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Abstract

Recent studies have indicated that using statins to inhibit the mevalonate pathway induces mutant 

p53 degradation by impairing the interaction of mutant p53 with DNAJA1. However, the role of 

the C-terminus of DNAJA1 with a CAAX box for farnesylation in the binding, folding and 

translocation of client proteins such as mutant p53 is not known. In the present study, we used a 

genetically engineered mouse model of pancreatic carcinoma and showed that atorvastatin 

significantly increased animal survival and inhibited pancreatic carcinogenesis. There was a 

dramatic decrease in mutant p53 protein accumulation in the pancreatic acini, PanINs and 

adenocarcinoma. Supplementation with farnesyl pyrophosphate, a substrate for protein 

farnesylation, rescued atorvastatin-induced mutant p53 degradation in pancreatic cancer cells. 

Tipifarnib, a farnesyltransferase inhibitor, mirrored atorvastatin’s effects on mutant p53, degraded 

mutant p53 in a dose dependent manner, and converted farnesylated DNAJA1 into unfarnesylated 

DNAJA1. Farnesyltransferase gene knockdown also significantly promoted mutant p53 

degradation. Co-immunoprecipitation either by an anti-DNAJA1 or p53 antibody confirmed the 

direct interaction of mutant p53 and DNAJA1 and higher doses of atorvastatin treatments 

converted more farnesylated DNAJA1 into unfarnesylated DNAJA1 with much less mutant p53 

pulled down by DNAJA1. Strikingly, C394S mutant DNAJA1, in which the cysteine of the CAAX 

box was mutated to serine, was no longer able to be farnesylated and lost the ability to maintain 

mutant p53 stabilization. Our results show that farnesylated DNAJA1 is a crucial chaperone in 

maintaining mutant p53 stabilization and targeting farnesylated DNAJA1 by atorvastatin will be 

critical for inhibiting p53 mutant cancer.
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1 INTRODUCTION

Pancreatic cancer is the 4th leading cause of cancer-related death in the United States and is 

expected to become the 2nd leading cause of cancer-related death by 2020. In 2019, an 

estimated 56,770 Americans will be diagnosed with pancreatic cancer and over 45,750 will 

die from the disease1. Only 9% of pancreatic cancer patients will survive more than five 

years and 74% die within the first year of diagnosis1. Point mutation of the Kirsten rat 

sarcoma viral oncogene homolog (KRAS) gene is the most frequent genetic alternation 

(found in more than 90% of human pancreatic cancer cases) and represents an early event in 

pancreatic carcinogenesis2. The TP53 tumor suppressor gene is also commonly mutated in 

human pancreatic cancer (60%), predominantly through missense mutations3. Therefore, 

targeting mutant p53 and its regulatory signaling is critical for the prevention and therapy of 

this lethal malignancy.

p53 has a crucial role in tumor suppression at least in part through its ability to regulate 

transcription of a number of downstream target genes involved in apoptosis, cell cycle arrest 

and metabolism4. Mutations in the TP53 gene are the most frequent genetic lesions in 

human tumors5, and frequently occur at hotspot amino acids such as residues R175, G245, 

R248, R249, R273, and R282 in the DNA-binding domain6. This results in missense 

mutations with loss of function. Unlike wild-type p53, which is degraded rapidly in 

unstressed normal physiologic conditions, these missense mutations increase the stability of 

the p53 protein7. Consequently, these mutant versions of the p53 protein are commonly 

expressed at the high levels in cancer cells. Certain mutant p53 proteins not only abrogate 

their wild-type tumor suppressive functions, but frequently acquire pro-oncogenic activities 

that promote tumorigenesis, tumor cell survival, invasion and metastasis8.

Targeting mutant p53 has emerged as a potential therapeutic strategy. The HSP90/HDAC6 

chaperone machinery is highly activated in cancers compared to normal tissues and 

contributes to stabilizing mutant p53. Inhibition of Hsp90 causes degradation of mutant p53 

and tumor regression in a mutant p53-dependent manner9. Recently, it has been shown that 

mevalonate kinase (MVK) stabilizes mutant p53 by inhibiting its ubiquitination by the CHIP 

(C-terminus of Hsc70-interacting protein) E3 ubiquitin ligase in a manner relying on 

DNAJA1, a Hsp40 family member10. Although previous studies have implicated E3 

ubiquitin ligases (Mdm2 and CHIP) and heat shock proteins (Hsp70 and Hsp90) as critical 

regulators of mutant p53 stability in tumors9–11, a complete understanding of the 

mechanisms underlying mutant p53 stability remains elusive.

The DnaJ proteins, also known as heat shock protein 40 (Hsp40), act as co-chaperones to the 

molecular chaperone DnaK (Hsp70), which is expressed abundantly in various tumors and is 

involved in mulitple cellular processes including DNA replication and transcription, protein 

folding and maturation, transport of polypeptides through membranes, assembly and 

disassembly of protein complexes, and cell signaling12. Human protein DnaJ subfamily A 

member 1 (DNAJA1) has critical roles in protein folding and spermatogenesis by controlling 

androgen receptor signaling13,14. DNAJA1 was also found to be involved in the 

mitochondrial import of proteins15. It is hypothesized that DNAJA1 may be implicated in 

importing apoptotic factors into the mitochondrial membrane during the biogenesis of 
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apoptosis16. Interestingly, DNAJA1 was significantly down-regulated in pancreatic cancer 

cells compared to normal cells, and was selected as a biomarker for pancreatic cancer to 

assess the effects of farnesyl protein transferase inhibitors17,18. A mechanistic study showed 

that overexpression of DNAJA1 appeared to activate DnaK protein by forming a JNK-

suppressing complex, leading to hyperphosphorylation of c-Jun and a decrease in cell death 

in pancreatic cancer cells19.

Although DNAJA1 is known to bind to mutant p53 and is implicated in misfolded protein 

degradation10, little is known about the specific biological function for DNAJA1 

farnesylation in the control of mutant p53 stability. Statins are inhibitors of 3-hydroxy-3-

methylglutaryl-coenzyme A (HMG-CoA) reductase, which is a rate-limiting enzyme in the 

cholesterol/mevalonate pathway. Recent studies have suggests that statins may inhibit 

pancreatic cancer development and progression20–22. The mechanism by which statins 

produce anticancer effects remains elusive, though the mechanism could involve the 

inhibition of the mevalonate pathway, blocking the synthesis of intermediates important for 

protein prenylation and altering the expression of genes involved in lipid metabolism, which 

are important for pancreatic carcinogenesis23. In the present study, we continue our 

previously published work (in Molecular Carcinogenesis) on the use of atorvastatin to 

inhibit pancreatic carcinogenesis and increase survival in the LSL-KrasG12D-LSL-
Trp53R172H-Pdx1-Cre pancreatic cancer mouse model24. We further demonstrate 1) a 

significant reduction of mutant p53 positive cells in early onset pancreatitis foci, mouse 

pancreas intraepithelial neoplasia lesion (mPanINs) and adenocarcinoma in in LSL-
KrasG12D-LSL-Trp53R172H-Pdx1-Cre mice; 2) atorvastatin treatment in mouse pancreatic 

cancer cells (obtained from LSL-KrasG12D-LSL-Trp53R172H-Pdx1-Cre mice) induces 

degradation of mutant p53, resulting in cell cycle arrest and apoptosis; and 3) 

mechanistically, reduction of DNAJA1 farnesylation by atorvastatin or a farnesyl transferase 

inhibitor or by siRNA gene knockdown or or C394S mutant DNAJA1 (in which the cysteine 

of the CAAX box is mutated to serine, is no longer able to be farnesylated) impairs its 

binding and nuclear export of mutant p53, further degrading mutant p53. Our results provide 

a new mechanism by which atorvastatin prevents pancreatic cancer through targeting 

DNAJA1 farnesylation to induce mutant p53 degradation.

2 MATERIALS AND METHODS

2.1 Animal experiments

Pdx-1-Cre mice were kindly provided by Dr. Lowy (University of Cincinnati). LSL-
Trp53R172H and LSL-KrasG12D mice were obtained from MMHCC, NCI/NIH and kindly 

provided by Dr. T. Jacks (MIT). C57BL/6J mice were purchased from the Jackson 

laboratory. All mice were genotyped in our laboratory following the protocols provided by 

the investigators25. The triple transgenic KrasG12D-Trp53R172H-Pdx-1-Cre mice (KPC 
R172H) were generated previously reported26. Mice were housed under pathogen-free 

conditions in the facilities of Laboratory Animal Services, Northwestern University. All 

studies were conducted in compliance with Northwestern University IACUC guidelines. The 

procedure and methods for atorvastatin with doses of 100 ppm and 200 ppm treated KPC 
R172H mice were published in Molecular Carcinogenesis24.
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2.2 Tissue preparation and histopathology

Mice were sacrificed by CO2 asphyxiation. Organs were collected including the pancreas, 

liver, spleen, adrenals, kidney and lung. The numbers and sizes of tumors were recorded. 

Tumor volume was determined by the formula V = 4/3πr3, where r was the average tumor 

radius obtained from three diameter measurements. Organs were fixed in 10% formalin for 

24 hours, routinely processed and embedded in paraffin. 5 μm serial paraffin sections were 

obtained on poly-l-lysine-coated slides and stained with hematoxylin and eosin for 

histopathological analysis. Chronic pancreatitis, precancerous lesions and pancreatic tumors 

were analyzed histopathologically according to established criteria27,28.

2.3 Immunohistochemistry

Immunohistochemical staining was carried out using an avidin-biotin-peroxidase method as 

previously described24,26,29. Endogenous peroxidase activity in paraffin-embedded tissue 

sections was quenched with 1% H2O2. Antigens were retrieved using a citrate buffer in the 

microwave. Horse serum was used to block nonspecific protein interactions. Slides were 

then incubated with primary antibody (1 μg/ml for Ki-67, or CM-5p p53 antibody, Vector 

Labs, Burlingame, CA), followed by the appropriate biotinylated secondary antibody and the 

avidin-biotin-peroxidase complex (Vector Labs, Burlingame, CA). 3,3-Diaminobenzidine 

(Sigma-Aldrich, St. Louis, MO) was used as the chromagen. Negative controls were 

established by replacing the primary antibody with phosphate-buffered saline and normal 

serum. Positive staining was indicated by the presence of a specific brown-colored 

precipitate. Positive cells and staining intensity were quantified using the Olympus BX45 

microscope and DP70 digital Camera. The full image of each pancreas was snapped under 

2.5X and 20X objective lens and saved with >2560 resolution image. Using ‘histogram 

analysis’ in the Photoshop program, specific staining intensity and percentage of positive 

staining cell number in total cells counted were measured for at least 10 defined areas/image 

including normal pancreas, acinar-ductal metaplasia, pancreatic intraepithelial neoplasia 

(PanIN) and pancreatic ductal adenocarcinoma (PDAC).

2.4 Cell culture, colony formation assay

The mouse pancreatic carcinoma cell line (PO3) was derived from PDAC KPC R172H mice. 

Cell lines were cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% 

fetal bovine serum, and 0.1% gentamicin and maintained at 37 °C with 5% CO2. The human 

pancreatic carcinoma cell line (AsPC-1) was maintained in RPMI-1640 medium with 10% 

fetal bovine serum. A panel of human pancreatic cancer cells containing different p53 

hotspot mutations (Panc 10.05, SU.86.86, BXPC-3, PANC-1 and MIA-PaCa-2) and 

SW1990 cell (containing WT p53) were cultured in their respective media according to 

ATCC website.

The colony formation assay was used to determine cell proliferation and tumorigenecity. 

Cells were seeded into 6 well culture plates (in triplicate) with 500 cells per well and 

incubated with the vehicle control (DMSO) or Atorvastatin in culture medium for 7 days. 

The colony was defined to consist of at least 50 cells. The inhibition percentage of cell 

colony formation was calculated.
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2.5 Cell migration assay

Wound healing assay was performed to evaluate cell migration. Cells were scraped with 

200μL sterile tips to make a straight scratch. Cell debris was removed by washing with PBS. 

Cells migration were photographed at 0, 16, 20, and 24 h, respectively. The width of the cell-

free area was measured at each time point.

2.6 Invasive study using Matrigel Invasion Chambers approach

BioCoat matrigel invasion chambers (BD Biosciences, San Jose, CA) were used to 

investigate invasion activity. 10% fetal bovine serum in the lower chamber was used as a 

chemo-attractant. PO3 cell suspension (5 × 104 cells/well) in serum free DMEM medium 

was seeded in a matrigel invasion chamber and incubated for 22 hours. Invading cells on the 

underside of the chamber were fixed with 100% methanol, stained with Giemsa, and 

counted under the microscope. The number of cells that migrated through the membrane 

was determined by averaging 5 randomly selected fields of view. The result was expressed 

as the percent invasion through the matrigel matrix and membrane relative to the migration 

through the control membrane. Invasion index (expressed as the ratio of the percent invasion 

of a test cell over the percent invasion of a control cell) was also calculated by comparison to 

the control cells.

2.7 Cell fractionation and Western blot analysis

Cells were incubated in medium containing DMSO or chemicals for 24 h and 48 h. The 

following reagents were used in these studies: DL-Mevalolactone (M4667), DL-Mevalonic 

Acid 5-Phosphate (79849), Mevalonic acid 5-pyrophosphate (94259), Isopentenyl 

pyrophosphate (I0503), Geranyl pyrophosphate (G6772), Farnesyl pyrophosphate (F6892), 

Geranylgeranyl pyrophosphate (G6025), squalene (S3626) and tipifarnib (SML 1668). All 

were purchased from Sigma-Aldrich Co. LLC, and atorvastatin was purchased from 

Millipore. The medium was then removed and cells were washed, scraped and lysed on ice 

by overtaxing every 5 min for 30 min using radioimmunoprecipitation (RIPA) lysis buffer 

(Santa Cruz biotechnology, Santa Cruz, CA) containing 1% PMSF, 1% sodium 

orthovanadate, 1% protease inhibitor cocktail, 1% phosphatase inhibitor cocktails 2 and 3 

(Sigma, St. Louis, MO). The extracts were centrifuged at 13,000 rpm for 10 min at 4 °C. 

The supernatant was collected. Protein concentrations were determined by the BCA assay 

(Thermo Fisher Scientific).

20 μg protein was loaded on SDS-PAGE and transferred to the Immun-Blot PVDF 

Membrane (Bio-Rad). The membrane was blocked with 5% non-fat dry milk in 1X TBST 

for 1 hour at room temperature and followed by incubation with the primary antibody 

solution overnight at 4 °C. The antibodies used were as follows: Rabbit polyclonal anti-p53 

(FL-393) (1:200, Santa Cruz Biotechnology, Santa Cruz, CA), BCL2 (1:1000, Cell 

Signaling Technology, Danvers, MA), Caspase 9 (1:1000, Cell Signaling Technology), and 

cleaved Caspase-3 (1:1000, Cell Signaling Technology); mouse monoclonal anti-p53 (Pab 

240) (1:200, Santa Cruz Biotechnology, Santa Cruz, CA), p53 (DO-1) (1:200, Santa Cruz 

Biotechnology), p21 (F-5) (1:200, Santa Cruz Biotechnology), cyclin D1 (M-20) (1:200, 

Santa Cruz Biotechnology), PCNA (NA03) (1:1000, EMD Millipore Corporation), and 

DNAJA1 (1:10000, Thermo Fisher Scientific); goat polyclonal anti-Lamin A/C (1:500, 
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Santa Cruz Biotechnology); 6XHis monoclonal antibody (1:2500, TaKaRa). Mouse anti-β-

actin (1:10000, Sigma-Aldrich, St Louis, MO) and rabbit anti-vinculin (1:2000, Thermo 

Fisher Scientific) served as an internal control. The membrane was then washed with TBST 

and incubated with HRP-linked anti-rabbit (1:2000) or anti-mouse (1:2000) or anti-goat 

(1:5000) IgG and HRP-linked anti-biotin antibodies (1:2000, Cell Signaling Technology) for 

1 hour at room temperature. The antibody-antigen complexes were detected using the 1X 

LumiGLO® chemiluminescent substrate (Cell Signaling Technology) according to the 

manufacturers’ directions and the emitted light captured on X-ray film.

2.8 Flow cytometric analysis

Annexin V/ propidium iodide (PI) assay was used to analyze apoptosis. Cells were harvested 

and washed with PBS. 5 μL Annexin V-APC and PI (BD Pharmingen) was added to 100 μL 

1×105 cells suspension in binding buffer and incubated for 15 minutes at room temperature 

in the dark. 400 μL binding buffer was then added. Finally, the treated cells were measured 

using the FACSCanto II instrument. 1 × 106 cells were harvested in 1 mL complete medium 

and stained with the Vybrant DyeCycle Violet stain (Invitrogen), and then incubated at 37°C 

for 30 minutes in the dark. Cell cycle assay was performed with flow cytometry and 

analyzed using FlowJo software.

2.9 Immunofluorescence

Cells were plated into 2 well chamber slides (Nunc™ Lab-Tek™ II) at a density of 1 × 105 

cells/mL. After one day plating, cells were treated with DMSO or 40μM Atorvastatin for 24 

h at 37°C. Cells were washed with PBS, fixed by 4% paraformaldehyde for 15 min, 

followed by permeabilization with 0.1% Triton X-100 in PBS for 10 min at room 

temperature, and blocked by 3% BSA in PBS containing 0.1% Triton X-100 for 1 h at room 

temperature. Cells were incubated overnight with anti-p53 (FL-393) antibody (1:50, Santa 

Cruz Biotechnology, Santa Cruz, CA) and anti-lamin A/C (4C11) antibody (1:200, Cell 

Signaling Technology), followed by incubation with Alexa-568 and Alexa-488 conjugated 

secondary antibodies (ThermoFisher Scientific) for 1 h at room temperature. Cells were then 

mounted with proLong™ gold antifade mountant with DAPI (Invitrogen). 

Immunofluorescence images were captured by NIKON A1R microscopy.

2.10 RNA Interference Experiment

A pool of several target-specific siRNA duplex targeting mouse FTβ mRNA and non-

targeting control siRNA were purchased from Santa Cruz Biotechnology. siRNA for mouse 

and human DNAJA1 were from Millipore-Sigma. The transfection of siRNA into cells was 

performed by using Lipofectamine RNAiMAX (ThemoFisher Scientific) according to the 

manufacturer’s instructions, cells were transfected for 24 h and followed by treatment with 

atorvastatin for another 24 h.

2.11 Co-Immunoprecipitation

Agarose-conjugated mutant p53 antibody was purchased from Santa Cruz Biotechnology. 

Agarose-conjugated DNAJA1 antibody was prepared by incubation of DNAJA1 antibody 

with protein A/G agarose beads on rotator for 4 h at 4 °C. Cell lysates were incubated with 
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agarose-conjugated antibody overnight on rotator at 4 °C. Samples were centrifuged at 2,000 

× g for 2 min at 4 °C and the pelleted beads were washed 4 times with cold wash buffer 

supplemented with protease inhibitors. Finally, 25 μl loading buffer was added to each 

sample, followed by SDS-PAGE and Western Blot.

2.12 Plasmids, site-directed mutagenesis and DNA transfection

pCMV-Neo-Bam p53 R175H was a gift from Bert Vogelstein (Addgene plasmid # 16436) 

and human DNAJA1 cDNA was cloned into BamHI and NotI restriction sites of 

pcDNA5/FRT/TO HIS vector, a gift from Harm Kampinga (Addgene plasmid # 19545). 

DNAJA1 truncated mutants were generated by PCR of DNAJA1 cDNA and subsequently 

cloned into BamHI and NotI restriction sites of the pcDNA5/FRT/TO HIS vector. The 

C394S mutant of DNAJA1 was produced by QuikChange Multi Site-directed Mutagenesis 

kit (Agilent Technologies) to mutate codon 394 TGT (cysteine) to AGT (serine). All 

plasmids were confirmed by DNA sequencing. The transfection of plasmids into AsPC-1 

cells was performed by using Lipofectamine 3000 (ThemoFisher Scientific) according to the 

manufacturer’s instructions. Cells were first transfected with DNAJA1 siRNA to knock 

down endogenous DNAJA1 expression for 24 h and followed by co-transfecting p53 R175H 

plasmid and WT DNAJA1 or DNAJA1 mutants for another 24 h,

2.13 Statistical analysis

All experiments were repeated at least three times. For Western blot and cell image, a 

representative result was presented. The values were expressed as means ± standard 

deviation (SD). A probability value p < 0.05 (*p < 0.05, **p < 0.01 or ***p < 0.001) was 

considered to be statistically significant. Kaplan-Meier survival analysis was performed 

using SPSS software. Chi-square testing was used to analyze tumor incidence. Normally 

distributed data were analyzed using two-tailed Student’s t-test, and nonparametric data 

were analyzed using the Mann-Whitney rank sum test.

3 RESULTS

3.1 Immunohistochemical analysis of mutant p53 in the pancreas of Pdx1Cre-K-rasG12D-
p53R172H (called KPC172H) mice treated with atorvastatin

Our prior publication confirmed that 100 and 200 ppm of atorvastatin significantly increased 

survival in KPC172H mice with pancreatic carcinoma24. Histologic and immunochemical 

analyses showed that atorvastatin treatment resulted in a significant reduction in tumor 

volume, ki-67-labeled cell proliferation and protein farnesylation including Kras and 

DNAJA124. The global gene expression profile demonstrated that a total of 132 genes were 

significantly modulated by atorvastatin including up-regulation of Waf1p21 (a wild-type p53 

downstream signal), suggesting potential effects on mutant p5324. With histopathology, 

immunohistochemistry and Aperio Whole Slide Image analysis approaches, mutant p53 

protein expression in these atorvastatin-treated pancreases was analyzed. Microscopic focus 

of early onset pancreatitis with or without mutant p53 accumulation in morphologically 

normal pancreatic parenchyma (acinar areas) was morphologically and 

immunohistochemically identified in the KPC172H mice, as seen in Figure 1A –C. 100 and 

200 ppm atorvastatin markedly reduced the p53 foci, as seen in Figure 1B and 1C. The 

Xu et al. Page 7

Mol Carcinog. Author manuscript; available in PMC 2020 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



numbers of these p53 positive foci were quantitatively analyzed, expressed as p53 foci 

number/mm2, and showed a significant reduction with atorvastatin treatment (Figure1 P). 

Similarly, the number of mutant p53 positive cells in mPanIN lesions (mPanIN 1 – 3, Figure 

1D–L)) and pancreatic adenocarcinoma (Figure 1M–O) was also decreased in the mice 

treated with 100 and 200ppm atorvastatin, and quantitative analysis showed statistical 

significance (p<0.001, Figure 1Q).

3.2 Degradation of mutant p53 by atorvastatin mainly relies on specific effectors involved 
in mevalonate pathway

Our previous work demonstrated a dose-dependent inhibitory effect on pancreatic carcinoma 

cell growth after treatment with atorvastatin in mouse pancreatic carcinoma cell lines (PO3) 

derived from KPC172H mice24. More recently, atorvastatin was also reported to reduce the 

protein level of mutant p53 in a dose-dependent manner without changing wild-type p5310. 

To determine whether the effect of atorvastatin on inhibiting pancreatic carcinogenesis in 

KPC172H mice is related to its degradation of mutant p53, expression of mutant p53 protein 

was analyzed in mouse pancreatic carcinoma cell line (PO3) using a western blotting 

approach. We used two antibodies (sc-99 and sc-6243) to detect p53. Under non-denaturing 

conditions, sc-99 only detects mutant p53. However, sc-6243 can detect both WT and 

mutant p53. As illustrated in Figure 2A, atorvastatin reduced mutant p53 levels significantly 

at 24 and 48 h post treatment (sc-99 panel), but had no effect on wild-type p53 levels 

(sc-6243 panel, upper band).

Since atorvastatin inhibits HMG-CoA reductase activity (the rate-controlling enzyme of the 

mevalonate pathway in cholesterol synthesis) (Figure 2B)20, to further examine effectors in 

the mevalonate pathway crucial for atorvastatin-induced mutant p53 degradation, we treated 

PO3 cells with 40 μM atorvastatin (the highest effective dose) in the presence or absence of 

0.5 mM mevalonic acid (MVA) or mevalonate-5-phosphate (MVP) for 24 hour. Consistent 

with previous reports10, Western blotting results showed that supplementation of either MVA 

or MVP completely rescued atorvastatin-induced mutant p53 degradation (Figure 2C). 

Furthermore, supplementation with MVA or MVP significantly reduced atorvastatin-induced 

apoptosis and cell cycle arrest (Figure 2D & 2E). These results indicate the importance of 

mevalonate pathway involvement in atorvastatin-induced mutant p53 degradation.

In contrast to previous reports10, supplementation with mevalonic acid 5-pyrophosphate 

(MVA-5PP) also rescued atorvastatin-induced mutant p53 degradation in PO3 cells (Figure 

2F). More interestingly, supplementation with Farnesyl pyrophosphate (FPP), and 

Geranylgeranyl pyrophosphate (GGPP) also rescued atorvastatin-induced mutant p53 

degradation (Figure 2F). However, supplementation of squalene failed to rescue atorvastatin-

induced mutant p53 degradation (Figure 2F).

3.3 The crucial role of DNAJA1 farnesylation in atorvastatin-induced mutant p53 
degradation

Since supplementation of both FPP and GGPP are sufficient to rescue atorvastatin-induced 

mutant p53 degradation, but not squalene, this indicates that protein prenylation (including 

protein farnesylation) may play an important role in atorvastatin-induced mutant p53 
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degradation. Additionally, previous reports demonstrate that DNAJA1 interacts with mutant 

p53 and is responsible for maintaining mutant p53 protein stability10. DNAJA1 itself can be 

modified by protein farnesylation and therefore, we further tested whether DNAJA1 

farnesylation is crucial for atorvastatin-induced mutant p53 degradation. To this end, we first 

treated PO3 cells with tipifarnib, a specific farnesyltransferase inhibitor. As illustrated in 

Figure 3A, tipifarnib alone can mirror atorvastatin’s effect on mutant p53 and degraded 

mutant p53 in a dose dependent manner. At the same time, we found a decrease in 

farnesylated DNAJA1 levels and an increase in unfarnesylated DNAJA1 levels following 

tipifarnib treatment. We also knocked down the expression of farnesyltransferase subunit β, 

the essential subunit of the farnesyltransferase complex, in PO3 cells by siRNA, and found 

that even in the absence of atorvastatin treatment, knockdown of farnesyltransferase subunit 

β reduced mutant p53 protein levels (Figure 3B). As expected, knockdown of DNAJA1 itself 

also reduced mutant p53 levels, and atorvastatin treatment further reduced p53 levels (Figure 

3C). Co-immunoprecipitation either by anti-DNAJA1 antibody or p53 antibody confirmed 

the direct interaction of mutant p53 and DNAJA1. Interestingly, higher doses of atorvastatin 

treatments converted more farnesylated DNAJA1 into unfarnesylated DNAJA1 with much 

less mutant p53 pulled down by DNAJA1, highlighting the critical role of DNAJA1 

farnesylation for maintaining the level of mutant p53 (Figure 3D).

Because farnesyl transferase inhibitors or knockdown of farnesyl transferase expression may 

alter other farnesylated proteins, we further investigated directly whether farnesylation of 

DNAJA1 is required for mutant p53 stabilization. We used the p53-null human pancreatic 

cancer cell line (AsPC-1). We first knocked down endogenous DNAJA1 expression which 

was followed by co-transfection of the cells with mutant p53 R175H and WT DNAJA1, 

C394S mutant DNAJA1 or truncated DNAJA1. As illustrated in Figure 3 E and F, there was 

no endogenous p53 expression in AsPC-1 cells and transfection of cells with p53 R175H 

plasmid resulted in strong expression of mutant p53 protein and knockdown of endogenous 

DNAJA1 inhibited mutant p53 expression. However, co-transfection of WT DNAJA1 

plasmid restored mutant p53 expression even after knockdown of endogenous DNAJA1, 

while C394S and truncated mutants failed to restore mutant p53 expression. More 

importantly, we found two bands of His tagged DNAJA1 (majority farnesylated DNAJA1 

and a little unfarnesylated DNAJA1) after transfecting WT DNAJA1 into the cells, and only 

one unfarnesylated DNAJA1 band when cells were transfected with C394S mutant, strongly 

supporting our conclusion that DNAJA1 farnesylation is required for mutant p53 

stabilization.

Together, these results indicate that not only is DNAJA1 is important for maintaining mutant 

p53 stability, but also that this crucial role of DNAJA1 is dependent on DNAJA1 protein 

farnesylation.

3.4 Atorvastatin-induced p53 degradation leading to induce apoptosis and cell cycle 
arrest in pancreatic cancer cells

To investigate whether a reduction in mutant p53 enhances wild-type p53 function, we 

treated PO3 cells with atorvastatin and carried out Western blotting to detect apoptosis 

related proteins (BCL2, cleaved caspase 9 and 3) and cell cycle related proteins (P21, Cyclin 
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D1 and PCNA). We found that atorvastatin decreased the protein levels of BCL2 and 

increased cleaved caspase 3 in a dose-dependent manner (Figure 4A). We also found that 

atorvastatin increased P21 protein expression and reduced Cyclin D1 and PCNA in a dose 

dependent manner (Figure 4B). To further evaluate the effects of atorvastatin treatment on 

apoptosis and cell cycle, we performed Annexin-V and PI staining followed by flow 

cytometry analysis. As shown in Figure 4C, after treatment of PO3 cells with atorvastatin at 

the indicated concentrations for 24 and 48 h, the percentage of Annexin-V positive cells 

(apoptotic cells) was increased in a dose dependent manner. Atorvastatin treatment also led 

to a significant increase of the sub-G1 fraction in PO3 cells at the 40 μM dose for 24 hour, 

and 10 to 40 μM dose for 48 hours (Figure 4D). These results demonstrate the induction of 

apoptosis and cell cycle arrest from mutant p53 degradation in mouse pancreatic cancer cells 

following atorvastatin treatment, possibly due to degrading mutant p53 and increasing wild-

type p53 activity.

3.5 Atorvastatin inhibits cell migration and invasion in vitro

Cell migration and invasion are crucial steps for cancer metastasis. To evaluate if the 

degradation of mutant p53 induced by atorvastatin has an effect on the migratory ability of 

pancreatic cancer cells, we employed the wound healing assay, in which cells migrate into 

the wound place created by scratching with a pipette tip. After atorvastatin treatment, the 

migration abilities of PO3 cells were decreased in a dose dependent manner (Figure 5A). 

Moreover, the wound gaps of the PO3 cells treated with atorvastatin were still open at 24 

hour while the control cells had almost closed the wound gap, indicating that atorvastatin 

treatment reduces migration abilities of PO3 cells. As an independent measure of cell 

motility, we further performed trans-well invasion assays to investigate the effect of 

atorvastatin treatment on the invasion ability of PO3 cells. As shown in Figure 5B, 

atorvastatin significantly decreased the invasion rate of PO3 cells in a dose-dependent 

manner compared to control cells. We also performed colony formation assays and found 

that atorvastatin inhibited PO3 cell growth significantly in a dose dependent manner (Figure 

5C). Collectively, these data revealed that atorvastatin treatment inhibits migration and 

invasion of pancreatic cancer cells.

3.6 Subcellular distribution of mutant p53 after atorvastatin treatment

To investigate the effect of atorvastatin on cellular localization of mutant p53, confocal 

microscopy with immunofluorescence staining was performed. Figure 6 shows the nuclear 

location of mutant p53 highlighted by lamin A/C-stained nuclear membranes in the control 

PO3 cells. Atorvastatin-treated cells displayed both cytoplasmic and nuclear staining of 

mutant p53. DNAJA1 was distributed in the cytoplasm where it co-localized with 

cytoplasmic p53, indicating that atorvastatin may block the nuclear translocation of mutant 

p53.

3.7 Atorvastatin induces different mutant p53 degradation in a variety of human 
pancreatic cancer cell lines

Mutations in the TP53 gene represent the most frequent genetic lesions in human tumors, 

and the majority of the mutations span approximately 190 different codons localized in the 

DNA-binding domain of the protein. We wanted to determine if there were different effects 
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of atorvastatin on a panel of human pancreatic cancer cell lines containing a spectrum of p53 

hotspot mutations. In addition to PO3 cells (carrying mutant p53 at R172H, equal to human 

R175H), as seen in Figure 7A, Panc 10.05, SU.86.86, and BXPC-3 cell lines carried a 

missense mutant p53 at sites of I255N, G245S, and Y220C, respectively exhibited a 

significant dose-dependent reduction of mutant p53 protein expression after atorvastatin 

treatment for 24 h, whereas there was no change in SW1990 (wild type p53), PANC-1 

(mutant at R273H), and MIA-PaCa-2 (R248W) cells. It also showed that farnesyled 

DNAJA1 was reduced and unfarnesyled DNAJA1 was increased after atorvastatin treatment 

(Figure 7A). We further knocked down DNAJA1 expression by siRNA in SU.86.86 and 

BXPC-3 cells and found that reduced DNAJA1 alone could decrease mutant p53 expression 

in these cells (Figure 7B).

4 DISCUSSION

As a tumor suppressor, the TP53 gene functions mainly by inducing transcription of 

downstream target genes involved in the regulation of DNA repair, cell cycle arrest, 

senescence, apoptosis, and metabolism4. Loss of TP53 function results in uncontrolled cell 

proliferation, immortalization and eventually cancer development, which is supported by the 

evidence that more than half of human cancers have mutant p53. Mutant p53 can inhibit 

wild-type p53 activity by dominant-negative oligomerization with wild-type p53. More 

importantly, mutant p53 shows gain-of-function activities and functions like an oncogene. 

Targeting mutant p53 has been shown to reduce the malignant properties of cancer cells 

though the molecular mechanisms underlying mutant p53 stabilization and degradation are 

not fully understood.

Although the transcriptional regulation of p53 expression has been observed30, regulation of 

p53 expression has historically been associated with mechanisms regulated primarily by 

post-transcriptional modifications of protein stability, p53 subcellular localization, and 

association with other proteins31. Recently, Parrales et al reported that DNAJA1, a member 

of the Hsp40 family, interacts with mutant p53 and is responsible for maintaining mutant 

p53 stability10. When cells are treated with statins, which inhibit the mevalonate pathway 

and prevents MVP production, reduced MVP inhibits the binding of mutant p53 to DNAJA1 

but increases its interaction with CHIP, an ubiquitin ligase, resulting in mutant p53 

degradation. However, there are remaining questions that need to be answered: How does 

MVP enhance the interaction between mutant p53 and DNAJA1 to stabilize mutant p53? 

DNAJA1 is often modified by protein farnesylation in cells, is DNAJA1 farnesylation 

involved in statin-induced (including atorvastatin) mutant p53 degradation? In the present 

study, we showed that DNAJA1 farnesylation plays a crucial role for mutant p53 stability 

and atorvastatin-induced mutant p53 degradation in pancreatic cancer cells. First, tipifarnib, 

a farnesyltransferase inhibitor, can mirror atorvastatin’s effect on mutant p53, degraded 

mutant p53 in a dose dependent manner, and converted farnesylated DNAJA1 into 

unfarnesylated DNAJA1 at the same time. Second, knockdown of the expression of 

farnesyltransferase subunit β, the essential subunit of the farnesyltransferase complex, 

degraded mutant p53 in the absence of atorvastatin treatment. Third, co-

immunoprecipitation showed that higher doses of atorvastatin treatments converted more 

farnesylated DNAJA1 into unfarnesylated DNAJA1 with much less mutant p53 pulled down 
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by DNAJA1. Fourth, C394S mutant DNAJA1 in which the cysteine of the CAAX box was 

mutated to serine, was no longer able to be farnesylated, and lost the ability to maintain 

mutant p53 stabilization. Fifth, supplementation with farnesyl pyrophosphate (FPP), the 

substrate for protein farnesylation, can rescue atorvastatin-induced mutant p53 degradation 

in pancreatic cancer cells. Finally, our previous work has demonstrated that atorvastatin 

inhibits cell growth in mouse pancreatic carcinoma cell lines derived from KPC172H mice 

(containing p53R172H mutation) and converts farnesylated DNAJA1 into unfarnesylated 

DNAJA124.

Protein prenylation is a post-translational modification by adding isoprenoid lipids to target 

proteins. This processing facilitates membrane interactions, promotes protein–protein 

interactions, and can also affect protein turnover32. Most prenylated proteins are post-

translationally lipidated at a carboxyl-terminal CAAX motif, for which prenylation is 

initiated by the attachment of a 15-carbon (farnesyl) or a 20-carbon (geranylgeranyl) 

isoprenoid lipid to the Cys residue by either protein farnesyltransferase (FTase) or protein 

geranlygeranyltransferase-I (GGTase-I), respectively32. FTase and GGTase-I share a 

common α-subunit but have unique β-subunits that determine substrate specificity. Some 

proteins, such as DNAJA1 and prelamin A, are substrates for FTase, whereas others, such as 

RAP1A and RHOA, are substrates for GGTase-I32. We have found that in addition to 

farnesyl pyrophosphate (FPP), geranylgeranyl pyrophosphate (GGPP) can also rescue 

atorvastatin-induced mutant p53 degradation, suggesting that there are other molecular 

chaperones that can stabilize mutant p53 like DNAJA1, and may be subject to protein 

geranylgeranylation modification.

We report here that atorvastatin decreased mutant p53 expression in PO3 cells and further 

reduced cell growth, and we have previously reported that K-Ras undergoes farnesylation24, 

thus the growth inhibition may be derived from reduced K-Ras farnesylation induced by 

atorvastatin.

Tumor-derived TP53 missense mutations are generally clustered within the DNA-binding 

domain and rarely observed in the NH2 and COOH terminal. The majority of TP53 

missense mutant proteins span approximately 190 different codons localized in the DNA-

binding domain of the protein. Among them, 8 of these mutations account for “hotspot 

mutations” which represent ~28% of total p53 mutations and these alleles appear to be 

selected for preferentially in human cancers of many tissue types6. The main mutation we 

studied here - mouse p53R172H (equivalent to humans p53R175H) is one of the most common 

p53 mutation hotspots, and we wonder which other p53 mutants can also be degraded by 

atorvastatin. We chose a panel of 6 different human pancreatic cancer cells (wild-type p53 

and different p53 mutation hotspots), and found that mutant p53 in 3 cell lines containing 

different p53 mutations other than p53R175H also degraded after atorvastatin treatment, and 

farnesyled DNAJA1 was converted to unfarnesyled at the same time, indicating that 

DNAJA1 farnesylation is a common phenomenon in many pancreatic cancer cells and is 

responsible for the stability of multiple different mutant p53’s.

Functionally these missense mutant p53 proteins at the DNA-binding domain (residues 96–

286) translate into a variety of impacts on its structure-function activity, which not only 
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perturbs the conformation of the binding surface thereby prompting its transition from the 

folded active wild-type state to an unfolded non-active state, but also promotes the 

oncogenic function8. In this study we considered that the interaction with intrinsic proteins 

such as heat shock proteins including DNAJA1 would be crucial to maintaining mutant p53 

protein stability and contributing to carcinogenesis.

In the present study, we also found that atorvastatin-treated cells displayed both cytoplasmic 

and nuclear staining of mutant p53, whereas it was only found in nucleus in control cells, 

indicating that atorvastatin blocks the nuclear translocation of mutant p53. The C terminus 

of the p53 protein contains a cluster of several nuclear localization signals (NLSs) that 

mediate the migration of the protein into the cell nucleus33. However, increasing evidence 

also demonstrates that nuclear translocation can be modified by interactions with other 

proteins expressed in the cell, especially those proteins located in nuclear membrane. How 

atorvastatin blocks mutant p53 nuclear translocation remains elusive.

In summary, we have demonstrated that farnesylated DNAJA1 protein is a crucial chaperone 

for mutant p53 stability and nuclear translocation, and targeting the DNAJA1 farnesylation 

process by atorvastatin is an efficient approach to inhibiting pancreatic carcinogenesis via 

degrading oncogenic mutant p53 protein.
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Abbreviations:

CHIP C-terminus of Hsc70-interacting protein

DMSO dimethyl sulfoxide

DNAJA1 DnaJ subfamily A member 1

FPP Farnesyl pyrophosphate

FTase protein farnesyltransferase

GGPP Geranylgeranyl pyrophosphate

GGTase-I protein geranlygeranyltransferase-I

HMG-CoA 3-hydroxy-3-methylglutaryl-coenzyme A

MVA mevalonic acid

MVA-5PP mevalonic acid 5-pyrophosphate

MVK mevalonate kinase

MVP mevalonate-5-phosphate

PanIN pancreas intraepithelial neoplasia lesion
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PDAC pancreatic ductal adenocarcinoma

PI propidium iodide
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Figure 1. IHC analysis of mutant p53 protein accumulation in the pancreas, mPanINs and 
adenocarcinoma in KPC172H mice. In morphologically normal pancreas,
A - C) microscopic foci with mutant p53 protein accumulation in the morphologically 

normal pancreas; showing the pancreas from KPC172H mice treated with atorvastatin at a 

dose of 0 ppm (A), 100 ppm (B) or 200ppm (C). In mouse pancreas intraepithelial 
neoplasia (mPanIN) from KPC172H mice treated with atorvastatin at doses of 0, 100 or 

200ppm, D - F) mPanIN 1; G - I) mPanIN 2; and (E), and J - L) mPanIN 3. (F). M -O) 
adenocarcinoma in KPC172H mice. P) Histogram of the quantitative analysis of the number 

of microscopic foci with mutant p53 protein accumulation per area in morphologically 
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normal pancreas from KPC172H mice treated with atorvastatin at doses of 0, 100 or 200ppm 

(*statistical significance P<0.01; **statistical significance P<0.001). Q) Histogram of the 

quantitative analysis for % of mutant p53 positive cells in mPanIN 1–3 and adenocarcinoma 

from KPC172H mice treated with atorvastatin at doses of 0, 100 or 200ppm (*statistical 

significance P<0.01; **statistical significance P<0.001).
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Figure 2. Atorvastatin-induced mutant p53 degradation and the involvement of the mevalonate 
pathway.
(A) Western blot for p53 and β-actin in PO3 cells treated with different doses of atorvastatin 

for 24 or 48 hours (B) Mevalonate pathway (C) Western blot for p53 and β-actin in PO3 

cells treated with DMSO or atorvastatin (40 μM) in the presence or absence of 0.5mM 

mevalonic acid (MVA) or 0.5mM mevalonate-5-phosphate (MVP) for 24 hours (D and E) 

Cells were treated with atorvastatin (0 and 40 μM), 0.5mM MVA and 0.5mM MVAP for 24 

hours. Flow cytometry analysis was performed to examine apoptosis and the cell cycle, 

respectively. Results were reported as mean ± SD (*P < 0.05 vs. control). (F) Western Blot 

for p53 and Vinculin in PO3 cells treated with atorvastatin (40 μM) in the presence or 

absence of 0.5mM MVA-5PP, 20 μM FPP, 20 μM GGPP and 200 μM squalene for 24 hours.
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Figure 3. DNAJA1 farnesylation is important for atorvastatin-induced mutant p53 degradation.
(A) Western blot for mutant p53 and DNAJA1 in PO3 cells treated with different doses of 

tipifarnib. (B) Western blot for mutant p53, FTβ and DNAJA1 in PO3 cells after knockdown 

of FTβ by siRNA. (C) Western blot for mutant p53 and DNAJA1 in PO3 cells after 

knockdown of DNAJA1 by siRNA. (D) Co-immunoprecipitation either by anti-DnaJA1 

antibody or p53 antibody to confirm the direct interaction of mutant p53 and DnaJA1. (E) 

Schematic diagram of His-tagged DNAJA1, truncation mutants and C394S mutant. The 

domain structure was designated as: J domain (J, 6–68), G/F-rich domain (G/F, 75–96), Zinc 

finger domain (ZF, 121–200), and C-terminal domain (C, 201–397). CAAX box (CQTS) 

was also present at the end of the C-terminal. (F) Western blot for mutant p53 and His-tag in 
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AsPC-1 cells transfected with DNAJA1 siRNA to knock down endogenous DNAJA1 

expression for 24 h followed by co-transfecting p53 R175H plasmid and WT DNAJA1 or 

DNAJA1 mutants for another 24 h.

Xu et al. Page 20

Mol Carcinog. Author manuscript; available in PMC 2020 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Atorvastatin induces apoptosis and cell cycle in PO3 cells.
(A) Western blot for BCL2, cleaved caspase 9, cleaved caspase 3 and β-actin in PO3 cells 

treated with DMSO or atorvastatin for 24 and 48 hours. (B) Western blot for p21 waf1, 

cyclin D1, PCNA and β-actin in PO3 cells treated with DMSO or atorvastatin for 24 and 48 

hours. (C) PO3 cells were treated with 0, 10, 20, and 40 μM of atorvastatin for 24 and 48 

hours, respectively, and followed by examining Annexin V and PI double staining to detect 

apoptosis by flow cytometry. Results were reported as mean ± SD. *P < 0.05 vs. control. (D) 

Flow cytometry analysis was performed to monitor cell cycle arrest in PO3 cells treated with 

different doses of atorvastatin for 24 and 48 hours, respectively. Histogram shows the 

percentages of sub-G1 cells. Results were reported as mean ± SD. *P < 0.05, **P < 0.01 vs. 

control.
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Figure 5. Assays for cell migration and invasion in vitro.
(A) Wound healing assay. Representative images for PO3 cells treated with 10, 20, and 40 

μM of atorvastatin at 0, 16, 20 and 24 hours after wound formation. (B) Invasion assay. Cell 

invasion was analyzed by percentage of invasion and invasion index. (C) Colony formation 

assay. A dose-dependent inhibitory effect on cell growth by atorvastatin in PO3 cells. 

Results shown as mean ± SD (*P < 0.05) and all analysis were performed at 24 h after 

atorvastatin treatment.

Xu et al. Page 22

Mol Carcinog. Author manuscript; available in PMC 2020 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Subcellular localization of mutant p53 in PO3 cells after atorvastatin treatment.
Cells were grown on chamber slides and fixed with 4% paraformaldehyde in PBS. (A) 

Immunostaining with lamin A/C (red), p53 (green), and DAPI (blue). (B) Immunostaining 

with DNAJA1 (red), p53 (green), and DAPI (blue).
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Figure 7. Effects of atorvastatin on a panel of human pancreatic cancer cells containing different 
p53 hotspot mutations.
(A) Western blot for p53 and DNAJA1 in cells treated with different doses of atorvastatin. 

(B) DNAJA1 was knocked down by siRNA in SU.86.86 and BXPC-3 cells, and mutant p53 

was detected by Western blot.
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