the transcript ID and 
structure of each gene shown below. The schematic diagrams depict the structures of ASEs, AS1 (top) and AS2 (bottom) of top right panel. The constitutive 
exons are denoted by white boxes, intron sequences by a horizontal line (right; top panel) and alternative exons by blue boxes. RNA‑seq quantification in 
HeLa cells and RT‑qPCR validation of ASEs in HOS cells are shown in the bottom right panel. The data are presented as the mean ± SD. *P<0.05, **P<0.01, 
***P<0.001. A3SS, alternative 3' splice site; ANXA2, annexin A2; AS, alternative splicing; ASE, AS event; BMP1, bone morphogenic protein 1; Ctrl, control; 
ENST, prefix of transcript ID ensembl transcript; FDPS, farnesyl diphosphate synthase; OE, overexpression; RNA‑seq, RNA sequencing; RT‑qPCR, reverse 
transcription‑quantitative PCR; SEMA4D, semaphorin 4D; SIRT2, sirtuin 2.

https://www.spandidos-publications.com/10.3892/ol.2023.13731
https://www.spandidos-publications.com/10.3892/ol.2023.13731
https://www.spandidos-publications.com/10.3892/ol.2023.13731
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AS removes pre‑mRNA introns to generate mature 
mRNAs and is associated with the development of numerous 
diseases, including cancer (53), cardiovascular diseases (54) 
and neurological diseases  (56,57). Systematic analysis has 
demonstrated that AS changes in tumors may represent 
independent oncogenic processes that greatly affect cancer 
transformations (58). Additionally, AS also serves important 
roles in skeletal diseases (59‑61). The cytokine, TGF‑β, which 
controls bone density, exists as three isoforms, with only 
upregulation of TGF‑β3 being associated with osteoporosis 
in patients  (62). Similarly, specific isoforms of the human 
calcitonin receptor and tartrate‑resistant acid phosphatase are 
associated with osteoporosis (63,64). Taken together, these 
results suggest that the AS of genes is important for osteopo‑
rosis formation. However, there are relatively few studies on 
AS in osteoporosis (59). In the present study, large numbers of 
ASEs were detected in HeLa cells after FDPS‑OE, including 
A3SS of BMP1 and CE of SRIT2, SEMA4D and ANXA2. 
Furthermore, these RASEs were validated in FDPS‑OE 
HOS cells, which is a popular cell line for the study of bone 
formation (65,66) or osteoporosis (67). Jing et al (68) observed 
an increase in bone mass density and bone volume fraction 
in SIRT2 knockout rats. Their study suggested that SIRT2 
serves a role in age‑related bone loss, likely via regulation 
of osteoclastogenesis. SEMA4D, previously regarded as an 
axon guidance protein, has been demonstrated to inhibit bone 
formation (69) and promote bone resorption (70). Previously, a 
molecular and cellular basis of BMP1‑dependent osteoporosis 
has been defined both in humans and in zebrafish (71,72). 
These findings indicate that BMP1 is essential for bone forma‑
tion and stability. The BMP1 gene encodes several isoforms, 
including BMP1 and mammalian tolloid, which proteolyti‑
cally remove the C‑terminal propetide from procollagen (72). 
In addition, BMP1‑3, an isoform of the BMP1 gene, is elevated 
in patients with acute bone fracture, and may be involved in 
bone repair (73). Whether these two isoforms of BMP1 have 
an impact on osteoporosis formation needs further valida‑
tion through knockdown studies or through overexpressing 
different isoforms. Another finding of the present study was 
that FDPS may regulate its own AS, which may be a feed‑
back mechanism for FDPS upregulation, and thus, FDPS may 
regulate its own functions in HeLa cells. However, how FDPS 
regulates AS and gene expression has not been investigated in 
the present study. Experiments, such as pull‑down or gel shift 
assays, should be performed in future studies.

In conclusion, in the present study, RNA‑seq technology 
was applied to demonstrate how FDPS may regulate gene 
expression and AS in HeLa cells. It was demonstrated that 
genes critical in cell proliferation were upregulated by 
FDPS‑OE. It was also demonstrated that the AS of genes 
implicated in the cell cycle was also regulated by FDPS. 
These results suggest that, as an RBP, FDPS may serve an 
important role in HeLa and HOS cells by modulating mRNA 
expression at transcriptional and post‑transcriptional levels 
through binding to precursor mRNAs. Further studies are 
required to identify the molecular mechanisms in which 
FDPS regulates gene expression and AS, such as the regula‑
tory mechanism of FDPS, to make up the flaws in the present 
study. In summary, the present study contributes to the 
understanding of FDPS‑targeted therapies.
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