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Abstract. Mutation of genes encoding the enzymes of the 
mevalonate pathway cause a variety of diseases, including skin 
disorders. Mutation of four genes in this pathway, including 
mevalonate kinase, phosphomevalonate kinase, mevalonate 
diphosphate decarboxylase and farnesyl diphosphate synthase, 
have demonstrated to be responsible for porokeratosis (PK). 
However, the pathogenesis of PK remains unclear. In the 
present study, specific enzyme inhibitors of the mevalonate 
pathway, including pravastatin (PRA), alendronate (ALD), 
farnesyl transferase inhibitor (FTI‑277) and geranylgeranyl 
transferase inhibitor (GGTI‑298), were used to investigate 
the effect on differentiation of keratinocytes (KCs). Western 
blotting demonstrated that PRA, ALD, FTI‑277 or GGTI‑298 
alone, or in combination, inhibited the expression level of 
calcium‑induced differentiation maker involucrin (INV) 
in KCs. ALD and PRA induced greater inhibition of INV 
compared with FTI‑277 and GGTI‑298 treatment. These 
inhibitors additionally influenced the expression levels of 
keratin1. Mechanistic studies revealed that treatment of cells 
with inhibitors decreased the expression levels of p53 and 
Notch1, and regulated activation of the mitogen activated 
protein kinase and phosphoinositide‑3‑kinase/protein kinase B 
signaling pathways. The results of the present study suggested 
that regulation of the mevalonate pathway may be necessary 
for differentiation of KCs, and the pathogenesis of dissemi-
nated superficial actinic PK.

Introduction

The mevalonate metabolic pathway serves a key role in 
cellular processes, including proliferation, differentiation and 
apoptosis (1‑3). Dysregulation of the pathway may lead to the 
development of diseases including cancer and cardiovascular 
disease (4,5). Components of this pathway include mevalonic 
acid (MVA), isopentenyl pyrophosphate (IPP), ubiquinone 
(CoQ), farnesyl pyrophosphate (FPP), geranylgeranyl pyro-
phosphate, cholesterol(CH) and heme A (Fig. 1A) (6,7). It has 
been reported that mutation of genes coding for the enzymes 
in this pathway may lead to monogenic inherited diseases, 
including hyperimmunoglobulinemia D syndrome (HIDS) 
and porokeratosis (PK). The majority of these diseases exhibit 
lesions of the skin (8,9).

The outer layer of skin, namely the epidermis, consists 
of keratinocytes (KCs), which are cells that differentiate and 
form a barrier against environmental damage. The skin is 
divided into layers, including the basal, spinous, granular and 
keratinization layers. In addition, the stratum lucidum layer is 
present in certain areas of the body, including on the palms 
of the hand and the soles of the feet. Each layer exhibits a 
gene expression profile that represents the level of differentia-
tion (10). KCs in the basal layer possess high activity levels of 
keratin (K) 5 and 14. In the stratum spinosum, the expression 
levels of K5 and K14 are downregulated, whereas K1 and 10 
are expressed. Following this, granular layer cells cease to 
express K1 and K10 and begin to produce late‑differentiation 
products, including involucrin(INV) and loricrin. Previous 
studies have demonstrated that epidermal activity is asso-
ciated with the mevalonate pathway  (11). Pitavastatin, a 
HMG‑CoA reductase inhibitor, has been demonstrated to 
induce phototoxicity in human keratinocytes, and fluvastatin 
may enhance the release of calcium ions (Ca2+) to regulate 
keratinocyte function (12,13). Pamidronate, an inhibitor of 
farnesyl diphosphate synthase (FDPS), induces senescence of 
human oral keratinocytes and expression of p63, and inhibits 
KC proliferation (14,15).

Previous studies have reported that mutation of the 
mevalonate kinase (MVK) gene may contribute to the 
phenotypes recognized in rare autosomal recessive diseases, 
including mevalonic aciduria and HIDS (16,17). Our previous 
study identified that a heterozygous mutation of MVK was 
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responsible for cases of familial and sporadic disseminated 
superficial actinic porokeratosis (DSAP) (18). In addition, 
Zhang et al (19) identified mutations in three other genes of the 
mevalonate pathway (PMVK, MVD and FDPS) in 98% familial 
and 73% sporadic PK patients. However, the pathological 
mechanism of PK and how the mevalonate pathway regulates 
this remains unclear. The present study used specific inhibitors 
of the mevalonate pathway and subsequently investigated the 
effect on KC differentiation.

Materials and methods

Chemicals and antibodies. Pravastatin(PRA), Alendonate 
(ALD), farnesyl transferase inhibitor (FTI‑277) and gera-
nylgeranyl transferase inhibitor (GGTI‑298) were obtained 
from Sigma‑Aldrich (Merck KGaA, Darmstadt, Germany). 
KC growth medium 154CF (M154) and coating matrix were 
purchased from Thermo Fisher Scientific, Inc. (Waltham, 
MA, USA). Anti‑K1(mouse monoclonal IgG2a; sc‑376224), 
involucrin (INV; rabbit polyclonal IgG; sc‑28557), Notch1 
(goat polyclonal IgG; sc‑6014), p53 (rabbit polyclonal IgG; 
sc‑6243), phosphorylated (p)‑extracellular signal‑regulated 
kinase (ERK; rabbit polyclonal IgG; sc‑101761), p‑protein 
kinase B (AKT; rabbit polyclonal IgG; sc‑33437) and β‑actin 
(mouse monoclonal IgG1; sc‑376421) primary antibodies were 
purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, 
USA). The horseradish peroxidase conjugated secondary 
antibody (Rabbit anti‑goat IgG, ZB‑2306; goat anti‑mouse 
IgG, ZB‑2305; goat anti‑rabbit IgG, ZB‑2301) was provided by 
ZsBIO (OriGene Technologies, Beijing, China).

Cell culture. The present study was approved by Ethical 
Committee of Anhui Medical University (Anhui, China). 
Following the procurement of the informed consent from the 
participants, the surgery foreskin was collected from four 
volunteers at the Anhui Medical University and used to made 
the keratinocytes. Briefly, surgery foreskin was digested with 
0.4% neutral protease at 4˚C overnight. Subsequently, 0.025% 
trypsin (Sigma‑Aldrich; Merck KGaA) was used to digest 
the epidermis, which was separated from the skin at 37˚C for 
~5 min to generate cell suspensions. Cells were cultured in KC 
growth medium 154CF.

Western blot analysis. The KCs were cultured in 24‑well 
dishes (5x104/per well) at 37˚C in 5% CO2 atmosphere for 24 h, 
following which the four inhibitors alone or in combination 
(PRA 1 µM, ALD 100 µM, FTI‑277 5 µM and GGTI‑298 
5 µM) were added into the medium. After 48 h, the cells were 
treated with 1.2 mM Ca2+ for 24 h, and then the total protein 
was extracted and used to analyze the differentiation markers 
expression. Briefly, cells were lysed using radioimmunopre-
cipitation assay buffer. Cellular lysate was centrifuged for 
10 min at 12,000 x g at 4˚C and the total protein concentra-
tion in each sample was analyzed using a Bicinchoninic 
Acid assay (Sigma‑Aldrich; Merck KGaA). A total of 10 µg 
proteins were loaded onto 12% SDS‑polyacrylamide gels 
and subjected to electrophoresis. Proteins were subsequently 
transferred to polyvinylidene difluoride membranes (EMD 
Millipore, Billerica, MA, USA). Membranes were blocked 
in 5% non‑fat milk for 2 h at room temperature and probed 

with primary antibodies against KI (1:500), INV (1:1,000), 
Notch1 (1:500), p53 (1:500), p‑ERK (1:1,000), p‑AKT (1:1,000) 
and 6β‑actin (1:500) overnight at 4˚C, followed by secondary 
antibodies(Rabbit anti‑goat IgG 1:10,000; goat anti‑mouse 
IgG 1:5,000; goat anti‑rabbit IgG 1:5,000) for 2 h at room 
temperature. Proteins were detected using chemiluminescence 
substrate (Pierce Biotechnology; Thermo Fisher Scientific, 
Inc.) and images were taken by the ChemiScope Imaging 
system (ClinxScience Instruments Co. Ltd., Shanghai, China) 
and densitometric analysis was performed using Quantity One 
software version 4.62 (Bio‑Rad Laboratories, Inc., Hercules, 
CA, USA).

Statistical analysis. Data are expressed as the mean ± standard 
error, and analyzed by one‑way analysis of variance; multiple 
comparisons between the groups was performed using the 
S‑N‑K method. Experiments were repeated at least three 
times. Results were analyzed using SPSS software version 17.0 
(SPSS, Inc., Chicago, IL, USA) and P<0.05 was considered to 
indicate a statistically significant difference.

Results

Disruption of the mevalonate pathway reduces the expres‑
sion levels of differentiation markers in KCsin the presence 
of Ca2+. Studies have demonstrated that the mevalonate 
pathway (Fig. 1A) may be associated with the expression of 
differentiation markers in KCs (20,21). To investigate the role 
of the mevalonate pathway in KC differentiation, In the pres-
ence of Ca2+, treatment of cells with PRA, ALD, FTI‑277 or 
GGTI‑298 alone led to a reduction in the expression levels 
of INV (P<0.01 vs. untreated control group in the presence 
of Ca2+; Fig. 1B). However, the inhibitory effect of PRA or 
ALD on INV expression was greater than that of FTI‑277and 
GGTI‑298. Treatment with two or three inhibitors in combi-
nation also resulted in a inhibitory effect on INV expression 
(P<0.01 vs. untreated control group; Fig. 1C). In Fig. 1D, four 
inhibitors combination had a similar effect on expression of 
INV with the PRA or ALD. None of the inhibitors, either 
alone or in combination, significantly influenced the expres-
sion levels of K1.

Disruption of the mevalonate pathway reduces the expres‑
sion levels of p53 and Notch1 in KCs in the presence of Ca2+. 
Differentiation of KCs is a complex process that is regulated by 
a number of molecules (22,23). Previous studies have demon-
strated that Ca2+ stimulates the differentiation of KCs via the 
promotion of p53 expression and activation of Notch1 (24,25). 
In the present study, the expression levels of p53 and Notch1 
were measured in KCs treated with inhibitors of the mevalonate 
pathway. Treatment with PRA, ALD, FTI‑277 or GGTI‑298 
reduced the expression levels of p53 and NCID, which is an 
activation form of Notch1 (P<0.01 vs. untreated control group 
in the presence of Ca2+; Fig. 2A). When Notch1 binds with its 
ligand, it is cleaved to produce Notch1 extracellular trunca-
tion (NEXT), which is consequently cleaved to release notch1 
intracellular domain (NCID) (26). In addition, in the presence 
or absence of Ca2+, treatment with two inhibitors in combina-
tion resulted in reduced expression levels of p53 and Notch1 
(P<0.01 vs. untreated control; Fig. 2B), as did treatment with 
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three or four inhibitors in combination (P<0.01 vs. untreated 
control; Fig. 2C).

Disruption of the mevalonate pathway affects the mitogen‑acti‑
vated protein kinase (MAPK) and phosphoinositide 3‑kinase 
(PI3K)‑AKT signaling pathways in the presence of Ca2+. 
Disruption of the mevalonate metabolic pathway affects the 
differentiation of KCs. In the present study, when the KCs was 
cultured without Ca2+, PLA or ALD increased the pAKT level. 
Single treatment reduced the level of pERK1/2 (Fig. 3A) and the 
combination treatment upregulated the level of pAKT compare 
with the control, but downregulated the level of pERK1/2 
(Fig. 3B and C). When KCs were treated with Ca2+, only ALD 
enhanced the pAKT level, the others even demonstrating an 
inhibition effect on pAKT levels (Fig. 3A). Combination treat-
ment of two inhibitors reduced the level of pAKT compared with 
the untreated control (Fig. 3B) but combinations of three or four 
inhibitors failed to influence the level of pAKT (Fig. 3C). On the 
contrary, the expression levels of pERK1/2 were not altered by 

single agent treatment (Fig. 3A) and were either unchanged or 
reduced by combination treatment (Fig. 3B and C).

Discussion

The mevalonate pathway serves a role in the physical processes 
of cells, including KCs. In the present study, specific inhibitors 
were used to investigate the effect of the mevalonate pathway on 
KCs. Four inhibitors inhibited the INV differentiation maker in 
KCs; however, PRA and ALD had a greater effect than FTI‑277 
and GGTI‑298. Inhibitor treatment (singly or in combination) 
reduced the expression of p53 and Notch1 and regulated the 
activation of PI3K‑AKT and MAPK pathways in KCs.

PRA may cause a shortage in downstream products of 
MVA, whereas ALD may cause an accumulation of MVA, 
IPP, dimethylallyl diphosphate and N6‑isopentenyladenosine, 
in addition to a shortage of downstream products from FPP. 
Therefore, when KCs were treated with ALD in combination 
with PRA, PRA may have reduced the expression levels of 

Figure 1. Treatment of KCs with inhibitors of the mevalonate pathway reduces the expression levels of differentiation markers in the presence of Ca2+. 
(A) Schematic of the mevalonate pathway. The sites of inhibition by PRA, ALD, FTI‑277 and GGTI‑298 are presented in red (B‑D). Representative western blot 
images and quantification of protein expression levels of INV and K1 in KCs treated with PRA, ALD, FTI‑277 and GGTI‑298 as single agents or in combina-
tion for 48 h, in the presence or absence of Ca2+. Data are expressed as mean ± standard error of three independent experiments. *P<0.01 and #P<0.05 vs. 
untreated control in the presence of Ca2+.PRA, pravastatin; ALD, alendronate; FTI‑277, farnesyl transferase inhibitor; GGTI‑298, geranylgeranyl transferase 
inhibitor; INV, involucrin; K1, keratin1; KCs, keratinocytes.
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Figure 2. Treatment of KCs with inhibitors of the mevalonate pathway reduced the expression levels of Notch1 and p53. Representative western blot images and 
quantification of protein expression levels of Notch1 and p53 in KCs treated with PRA, ALD, FTI‑277 and GGTI‑298 inhibitors (A) alone, (B) in combination with 
two inhibitors or (C) in combination with three or four inhibitors for 48 h, in the presence or absence of Ca2+. Data are expressed as mean ± standard error of three 
independent experiments. *P<0.01 and #P<0.05 vs. untreated control in the presence of Ca2+. PRA, pravastatin; ALD, alendronate; FTI‑277, farnesyl transferase 
inhibitor; GGTI‑298, geranylgeranyl transferase inhibitor; KCs, keratinocytes; NEXT, Notch1 extracellular truncation; NCID, Notch1 intracellular domain.

Figure 3. Treatment of KCs with inhibitors of the mevalonate pathway alters the expression levels of components of the mitogen activated protein kinase and 
phosphoinositide 3‑kinase‑AKT signaling pathways. Representative western blot images and quantification of p‑AKT and p‑ERK1/2 protein expression levels 
in KCs treated with PRA, ALD, FTI‑277 and GGTI‑298 inhibitors (A) alone, (B) in combination with two inhibitors or (C) in combination with three or four 
inhibitors for 48 h, in the presence or absence of Ca2+. Data are expressed as mean ± standard error of three independent experiments. *P<0.01 and #P<0.05 
vs. untreated control in the presence of Ca2+. p, phosphorylated; AKT, protein kinase B; PRA, pravastatin; ALD, alendronate; FTI‑277, farnesyl transferase 
inhibitor; GGTI‑298, geranylgeranyl transferase inhibitor; ERK1/2, extracellular signal‑regulated kinase; KCs, keratinocytes.
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MVA, and partially reduced the effect of ALD on KCs, which 
caused an accumulation of MVA. However, in the present 
study, this phenomenon was not observed. CH has been 
reported to promote the expression levels of differentiation 
markers in KCs. These results suggested that an active meval-
onate pathway in KCs facilitates differentiation, in particular, 
CH synthesis (8,20). In addition, the inhibitors reduced the 
expression levels of p53 and Notch1, which are involved in 
the differentiation of KCs (24). Notch1 functions as a receptor 
for membrane‑bound ligands (jagged1, jagged2 and delta1) 
to regulate cell differentiation, proliferation and apoptotic 
processes. When Notch1 binds with its ligand, it is cleaved 
to produce NEXT, which is consequently cleaved to release 
NCID. Then it forms a transcriptional activator complex with 
recombination signal binding protein for immunoglobulin 
κJ region and activates genes to regulate the cell fate (26). 
However, differentiation of KCs is a complex process that 
is regulated by a number of molecules  (22,23). Therefore, 
the results of the present study partly explain the underlying 
mechanism of differentiation inhibition caused by dysfunction 
of the mevalonate pathway. None of the inhibitors exhibited 
an effect on the expression levels of K1 in the presence of 
Ca2+, as K1 is an early differentiation marker. Generally, when 
KCs were treated with Ca2+, changes in K1 expression occur 
in 12 h. As the KCs in the present study were treated with 
Ca2+ for 24 h, it may explain why changes in K1 expression 
were not observed. The change of late‑differentiation marker 
INV was marked, suggesting that KCs differentiation was into 
late‑stage, but further studies are required for confirmation.

In the present study, inhibitors of the mevalonate pathway 
regulated the activation of PI3K‑AKT and MAPK pathways 
in KCs in different ways. Previous studies have demonstrated 
that Ca2+ promoted the KCs differentiation through increasing 
the level of pAKT and reducing the level of pERK1/2 (24). 
Thus, although the inhibitors upregulated the level of pAKT 
compared with the control (without Ca2+), no significant effect 
on level of pAKT was observed, except in the case of ALD; 
this may be due to the stronger effect of Ca2+ on pAKT than 
the inhibitors. For the same reason, the inhibitors did not 
exhibit an influence on the level of pERK1/2. It is notable 
that the different inhibitors (singly or in combination) exerted 
different effects on the level of pAKT and pERK1/2; this may 
be attributed to the target steps of the inhibitors, which cause 
different accumulations of the intermediates and a shortage 
of the downstream products. These results suggested that 
the underlying molecular mechanisms of differentiation are 
complex.

In conclusion, dysfunction of mevalonate pathway may 
inhibit the differentiation of KCs to different degrees. Therefore, 
efficient regulation of the mevalonate pathway is essential for 
KC differentiation. These results suggested that the underlying 
pathological mechanism of DSAP requires further investiga-
tion.
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