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Abstract. Research on mevalonate kinase deficiency 
has revealed that it may lead to the development of renal 
angiomyolipomas (RAMLs). Thus, it was suspected that 
geranylgeranyl pyrophosphate synthase (GGPPS), a key 
enzyme in the mevalonate pathway, may be involved in the 
development of RAMLs. In the present study, the expression 
of GGPPS in RAMLs and renal epithelioid angiomyolipomas 
(REAs) was assessed, and paraffin embedded specimens from 
60 patients, including 9 cases with REA and 51 cases with 
RAML, were examined. Immunoreactivity was evaluated 
semi-quantitatively according to the intensity of staining and 
the percentage of positively stained cells. The results indicated 
that GGPPS was predominantly present in the cytoplasm, and 

REA tissues exhibited higher expression of GGPPS in the 
cytoplasm compared with RAML tissues. It was also identi-
fied that GGPPS was upregulated in TSC2-null cells, and 
inhibition of GGPPS could induce apoptosis of TSC2-null 
cells by autophagy. In conclusion, the increased expression 
of GGPPS in RAMLs and REAs indicated that mevalonate 
pathways may be involved in disease progression. GGPPS 
may serve as a potential therapeutic target and the current 
results may provide a novel therapeutic strategy for RAML 
and lymphangioleiomyomatosis.

Introduction

Research on mevalonate kinase deficiency has revealed that 
it may predispose patients to the development of renal angio-
myolipomas (RAMLs) (1). RAMLs are benign tumors of the 
kidney, composed of blood vessels, smooth muscle cells and 
adipose tissues. RAMLs account for 2.0-6.4% of all renal 
tumors. RAML is associated with pain, hematuria, retro-
peritoneal hemorrhage and mortality. RAMLs require active 
intervention if the tumor size increases with time (2,3). Despite 
the benign nature of RAMLs, nephron-sparing surgery is the 
preferred treatment modality (4-6).

Renal epithelioid angiomyolipomas (REAs) comprise 
approximately 7.7% of RAMLs (7). There is considerable 
evidence indicating that REA is a malignant disease and tumor 
metastasis usually occurs following surgery (8). Notably, there 
is no effective clinical drug for REA (9,10).

Recently, analysis of the genetic basis of angiomyoli-
poma (AML) development has revealed that loss of heterozygosity 
in the tuberous sclerosis 2 (TSC2) regions is present in certain 
AMLs, with no evidence of other genetic alterations (11). 
Therefore, the phosphoinositide 3-kinase/AKT/mammalian 
target of rapamycin (mTOR) pathways have been suggested 
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to be involved in the occurrence and development of AMLs. 
Previous research by our group demonstrated that geranyl-
geranyl pyrophosphate synthase (GGPPS) deletion may upset 
the balance of protein farnesylation and geranylgeranylation and 
influence the mTOR signaling pathway (12,13). Additionally, 
it has been reported that inhibition of geranylgeranylation of 
the small Rho GTPase proteins by statins or bisphosphonates 
may block the mTOR pathway and lead to TSC2-null cell apop-
tosis (14). Furthermore, geranylgeranyl pyrophosphate (GGPP) 
may preserve prostate cancer cell autophagy and decrease the 
migration of breast cancer cells via bisphosphonates (15,16). 
Therefore, it was hypothesized that the mevalonate pathway 
and geranylgeranylation could play an important role in the 
mTOR pathway in RAML tumor progression.

GGPPS is a key enzyme in the mevalonate pathway that 
is responsible for GGPP synthesis and that utilizes farnesyl-
pyrophosphate (FPP) to produce GGPP. GGPPS balances the 
prenylation of G proteins in cells (17). However, the function of 
GGPPS in the progression of RAML is unknown.

The aim of the present study was to distinguish the different 
pathogeneses of REA and RAML by evaluating the expression 
of GGPPS. A total of 60 cases with clinical and pathological 
characteristics of RAMLs were included, and the association 
between GGPPS expression and the progression of RAMLs 
and REAs was investigated. To validate the association, it was 
identified in in vitro studies that GGPPS was upregulated in 
mouse TSC2-null cells and inhibition of GGPPS markedly 
induced apoptosis of TSC2-null cells by autophagy.

Patients and methods

Patients. A total of 60 patients, including 9 cases with REA 
and 51 cases with RAML, were recruited at the Department of 
Pathology of Nanjing Drum Tower Hospital (Nanjing, China) 
from June 2013 to December 2015. RAML, REA and malig-
nant REA were pathologically diagnosed according to the 
2004 WHO classification (18,19). A total of 48 patients were 
included in the follow-up. All specimen collection procedures 
were approved by Nanjing Drum Tower Hospital (Nanjing, 
China). All procedures involving human participants were in 
accordance with the ethical standards of the Independent Ethic 
Committee of Nanjing Drum Tower Hospital (Nanjing, China) 
and with the 1964 Declaration of Helsinki and its later amend-
ments or comparable ethical standards. Informed consent was 
obtained from all individual participants included in the study.

Immunohistochemistry. All RAML and REA tissue samples 
were processed according to standard methods. Briefly, 
4-µm-thick slices were dewaxed in xylene and graded concen-
trations of alcohol, and hydrated and washed in PBS. To 
eliminate interference from blood cells, endogenous peroxi-
dase was inhibited with 3% hydrogen peroxide in dH2O for 
15 min. Then, heat-mediated antigen retrieval was performed 
on the deparaffinized sections using a citrate buffer (10 mmol/l 
sodium citrate buffer, pH=6) for 10 min in a microwave oven 
prior to incubation with the primary antibodies, and this 
process was followed by avidin-biotin blocking using goat 
serum (Beyotime Institute of Biotechnology, Haimen, China). 
The slices were then immunoassayed with antibodies against 
Ki-67 (1:400; cat. no. RM-9106-S) and Melanoma (gp100) 

Ab-1 (clone HMB45; 1:80; cat. no. MS-364-S; both from 
NeoMarkers, Inc., Fremont, CA, USA), SMA (ASM-1; dilution, 
1:250; cat. no. SMA-L-CE; Leica Biosystems Newcastle Ltd., 
Newcastle, UK), Desmin (clone D33; 1:100; cat. no. M0760) 
and S100 (dilution, 1:5,000; cat. no. S100), Melan A (clone 
A103; dilution, 1:100; cat. no. IS63330-2 ) both from Dako; 
Agilent Technologies, Inc. Santa Clara, CA, USA), human 
GGPPS (E1; 1:200; cat. no. 14944-1-AP; ProteinTech Group, 
Inc., Chicago, IL, USA) and p-S6ser235/236 (1:200; cat. 
no. 4858; Cell Signaling Technology, Inc., Danvers, MA, USA). 
Then, the slices were incubated with a bio-free horseradish 
peroxide-labeled polymer from an EnVision plus detection 
system (cat. no. K500711-2; Dako; Agilent Technologies, 
Inc.) for 1 h at room temperature. The positive immunoreac-
tions were revealed with diaminobenzidine solution, and in 
the negative control samples, the primary antibodies were 
replaced with non-immune goat serum (cat. no. C0265; 
Beyotime Institute of Biotechnology). Stained slices from all 
cases were reviewed by at least two histopathologists, and the 
original diagnoses were confirmed. The nuclear immunore-
activity for Ki-67 and the cytoplasmic staining for HMB45, 
SMA, S100, Desmin, GGPPS and p-S6 were evaluated 
semi-quantitatively according to staining intensity and the 
percentage of positive cells. The percentage of positive tumor 
cells was graded as follows: 0, none; 1, 1-25%; 2, 26-50%; 3, 
51-75%; and 4, 76-100%. The immunostaining intensity was 
scored as follows: 0, none; 1, week; 2, moderate; and 3, intense. 
Thus, the total scores for Ki-67, HMB45, SMA, S100, Desmin, 
GGPPS, and p-S6 are provided as the sum of the percentage 
of positive tumor cells and the immunostaining intensity. The 
total scores 0 (-) were negative scores, and 2 (+); 3 and 4 (++); 
5-7 (+++) were positive scores (18,20).

Immunofluorescence. Cells were grown on chamber slices 
(EMD Millipore, Billerica, MA, USA), harvested 3 days after 
siRNA transfection (described below), fixed in 100% cold 
methanol, blocked in 10% goat normal serum, 1% BSA and 
0.1% Triton X-100/PBS, and incubated with the following anti-
bodies: LAMP1 (dilution, 1:100; cat. no. sc-19992; Santa Cruz 
Biotechnology, Inc., Dallas, TX, USA) and LC3 (dilution, 1:100; 
cat. no. ab167159; Abcam, Cambridge, MA, USA). Alexa Fluor 
488- (1:200; cat. no. ab150073) or Alexa Fluor 594-conjugated 
secondary antibodies (1:200; cat. no. ab150140; Abcam) were 
used and DNA was stained with DAPI within the mounting 
medium (cat. no. ab104139; Abcam).

Cell culture and reagents. TSC2-wt cells and TSC2-null 
cells were kindly donated by Dr John Blenis (Weill 
Cornell Medical College, New York, NY, USA) and were 
cultured in Dulbecco's modified Eagle's medium (Hyclone; 
GE Healthcare Life Sciences, Logan, UT, USA) with 10% fetal 
bovine serum (Biological Industries, Bat Haemek, Israel) and 
1% penicillin/streptomycin (Sigma-Aldrich; Merck KGaA, 
Darmstadt, Germany). All cells were cultured at 37˚C and 
5% CO2. Small interfering RNA (siRNA) oligonucleotides 
targeting GGPPS were designed and synthesized by (Nanjing 
Wisdom Biotech Co., Ltd., Nanjing, China). The sequence 
was as follows: mouse siGGPPS: 5'-GGT GTC CCA TCT 
GTC ATT A-3'. The scramble sequence used as a control was 
as follows: 5'-TTC TCC GAA CGT GTC ACG T-3'. For RNA 
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interference experiments, 1x105 cells/well were seeded in a 
6-well plate, cultured overnight, then transfected with small 
interfering (si)RNAs targeting GGPPS and control siRNAs 
using Lipofectamine RNAiMAX transfection reagent 
(Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, 
USA). Cells were harvested 3 days after siRNA transfection 
for apoptosis detection and immunoblotting.

Cell viability and migration. Assessment of viability, migra-
tion of TSC2-wt and TSC2-null cells using the Real-Time Cell 
Analyzer (RTCA; ACEA Biosciences Inc., San Diego, CA, 
USA). RTCA Software Package 1.2 was used to calibrate the 
plates. Cells were plated at a density of 1,000/well with fresh 
medium to a final volume of 200 µl. Cells were incubated at 
37˚C and 5% CO2 in the RTCA cradle. The impedance signals 
were recorded every 12 h for 6 scans until the end of the experi-
ment (up to 96 h for proliferation and up to 84 h for migration).

Immunoblotting. Cells were lysed in radioimmunopre-
cipitation assay buffer (cat. no. P0013B; Beyotime Institute 
of Biotechnology, Shanghai, China) with complete protease 
inhibitor cocktail and phosSTOP phosphatase inhibitor 
cocktail (Roche Diagnostics, Basel, Switzerland). The protein 
concentration was detected by the bicinchoninic acid assay (cat. 
no. KGPBCA; Nanjing KeyGen Biotech Co., Ltd., Nanjing, 
China). Each sample contained 30 µg protein per 15 µl and 
were mixed with loading buffer (cat no. KGP101; Nanjing 
KeyGen Biotech Co., Ltd.). Protein extracts were resolved by 
10 or 15% SDS‑PAGE, transferred to polyvinylidene difluo-
ride (PVDF) membranes (cat. no. 3010040001, Roche Applied 
Science, Mannheim, Germany). Following soaking in PBS 
with 5% non‑fat dry milk for 1 h at 37˚C. The membranes were 
subsequently incubated at 4˚C overnight with the following 
primary antibodies: p-mTOR (1:1,000; cat. no. 2971), mTOR 
(1:1,000; cat. no. 2972), p-P70S6K (1:1,000; cat. no. 9208), 
P70S6K (1:1,000; cat. no. 2708), S6 (1:1,000; cat. no. 2317), 
p62 (1:1,000; cat. no. 39749), p-S6 (1:1,000; cat. no. 4858), 
caspase-3 (1:1,000; cat. no. 9662), cleaved caspase-3 (1:1,000; 
cat. no. 9661) (all purchased from Cell Signaling Technology, 
Inc.). The GGPPS antibody (1:500; cat. no. sc-271679) was 
obtained from Santa Cruz Biotechnology, Inc. and the LC3 anti-
body (1:1,000; cat. no. ab167159) was purchased from Abcam. 
The tubulin antibody (1:2,000; cat. no. BS1699) was obtained 
from Bioworld Technology, Inc. (St. Louis Park, MN, USA). 
Membranes were washed with PBST (PBS + 0.5% Tween-20). 
Subsequently, the membrane was incubated at 37˚C for 1 h 
with the horseradish peroxidase-conjugated secondary anti-
body. The bands were visualized using a chemiluminescence 
procedure (cat. no. WBKLS0500; Merck KGaA, Darmstadt, 
Germany) and images were captured using a ChemiDoc™ 
XRS imaging system (Bio-Rad Laboratories, Inc., Hercules, 
CA, USA), according to the manufacturer's protocols. These 
were analyzed using Image Lab 5.0 software (Bio-Rad 
Laboratories, Inc.).

Flow cytometry. Samples were stained with Annexin V-FITC, 
PI in Annexin V binding buffer [Annexin V-FITC/PI 
Apoptosis Detection kit (cat. no. BD556547; BD Biosciences, 
Franklin Lakes, NJ, USA)] for 10 min at room temperature and 
immediately placed on ice before analysis on a BD FACSCanto 

flow cytometer, with the data analyzed by FlowJo software 
(Treestar Inc., Ashland, OR, USA). Three time repeats of this 
experiment were performed.

Statistical analysis. Data analysis was performed with 
SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA). Data are 
presented as the mean ± standard error of the mean. Student's 
t-test was performed to compare groups. Tumor fat content was 
compared with an independent-sample non-parametric test 
and expressed as the median. The prognostic markers, nuclear 
atypia, mitosis and necrosis were compared with a Chi-square 
test. All tests were two-tailed, and P<0.05 was considered to 
indicate a statistically significant difference.

Results 

Clinicopathological characteristics of patients with RAMLs 
and REAs. According to the presence of epithelioid cells in 
RAMLs, 60 patients were divided into two groups. The REA 
group consisted of 9 patients (5 males and 4 females) with 
epithelioid cells, and the RAML group consisted of 51 patients 
(9 males and 42 females) without epithelioid cells. The clini-
copathological features of patients are summarized in Table I. 
The incidence of REAs in all resected RAMLs was 15%. The 
mean age of the REA group was 42.67±13.75 years, the mean 
tumor size was 6.41±2.75 cm (range, 1.50-12.00 cm) and the 
tumor fat content was 0±5.16%. The mean age of the RAML 
group was 47.31±12.84 years (range, 22-74 years), the mean 
tumor size was 6.78±6.66 cm (range, 1.50-43.00 cm) and the 
tumor fat content was 40±36.86%. The mean tumor fat content 
of the RAML group was higher compared with the RAE group 
(0±5.16%; P<0.001). Microscopic necrosis was observed in 8% 
of the RAMLs and 22% of the REAs.

To further confirm the lesions with epithelioid cells, the 
tumor cells were immunoassayed for their pathological char-
acteristics. REA lesions were negative for S100 (P<0.001) and 
Desmin (P=0.024) and significant differences were observed 
between the two groups. The immunohistochemical results 
revealed positive staining for Melanoma (gp100) Ab-1 (clone 
HMB45; P=0.388), Ki-67 (P=1.000), Melan A (P=0.571), SMA 
(P=0.421) and p‑S6 (P=0.163), with no significant differences 
between the REA and RAML groups (Table I). The tumor cells 
in RAMLs and REAs were positive for Ki-67 (Fig. 1), which 
was not consistent with previous findings in which epithelioid 
angiomyolipomas (EAMLs) were strongly positive for Ki-67 
while RAMLs were completely negative (21,22).

GGPPS is associated with the pathological characteristics 
of REAs. To further assess the mTOR pathway activation 
status in angiomyolipomas, p-S6 expression was examined in 
RAML and REA lesions. The results indicated that 44 were 
positive and 7 were negative in terms of immunoreactivity 
with p-S6 in the RAML group. In the REA group, 7 cases 
were p-S6-positive and 2 cases were p-S6-negative.

Next, GGPPS expression was evaluated in the cytoplasm 
of tumor cells and it was revealed that certain REAs exhibited 
variable cytoplasm-positive staining (Fig. 1). GGPPS-positive 
staining primarily occurred in blood vessels, smooth muscle 
cells and fat cells. There was a significant difference between 
the RAML and REA groups (P=0.011).
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Among the 9 REA cases, 8 were positive for GGPPS and 
the mean immunoreactivity was 1.78 (8/9 cases exhibited 
immunoreactivities ≥2; Table II). Among the 9 REA cases, 
7 were positive for p-S6 and the mean immunoreactivity was 
1.11 (3/9 cases exhibited immunoreactivities ≥2; Table II). 
Among the 9 REA cases, 8 were positive for Ki-67 and the 
mean immunoreactivity for Ki-67 was 0.89 (8/9 cases exhibited 
immunoreactivity=1; Table II). The mean immunoreactivity 
for GGPPS was greater compared with p-S6 and Ki-67, 
and the difference in immunohistochemical expression of 
GGPPS between the RAML and REA groups was significant 
(P=0.011; Table I). We also examined the association between 
GGPPS and clinical characteristics of renal angiomyolipomas, 
but did not find a correlation between GGPPS and patient age, 
tumor size, and fat (data not shown).

GGPPS is upregulated in TSC2‑null cells and inhibi‑
tion of GGPPS may induce TSC2‑null cell apoptosis. 
Immunohistochemical staining indicated that GGPPS was 

upregulated in the RAML and REA groups. These results 
indicated that activation of the mTOR pathway may induce 
accumulation of GGPPS. To ascertain this hypothesis, the 
protein level of GGPPS was evaluated in TSC2-wt and 
TSC2-null cells. A previous study revealed that TSC2-null 
tumors had marked p-S6 levels compared to TSC2-wt 
cells (23), and our result concerning p-S6 was consistent with 
this study. The activation of mTOR was assessed by p-S6 and 
p-P70S6K and an increase of GGPPS protein was observed 
in TSC2-null cells, which was consistent with the data from 
patients (Fig. 2A). The proliferation of TSC2-null cells was 
inhibited by GGPPS knockdown, however TSC2-wt cells were 
not affected (Fig. 2B). TSC2-wt and TSC2-null cell migra-
tion were both sensitive to GGPPS protein levels (Fig. 2C). 
Finally, to determine whether TSC2-null cell proliferation 
was influenced by cell apoptosis, flow cytometry analysis 
was performed. As expected, TSC2-null cells transfected 
with siRNA targeting GGPPS exhibited increased apoptosis 
in comparison with control cells (Fig. 2D). Since TSC1/TSC2 
gene mutant cells impaired autophagic flux (24), it was 
proposed that the inhibition of geranylgeranylation may 
lead to apoptosis by autophagy. Thus, GGPPS expression by 
siRNA for 3 days in TSC2-null cells was inhibited, which led 
to the accumulation of the lysosomal marker LAMP1 and the 
marker of autophagosome LC3 (Fig. 2E). Notably, increased 
cleaved caspase-3 was also detected following inhibition of 
GGPPS in TSC2-null cells and the mTOR signaling pathway 
was inhibited leading to autophagy of TSC2-null cells 
(Fig. 2F). Collectively, these data demonstrated that GGPPS 
activity was required to promote proliferation of TSC2-null 
cells in vitro.

Discussion

The present immunohistochemical findings regarding p‑S6 
provide further evidence that the mTOR pathway is activated 
in RAMLs. It was also identified that GGPPS and p‑S6 were 
expressed in RAML lesions, however GGPPS was markedly 
upregulated only in REA lesions. The differential expression 
of GGPPS between RAMLs and REAs indicated that the 
pathogeneses of RAML and REA are different.

It has been suggested that the mTOR signaling pathway 
plays an important role in AML progression and AMLs 
are usually associated with mutations in TSC2 (25,26). The 
current observation of p-S6 expression in cysts was consistent 
with previous research. However, p-S6 expression could not be 
used to distinguish RAML and REA.

Upregulation of GGPPS in REAs was observed in the 
present study, which indicated that GGPPS may contribute to 
the occurrence and progression of REAs. GGPP produced by 
GGPPS is essential for the geranylgeranylation of small Rho 
GTPases, including RhoA, Rac1, and Cdc 42 (27,28). Based 
on our previous study, GGPPS was primarily expressed in the 
cytoplasm of hepatocellular carcinomas and it was expressed 
at relatively high levels in HCC patients with cirrhosis (29). In 
addition, tumor stage, vessel invasion and tumor recurrence 
were closely correlated with GGPPS in terms of the diagnoses 
of pathological characteristics. Furthermore, Patel et al demon-
strated that the activation of small Rho GTPases played a key 
role in the epithelial-mesenchymal transition (EMT) of renal 

Table I. Detailed clinicopathological characteristics of the 
RAMLs and REAs.

Variables RAMLs (n=51) REAs (n=9) P-value

Age 47.31±12.84 42.67±13.75 0.326
Tumor size (cm) 6.78±6.66 6.41±2.75 0.880
Gender   0.002a

  Female  42 (82%) 4 (44%)
  Male  9 (18%) 5 (56%)
Fat (%) 40±36.86 0±5.16 <0.001b

Necrosis  4 (8%) 2 (22%) 0.259
Tumor location   1.000
  Left  23 (45%) 4 (44%)
  Right  24 (47%) 5 (56%)
  Both 4 (8%) 0 (0%)
Cell atypia 5 (9%) 3 (33%) 0.238
Mitotic figure 1 (2%) 1 (11%) 0.255
HMB45-positive 44 (86%) 7 (78%) 0.388
Ki67-positive 49 (96%) 8 (87%) 1.000
Melan A-positive 43 (84%) 9 (100%) 0.571
SMA-positive 48 (94%) 8 (87%) 0.421
S100-positive 47 (92%) 2 (22%) <0.001c

Desmin-positive 38 (75%) 2 (22%) 0.024a

p-S6-positive 44 (86%) 7 (78%) 0.163
GGPPS-positive 21 (41%) 8 (89%) 0.011a

The comparisons of the general information, i.e., age and tumor size, 
between the two groups were performed using independent-sample 
t-tests. Fat content was compared with an independent-sample 
non-parametric test and is expressed with the median, and the 
other prognostic markers, nuclear atypia, mitosis and necrosis were 
compared with a Chi-square test. All tests were two-tailed, and the 
significance level was set at a P‑value aP<0.05, bP<0.01 and cP<0.001; 
RAMLs, renal angiomyolipomas; REAs, renal epithelioid angiomyo-
lipomas; GGPS, geranylgeranyl pyrophosphate synthase. 
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epithelial cells. EMT of renal epithelial cells led to metastasis, 
resulting in poor clinical outcomes (30,31). In summary, these 
results indicated that GGPPS may be involved in epithelioid 
cell differentiation and may further aggravate RAMLs.

Preclinical studies have demonstrated that inhibiting 
the mevalonate pathway with drugs, bisphosphonates and 
statins leads to a decrease in tumor size (32-34). However, 
the effects and exact mechanism of the mevalonate pathway 
in AML has not yet been identified. To the best of our 
knowledge, this is the first study to investigate GGPPS in 
AMLs. It was hypothesized that the association of GGPPS 

with established histopathological risk factors and biochem-
ical functions indicated that the mevalonate pathway may 
contribute to AML disease progression. To validate this 
hypothesis, the expression of GGPPS protein was evalu-
ated in TSC2-null cells. It was revealed that the activation 
of mTOR may induce the accumulation of GGPPS. It was 
also determined that inhibition of GGPPS could induce 
autophagy and apoptosis.

In conclusion, immunohistochemical assays were 
performed to confirm the diagnosis of REA. The tumor cells 
were positive for HMB45, Ki-67, SMA, Melan A, p-S6 and 

Table II. Detailed clinicopathological characteristics and clinical outcomes of the REAs.

   Maximum Nuclear     Follow-up
Cases Age Sex diameter (cm) atypia Mitotic Ki-67 p-S6 GGPPS (months) Outcome

1 43 M 12 + - + + ++ 37 Alive, NED
2 43 M 5 - - + + ++ 33 Alive, NED
3 36 F 4 - - + ++ ++ 33 Alive, NED
4 23 F 4 - - - - ++ 28 Alive, NED
5 58 M 8 +++ +++ + - ++ 8 Dead with systemic 
          metastasis
6 44 M 6.5 ++ - + + - 24 Alive, NED
7 35 F 7.5 - - + + ++ 20 Alive, NED
8 69 M 4.3 - - + ++ ++ 11 Alive, NED
9 26 F 5 - - + ++ ++ 17 Alive, NED

Nuclear atypia ≥1 is indicated with ‘+’, and mitosis ≥1 is indicated with ‘+’. REAs, renal epithelioid angiomyolipomas; GGPPS, geranylgeranyl 
pyrophosphate synthase; NED, no evidence of disease. 

Figure 1. GGPPS is associated with the pathological characteristics of REAs. Histological features of the RAMLs, REAs and malignant REAs. (A) H&E staining 
and immunostaining of the RAMLs for (B) Ki-67, (C) p-S6, and (D) GGPPS. (E) H&E staining and immunostaining of the REAs for (F) Ki-67, (G) p-S6, and 
(H) GGPPS. (I) H&E staining and immunostaining of the malignant REAs for (J) Ki-67, (K) p-S6, and (L) GGPPS. Scale bar, 50 nm. GGPPS, geranylgeranyl 
pyrophosphate synthase; RAMLs, renal angiomyolipomas; REAs, renal epithelioid angiomyolipomas.
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GGPPS and negative for S100 and Desmin. Furthermore, 
increased GGPPS expression levels were observed in REAs 
and TSC2-null cells, which indicated that the mevalonate 
pathway and geranylgeranylation may be involved in disease 
progression. The limitation of our study is that our hypoth-
esis was only validated in mouse cell lines TSC2-null and 

TSC2-wt. In future studies, further confirmation that the 
mevalonate pathway is involved in the formation of RAML in 
a renal angiomyolipoma cell line (SV7tert PDGF tumor-1) is 
required. Inhibitors of the mevalonate pathway or geranylgera-
nylation should also be screened for the treatment of RAML 
and lymphangioleiomyomatosis.

Figure 2. GGPPS is upregulated in TSC2-null cells and inhibition of GGPPS induces TSC2-null cell apoptosis. (A) Expression of GGPPS, p-S6, S6, p-P70S6K, 
P70S6K was analyzed by immunoblotting in TSC2-wt and TSC2-null cells. (B) Proliferation of TSC2-wt and TSC2-null cells treated with siRNA (NC, 
siGGPPS) for 96 h was analyzed by RTCA, ***P<0.001. (C) Migration of TSC2-wt and TSC2-null cells treated with siRNA (NC, siGGPPS) for 96 h was 
analyzed by RTCA, ***P<0.001. (D) Apoptosis of TSC2‑wt and TSC2‑null cells treated with siRNA (NC, siGGPPS) for 72 h was analyzed by flow cytometry. 
*P<0.05, as indicated. (E) LC3 and LAMP1 protein detection in TSC2‑null cells treated with siRNA (NC, siGGPPS) for 3 days was analyzed by immunofluo-
rescence. Scale bar, 50 nm. (F) Expression of mTOR signaling pathway proteins was analyzed by immunoblotting in TSC2-null cells treated with siRNA (NC, 
siGGPPS) for 3 days. GGPPS, geranylgeranyl pyrophosphate synthase.
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