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Abstract: 

          Enchondroma and chondrosarcoma are the most common benign and malignant 

cartilaginous neoplasms. Mutations in isocitrate dehydrogenase 1 and 2 (IDH1/2) are present in 

the majority of these tumors. We performed RNA-seq analysis on chondrocytes from 

Col2a1Cre;Idh1LSL/+ animals and found that genes implied in cholesterol synthesis pathway were 

significantly upregulated in the mutant chondrocytes. We examined the phenotypic effect of 

inhibiting intracellular cholesterol biosynthesis on enchondroma formation by conditionally 

deleting SCAP (sterol regulatory element-binding protein cleavage-activating protein), a protein 

activating intracellular cholesterol synthesis, in IDH1 mutant mice.  We found fewer 

enchondromas in animals lacking SCAP.  Furthermore, in chondrosarcomas, pharmacological 

inhibition of intracellular cholesterol synthesis significantly reduced chondrosarcoma cell viability 

in vitro and suppressed tumor growth in vivo. Taken together, these data suggest that intracellular 

cholesterol synthesis is a potential therapeutic target for enchondromas and chondrosarcomas. 
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Introduction: 

Cartilage tumors as a group are the most common neoplasms affecting the bone [1].  They 

include benign tumors such as enchondromas or osteochondromas and malignant 

chondrosarcomas [2]. Enchondromas arise from dysregulated growth plate chondrocytes that fail 

to undergo terminal differentiation and remain at the end of the bone  [2, 3]. They can occur within 

the medullary bone as a single lesion or as multiple lesions (enchondromatosis) in conditions 

termed Ollier disease and Maffucci syndrome [2]. Multiple enchondromas in Maffucci syndrome 

are associated with up to 50% chance of these lesions undergoing malignant transformation to 

form chondrosarcomas [3, 4]. Chondrosarcoma is the second most common malignant primary 

bone tumor and is resistant to chemotherapy and radiation therapy [5]. Somatic mutations in the 

isocitrate dehydrogenase 1 and 2 (IDH1 and IDH2) genes are identified in the majority of 

enchondromas, and about half of chondrosarcomas [6-8]. Expression of a mutant Idh1 in 

chondrocytes is sufficient to initiate enchondroma formation in mice by disrupting chondrocyte 

differentiation [9]. When the mutant Idh1 was expressed in chondrocytes during development, the 

mice displayed severe defects in chondrocytes differentiation and could not survive after birth. 

When the mutant Idh1 was expressed in chondrocytes postnatally, the mice developed 

enchondromatosis [9].  D-2-hydroxyglutarate (D-2HG), a commonly believed “oncometabolite”, 

is produced from mutant IDH at high levels. However, inhibition of D-2HG production did not 

alter cell viability of chondrosarcomas, suggesting mutant IDH may promote tumor growth via 

other mechanisms [4].  

Intracellular cholesterol biosynthesis plays a crucial role in chondrocyte development.  This 

process is regulated by the protein SCAP (sterol regulatory element-binding protein cleavage-

activating protein).  When intracellular cholesterol level is low, SCAP cleaves and activates the 
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transcription factors SREBPs (sterol regulatory element-binding proteins) [10]. After cleavage, 

SREBPs are further processed and translocate to the nucleus to activate genes responsible for 

cholesterol biosynthesis [10]. Genetic deletion of Scap in chondrocytes affected their 

differentiation and viability [11]. In addition, pharmacological inhibition of cholesterol synthesis 

by statin drugs caused reduced endochondral bone growth and decreased height of the growth plate 

[12]. Furthermore, statin drugs rescued chondrocyte differentiation and bone length in models of 

achondroplasia [13].  

          Deregulation of cholesterol homeostasis has been identified in multiple cancer types and is 

believed to be an important contributing factor to cancer progression [14]. Upregulation of 

cholesterol synthesis pathway is associated with decreased patient survival in sarcoma, acute 

myeloid leukemia, and melanoma [14]. Serum and intracellular cholesterol levels may not 

always be directly related, and studies suggest that intracellular cholesterol homeostasis may 

have a more important role in cancers than the serum cholesterol [14]. Despite this information, 

the role of cholesterol in cartilage tumors is not known. 

In this study, we investigated genes that were differentially expressed in Idh1 mutant 

chondrocytes and found that genes that are activated in cholesterol biosynthesis were upregulated. 

To determine the role of cholesterol biosynthesis in enchondroma and chondrosarcoma, we 

genetically and pharmacologically modulated this pathway and found that inhibition of cholesterol 

synthesis inhibited cartilage tumor formation and growth.   
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Results: 

Genes that activate intracellular cholesterol synthesis are upregulated in Idh1-KI 

chondrocytes. 

          IDH1-R132Q was identified in a patient’s chondrosarcoma tumor [9]. We generated a 

mouse expressing IDH1- R132Q  in chondrocytes by crossing a mouse expressing a conditional 

Idh1- R132Q knock-in allele [15] with a mouse expressing cre recombinase driven by regulatory 

elements of the type two collagen gene (Col2a1-Cre) [16]. As reported previously, these animals 

displayed severe defects in chondrocyte differentiation during development and were rarely found 

alive after birth [9].  They exhibited defects in chondrocyte terminal differentiation.  Mice in which 

the conditional allele was activated postnatally in chondrocytes developed multiple enchondroma-

like lesions in the metaphysis of bone [9]. To determine how Idh1 mutation regulates chondrocyte 

differentiation, we performed RNA-sequencing analysis on primary sternal chondrocytes isolated 

from Col2a1Cre;Idh1LSL/+(Idh1-KI) animals and Idh1LSL/+, Col2a1Cre littermate controls.  

          RNA sequencing revealed distinct expression profiles between Idh1-KI animals versus the 

two control groups (GSE123130) (Figure 1A). Gene set enrichment analysis (GSEA) showed that 

genes regulating cholesterol biosynthesis pathway were significantly upregulated in Idh1-KI 

chondrocytes (Figure 1B). As an example, Srebf2, the gene encoding for the transcription factor 

that activates cholesterol synthesis, was significantly upregulated (Figure 1C). Enzymes in the 

mevalonate pathway, which is an essential process for cholesterol synthesis, were consistently 

upregulated in Idh1-KI chondrocytes (Figure 1C). We confirmed the upregulation of genes in the 

pathway such as Hmgcr, the rate limiting enzyme in the mevalonate pathway, by qPCR (Figure 

1D). To determine changes in cholesterol levels, we performed filipin staining and found 

significantly higher levels of filipin staining intensity in Idh1-KI chondrocytes compared to 

https://urldefense.proofpoint.com/v2/url?u=https-3A__www.ncbi.nlm.nih.gov_geo_query_acc.cgi-3Facc-3DGSE123130&d=DwIBAg&c=imBPVzF25OnBgGmVOlcsiEgHoG1i6YHLR0Sj_gZ4adc&r=pMGLRsRVdcY-jCCQHZvASCvQdiLu3Z5Ux6kyomCly9M&m=MYApMQRD4JQYmuUuhtaH4cU_k56MXSzHceYfnYHzX_Y&s=s7hCAG_MLo_MfDFDYyXNXOQLZjmtlJ6MwN-RRoIASuA&e=
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chondrocytes from control animals (Figure 2A and 2B).  These data consistently suggest 

cholesterol biosynthesis is activated in chondrocytes expressing mutant Idh1.   

 

Deleting Scap postnatally did not alter growth plate phenotype 

          SCAP (sterol regulatory element-binding protein cleavage-activating protein) activates 

intracellular cholesterol synthesis pathway by cleaving and activating transcription factors 

SREBPs (sterol regulatory element-binding proteins) [10]. We examined the role of intracellular 

cholesterol in chondrocytes by genetically deleting Scap. We generated Col2a1CreERT2;Scapfl/fl (Scap-

CKO) mice where Scap was conditionally deleted in Col2a1 expressing cells upon tamoxifen 

administration at four weeks. Recombination was confirmed by PCR.  The phenotype of the 

growth plate cartilage in Scap-CKO mice was examined at 6 month old. Histological evaluation 

did not reveal an obvious phenotype in the growth plate cartilage of Scap-CKO mice 

(Supplementary Figure 1A). The presence of early stage chondrocytes in the growth plate was not 

altered, as shown by immunohistochemistry of SOX9 (Supplementary Figure 1B). Hypertrophic 

differentiation of growth plate chondrocytes was not affected by Scap deletion, as shown by 

immunohistochemistry of type X collagen (Supplementary Figure 1C). Deletion of Scap did not 

cause abnormal cell proliferation, as shown by immunohistochemistry of Ki67 (Supplementary 

Figure 1D). Together these data suggest growth plate chondrocytes in adult mice were not affected 

by Scap deletion under physiological condition.  

 

Deleting Scap reduced enchondroma-like lesion formation in Idh1-KI animals. 

          To determine if intracellular cholesterol synthesis is important in enchondroma formation, 

we studied it in mice expressing mutant Idh1 (Idh1-KI). We generated Col2a1CreERT2; Scapfl/fl;Idh1LSL/+ 
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mice where Scap deletion and mutant Idh1 expression were simultaneously induced by tamoxifen 

administration in Col2a1 expressing cells. Enchondroma-like lesions still formed in the absence 

of Scap (Figure 3A). However, quantification showed reduced number and size of enchondroma-

like lesions in Idh1-KI animals lacking Scap (Figure 3B-D). These data show that inhibiting 

cholesterol synthesis reduced enchondroma-like lesion formation in Idh1-KI mice.  

 

Pharmacological inhibition of cholesterol synthesis reduced chondrosarcoma growth in vitro 

and in vivo  

        Enchondromas can progress into malignant chondrosarcoma. To examine the role of 

intracellular cholesterol in chondrosarcoma, we first evaluated cholesterol levels in 

chondrosarcomas with or without IDH mutations. We measured cholesterol levels in 

cryopreserved primary chondrosarcoma tissues from patients with wild type IDH enzymes or 

mutant IDH1. Chondrosarcoma tumors with mutant IDH1 had significantly higher cholesterol 

levels than the tumors with wildtype IDH1/2 (Figure 4A). To modulate cholesterol synthesis in 

chondrosarcoma, we treated primary chondrosarcoma cells derived from five different patients 

with lovastatin, which inhibits HMG-CoA reductase, the rate limiting enzyme in cholesterol 

biosynthetic pathway [10]. One of the five patient samples was wildtype for IDH1/2 and the other 

four samples had IDH1 mutation. Treatment of chondrosarcoma cells with lovastatin caused a 

significant reduction of cell viability in vitro (Figure 4B). We also treated chondrosarcoma 

explants that were derived from the five patients with lovastatin in vitro. The proliferation rate in 

chondrosarcoma explants was significantly reduced as shown by immunohistochemistry of Ki67 

(Figure 4C, D). Chondrosarcoma thus join other tumor types that cholesterol synthesis inhibition 

reduced their cell viability [17].  
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         To examine the effects of lovastatin on chondrosarcoma growth in vivo, we generated 

patient-derived xenografts of chondrosarcomas in NOD-scid-gamma mice as previously described 

[18]. We examined tumor growth in xenografts established from five different patient tumors. 

Each patient derived chondrosarcoma was xenografted to ten animals. Five animals were treated 

with vehicle control and five animals were treated with lovastatin. The treatment started 3 to 4 

weeks after injection of tumor cells, a time when the tumor became palpable.  For each individual 

human xenograft, control and lovastatin treatments were started at the same time.  In sample #1, 

IDH1 and IDH2 were wildtype. Sample #2, #3, #4, and #5 harbor mutations in IDH1. After 4 

weeks of treatment, tumor weight was measured. Because there was a high degree of variation 

among tumor weights from different patients, we normalized the tumor weight of each tumor to 

the average tumor weight of the control group derived from the same patient.  Lovastatin treatment 

caused an average of 30% reduction of tumor weight (Figure 5A). Proliferation rate of the 

xenografted chondrosarcoma tumors was examined by BrdU staining. The relative proliferation 

rate was determined by normalizing the percentage of BrdU positive cells of each tumor to the 

average percentage of BrdU positive cells of the control group derived from the same patient. 

Lovastatin reduced proliferation in all five patient derived tumor xenografts (Figure 5B, 

Supplementary Figure 2A). Apoptosis was examined by immunohistochemistry of cleaved 

caspase 3. The relative apoptosis rated was determined by normalizing the percentage of cleaved 

caspase 3 positive cells of each tumor to the average percentage of cleaved caspase 3 positive cells 

of the control group derived from the same patient. Lovastatin treatment increased apoptosis of 

chondrosarcoma cells in vivo (Figure 5C). For four of five patient-derived xenografts, the average 

apoptosis rates were increased by lovastatin treatment. For Sample #1 (IDH1/2-wt), the percentage 

of cleaved caspase 3 positive cells was not altered by lovastatin treatment (Supplementary Figure 
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2B), suggesting apoptosis in IDH1/2-wt chondrosarcomas might not be affected by inhibition of 

intracellular cholesterol biosynthesis in vivo.  
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Discussion:  

          IDH1/2 are the most commonly mutated genes in enchondroma and chondrosarcoma. 

Mutation in Idh1 in chondrocytes causes defects in their terminal differentiation and results in the 

formation of enchondroma-like lesions. In this study, we found that Idh1 mutation in chondrocytes 

increased intracellular cholesterol biosynthesis, which was important in regulating the number and 

size of enchondroma-like lesions, the viability of chondrosarcoma cells, and the tumor growth of 

chondrosarcomas.  

          At the time of analysis, some enchondroma-like lesions had grown separate from the growth 

plates and some remained attached to the growth plates in both Col2a1CreERT2;Idh1LSL/+ and 

Col2a1CreERT2;Scapfl/fl;Idh1LSL/+ animals. In human patients with enchondromatosis, the tumors are 

located attached to the growth plates initially and stay in this location after the growth plates close. 

Because the growth plates never close in mice, the enchondroma-like lesions that formed later 

during growth would remain attached to the growth plate throughout life. 

          Intracellular cholesterol regulates chondrocyte differentiation under various conditions. 

During development, genetic deletion of regulators of cholesterol synthesis disrupted the 

hypertrophic differentiation of chondrocytes and resulted in shortening limbs by altering hedgehog 

signaling [11]. In an achondroplasia model with FGFR3 gain-of-function mutation, statins restored 

chondrocyte differentiation and caused significant bone recovery, suggesting cholesterol could 

regulate chondrocyte differentiation via crosstalk with FGF signaling [13]. In addition, it was 

reported abnormal cholesterol levels were associated with the development of osteoarthritis [19].   

          The mechanisms of which cholesterol biosynthesis regulates tumor growth of enchondroma 

and chondrosarcoma are not fully elucidated. However, deregulation of cholesterol biosynthesis is 

known to contribute to cancer growth of other cancer types via multiple mechanisms [14]. In 
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prostate cancer, upregulation of cholesterol via PI3K/AKT/mTOR signaling promoted cancer 

aggressiveness and bone metastases [14, 20]. In hepatocellular carcinoma and colon cancer, 

increased mitochondrial cholesterol content induced resistance to apoptosis [14, 21]. Statins have 

been used alone or combined with other drugs for multiple types of cancers over the past few 

decades. They have shown to be especially effective in the treatment of mesenchymal-like cancer 

cells [14, 22].  

          Previous studies showed expression of wildtype and mutant Idh1 is activated by SREBP1 

and SREBP2 (encoded by Srebf1 and Srebf2) in livers as well as multiple cancer cell lines [23-25],  

and our study demonstrated mutant Idh1 upregulated Srebf2.  Since expression of mutant IDH1 

has been previously shown to affect histone modification and DNA methylation [26, 27], it may 

be possible that expression of Srebf2 in Idh1 mutant chondrocytes could be altered via epigenetic 

changes. Mutant IDH1 is also known to cause metabolic reprogramming, such as changing redox 

states [28], which could also be a potential mechanism that regulates intracellular cholesterol 

biosynthesis. 

          In conclusion, our study demonstrated intracellular cholesterol synthesis was upregulated in 

Idh1-KI chondrocytes. Genetic and pharmacological inhibition of intracellular cholesterol 

synthesis suppressed growth in enchondroma-like lesions and chondrosarcoma. Our study 

identified cholesterol synthesis pathway as a potential therapeutic target in enchondroma and 

chondrosarcoma, which currently do not have any universally effective therapeutics. As IDH1/2 

are also frequently mutated in other cancers such as glioblastoma and acute myeloid leukemia, our 

data suggested statin drugs could be a potential therapeutic for these cancers as well. 
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Methods: 

Statistics: 

For RNA sequencing analysis, the false discovery rate was calculated to control for multiple 

hypothesis testing. Other statistical analyses were performed using unpaired, two tailed student t-

test. Statistical significance was determined as p<0.05. All data were presented as mean ± 95% 

confidence intervals.  

Study Approval: 

Animal protocols were approved by the Institutional Animal Care and Use Committee at Duke 

University.  

Animals: 

Mice used in this study include Scapfl/fl mice [29],  Idh1LSL/+ mice [15], Col2a1Cre mice [16], 

Col2a1CreERT2 mice [30], and NOD scid gamma (NSG) mice [31]. All the mice other than NSG were 

on BL6 background. Idh1LSL/+ mice bear an R132Q mutation rather than an R132H as previously 

clarified [9]. Adult growth plate and enchondroma-like phenotypes were analyzed on 6-month-old 

mice. Tamoxifen was administered daily via intraperitoneal injection for 10 days at 100 mg / kg 

body weight / day at 4 weeks of age. Hind limbs were harvested for histological analysis.  

Xenograft:  

Primary chondrosarcoma cells derived from five different patients were used in the study. 

Chondrosarcoma cells derived from each patient were xenografted onto 10 animals, 5 animals for 

lovastatin treatment and 5 animals for vehicle treatment. One million chondrosarcoma cells were 

subcutaneously injected to each NSG mouse. Lovastatin and vehicle control treatment started 3 to 

4 weeks following injection, a time when the tumor became palpable.  For each individual human 

xenograft, the controls and treatments were started at the same time following implantation. The 
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mice were treated with lovastatin (4.5 mg/kg/day) or vehicle (100% ethanol) for four weeks. 5 

mg/kg bodyweight of BrdU was administered via intravenous infusion 4 hours before sacrificing 

the mice. Tumors were harvested, weighted, and processed for immunohistochemistry.  

Histological Analysis: 

Tissue processing: Hind limbs were fixed in 10% neutral buffered formalin for 3 days, decalcified 

with 14% EDTA for 2 weeks at room temperate, and embedded in paraffin. Xenografted tumors 

were fixed in 4% PFA overnight. Tissues were sectioned at 5µm and used for Safranin O staining 

and immunohistochemistry. For type X collagen, antigen retrieval was performed by citrate buffer 

incubation (85°C, 15min) and hyaluronidase digestions (10mg/ml, 37°C, 30min). For BrdU, Ki67 

and cleaved caspase-3, antigen retrieval was performed by boiling the slides in pressure cooker for 

3 min in 10 mM citrate buffer (pH=6.0). Endogenous peroxidase was blocked by 3% H2O2 

/Methanol (v/v) (10min, R.T.) and DAKO kit (30min, R.T.), (Agilent Technologies, Santa clara, 

CA). The specimen was blocked with 2% horse serum (30min, R.T.) and incubated with antibodies 

for Col X (1:500, Thermo Fisher X53), Ki67 (DAKO, MIB-1),BrdU (1:50, CST Bu20a), cleaved 

caspase-3 (1:200, Cell Signaling Asp175) 4°C, overnight.  

Quantification of enchondroma like lesions: 

Enchondroma-like lesions were firstly detected by Safranin O staining. We stained 1 slide (2 

sections, 10 μm) in every 10 slides (100μm) to identify enchondroma-like lesions. We then 

examined every section of each bone under the microscope to determine the exact number of 

sections each enchondroma-like lesion spans and identify any lesions that were missed by Safranin 

O staining. In this way, we examined these lesions continuously. Each section is 5μm thick. The 

width of each lesion was determined by the number of sections the lesion spanned. For every 

Safranin O stained section, we manually outlined each lesion and measured lesion area using the 
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image processing software Fiji Image J. We estimated tumor volume of each animal by adding up 

the lesion areas of every Safranin O stained section. Relative tumor volume was determined by 

normalizing the tumor volume of each animal to the average tumor volume of Col2a1CreERT2;Idh1LSL/+ 

animals. 

Isolation of primary sternal chondrocytes: 

Costal chondrocytes were isolated from E18.5 embryos and P4 pups. Mouse sterna and ribs were 

digested by Pronase (Roche) (2 mg/ml) for 30min with constant agitation at 37°C, washed by PBS, 

then digested by Collagenase IV (Worthington) (3 mg/ml) for 1 hr in 37°C humidified chamber, 

washed by PBS, digested by Collagenase IV (0.5 mg/ml) for 16 hr in 37°C humidified chamber, 

and filtered using 45µm cell strainer.  

Culture of primary sternal chondrocytes: 

Costal chondrocytes from Idh1LSL/+ mice were cultured in DMEM with 10% FBS and 1% Penicillin 

/ Streptomycin.  

Filipin staining and quantification: 

Filipin staining (Abcam ab133116) was performed on sternal chondrocytes according to 

manufacturer’s instructions. Primary sternal chondrocytes were isolated from E18.5 mouse 

embryos from the same litter. We quantified the fluorescent intensity of the filipin staining using 

the image processing software Fiji Image J. Outlines of cells were drawn manually. Mean 

fluorescence intensities of chondrocytes isolated from control and Col2a1Cre;Idh1LSL/+ animals were 

measured. 10 fields of each sample were used for measurement, and the average of the 10 

measurements was used as the intensity of that sample. The relative intensity was given as a ratio 

of the intensity of each animal normalized to the average intensity of control animals. 

RNA-sequencing: 
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RNA-seq analysis was performed on sternal chondrocytes from Col2a1Cre, Idh1LSL/+, 

Col2a1Cre;Idh1LSL/+ animals at E18.5. RNA was extracted using RNeasy Mini Kit (QIAGEN). 

Extracted total RNA quality and concentration was assessed on a 2100 Bioanalyzer (Agilent 

Technologies) and Qubit  2.0 (ThermoFisher Scientific), respectively.  Only extracts 

with RNA Integrity Number (RIN) greater than 7 were processed for sequencing. RNA-

seq libraries were prepared using the commercially available KAPA Stranded mRNA-Seq Kit. In 

brief, mRNA transcripts were first captured using magnetic oligo-dT beads, fragmented using heat 

and magnesium, and reverse transcribed using random priming. During the 2nd strand synthesis, 

the cDNA:RNA hybrid was converted into to double-stranded cDNA (dscDNA) and dUTP 

incorporated into the 2nd cDNA strand, effectively marking the second 

strand.  Illumina sequencing adapters were then ligated to the dscDNA fragments and amplified to 

produce the final RNA-seq library. The strand marked with dUTP was not amplified, allowing 

strand-specificity sequencing. Libraries were indexed using a six base pairs index allowing for 

multiple libraries to be pooled and sequenced on the same sequencing lane on a HiSeq 4000 

Illumina sequencing platform. Before pooling and sequencing, fragment length distribution and 

library quality was first assessed on a 2100 Bioanalyzer using the High Sensitivity DNA Kit 

(Agilent Technologies).  All libraries were then pooled in equimolar ratio and sequenced. 

Multiplexing 8 libraries on one lane of an Illumina HiSeq 4000 flow cell yielded about 40 million 

50bp single end sequences per sample. Once generated, sequence data was demultiplexed and 

Fastq files generated using Bcl2Fastq conversion software provided by Illumina. 

RNA-sequencing analysis: 

RNA-seq data was processed using the TrimGalore toolkit which employs Cutadapt [32] to trim 

low quality bases and Illumina sequencing adapters from the 3’ end of the reads.  Only reads that 
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were 20nt or longer after trimming were kept for further analysis.  Reads were mapped to the 

GRCm38v75 version of the mouse genome and transcriptome [33] using the STAR RNA-seq 

alignment tool [34].  Reads were kept for subsequent analysis if they mapped to a single genomic 

location.   Gene counts were compiled using the HTSeq tool.  Only genes that had at least 10 reads 

in any given library were used in subsequent analysis.  Normalization and differential expression 

was carried out using the DESeq2 [35] Bioconductor [36] package with the R statistical 

programming environment. The false discovery rate was calculated to control for multiple 

hypothesis testing.  Gene set enrichment analysis was performed to identify differentially regulated 

pathways and gene ontology terms for each of the comparisons performed [37]. 

 

Chondrosarcoma cell and explant culture: 

Chondrosarcoma cells and/or xenograft explants were cultured in MEM-a with 10% FBS and 1% 

Penicillin / Streptomycin.  Cells / explants were treated with 20µM lovastatin and vehicle (100% 

ethanol) for 48 hours.  Cell viability was measured by SRB cell cytotoxicity assay.  

 

Measurement of cholesterol levels: 

We measured cholesterol levels from cryopreserved chondrosarcoma tissues using the cholesterol 

/ cholesteryl ester assay kit (Abcam ab65359) according to manufacturer’s instruction. 10 mg 

tissue from each chondrosarcoma was used for the measurement. 
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Figure 1: Cholesterol synthesis pathway is upregulated in Idh1-KI chondrocytes.
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Figure 1: Cholesterol synthesis is upregulated in Idh1-KI chondrocytes. 
(A) Heatmap of RNA sequencing on sternal chondrocytes from Col2a1Cre;Idh1LSL/+ (n=3), Idh1LSL/+ (n=2), and Col2a1Cre (n=3) mice at 
E18.5. Littermates were used for the analysis. (B) GSEA analysis for the cholesterol biosynthesis pathway. (C) Relative fold change of 
gene expression in the cholesterol synthesis pathway (n=3).***p<0.001. The false discovery rate was calculated to control for multiple 
hypothesis testing. (D) qPCR of Hmgcr of sternal chondrocytes isolated from Col2a1Cre and Col2a1Cre;Idh1LSL/+ animals at E18.5 (n=3). 
**p<0.01. p-value was determined by unpaired, two-tailed student t-test. Means � 95% confidence intervals were shown.
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Figure 2: Cholesterol levels were higher in Idh1-KI chondrocytes. 
(A) Representative filipin staining of sternal chondrocytes isolated from Col2a1Cre and Col2a1Cre;Idh1LSL/+ mice at E18.5. (B) 
Quantification of the filipin staining intensity. The control group included one Col2a1Cre animal and two wildtype animals. 
Littermates were used for the analysis. Scale bars, 25 µm. n=3. *p<0.05. p-value was determined by unpaired, two-tailed student 
t-test. Means � 95% confidence intervals were shown.

Figure 2: Cholesterol levels were higher in Idh1-KI chondrocytes. 
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Figure 3: Deleting Scap reduced enchondroma formation in Idh1-KI animals.

A

B C

Col2a1CreERT2;
Idh1LSL/+

Col2a1CreERT2;
Scapfl/fl;Idh1LSL/+;

Fe
m

ur
Ti

bi
a

*
*

*

*

0

2

4

6

8

10

12

1 2 3 4 5 6 7

Col2CreERT2;Idh1 LSL/+

Col2a1CreERT2;
Idh1 LSL/+ 

400-500um

300-400um

200-300um

100-200um

<100um

0

2

4

6

8

10

12

1 2 3 4 5 6 7

Col2CreERT1;Scap f l/ fl;Idh1 LSL/+

Col2a1CreERT2;
Scap fl/fl; Idh1 LSL/+ 

D

Figure 3: Deleting Scap reduced enchondroma-like lesions in Idh1-KI mice. 
(A) Representative Safranin O staining of Col2a1CreERT2;Idh1LSL/+ and Col2a1CreERT2;Scapfl/f;Idh1LSL/+ mice. (B) Number of enchondroma-like 
lesions. (C) Relative tumor volume of enchondroma-like lesions. (D) Distribution of the width of enchondroma-like lesions. Scale bars, 200µm. Each 
data point represents one animal. n=7. *p<0.05. p-value was determined by unpaired, two-tailed student t-test. Means � 95% confidence intervals 
were shown.
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Figure 4: Lovastatin inhibits chondrosarcoma viability in vitro.

Figure 4: Lovastatin inhibits chondrosarcoma viability in vitro. 
(A) Cholesterol concentration in primary chondrosarcoma tumors with wildtype IDH1/2 (n=5) or mutant IDH1 (n=7). (B) Relative cell viability of 
chondrosarcoma cells after lovastatin treatment for 48 hours at indicated concentrations in vitro (n=5). (C) Representative 
immunohistochemistry for Ki67 on chondrosarcoma explants treated with vehicle control or lovastatin (original magnification, x200).  (D) 
Quantification of the percentage of Ki67 positive cells in (C) (n=5). For Figure 4(A) (B) (D), each data point represents a chondrosarcoma from 
an individual patient. *p<0.05, ****p<0.0001. p-value was determined by unpaired, two-tailed student t-test. Means � 95% confidence intervals 
were shown.
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Figure 5: Lovastatin inhibits chondrosarcoma growth in vivo. 

(A) Relative tumor weight of chondrosarcoma xenografts after vehicle or lovastatin treatment. (B) Representative figure for BrdU staining on 

xenografted tumors and quantification of BrdU positive cells in relative values (original magnification, x200). (C) Immunohistochemistry of 

cleaved caspase 3 on xenografted tumors and quantification of cleaved caspase 3 positive cells in relative values (original magnification, x200). 

Each data point represents the relative tumor weight, relative percentage of BrdU positive cells, or relative percentage of cleaved caspase 3 

positive cells of each xenograft tumor. n=25. *p<0.05, ***p<0.001, ***p<0.0001. p-value was determined by unpaired, two-tailed student t-test. 

Means � 95% confidence intervals were shown.
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Figure 5: Lovastatin inhibits chondrosarcoma growth in vivo. 
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