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INTRODUCTION: 

Background: In early stage breast cancer (BrCa) treated with frontline therapy, 20-30% reoccur 
as distant metastases, despite intensive treatment. Metastatic BrCa accounts for nearly all BrCa 
deaths, and has no cure. Development of new and effective metastasis prevention strategies will 
clearly mark a key advance. We aim to fill this gap and address two overarching challenges in 
BrCa: 1) prevention of metastatic BrCa spread and elimination of the mortality associated with 
metastatic BrCa; and 2) replacing toxic interventions with ones that are safe and effective. 
Specifically, we aim to provide essential preclinical data to advance two families of Federal 
Drug Administration (FDA)-approved drugs, statins and dipyridamole (DP), as metastatic BrCa 
prevention agents. Our preliminary data show that statins are cytotoxic to BrCa cells that have 
undergone epithelial-to-mesenchymal transition (EMT) and mesenchymal-to-epithelial transition 
(MET), two processes that form the initiation and completion of the invasion-metastasis cascade 
in malignant tumors. We have also shown that DP potentiates the cytotoxic activity of statins by 
blocking the statin-triggered restorative feedback response. Interrogating the efficacy and 
mechanism of the statin+DP combination in BrCa will provide preclinical evidence to support 
further evaluation of this novel drug combination in human clinical trials, and for the 
development of predictive and dynamic biomarkers of drug sensitivity. 
Hypothesis and objectives: We hypothesize that statins, alone or in combination with DP, can be 
effective therapeutics to prevent BrCa recurrence. Our objectives are to evaluate statins +/- DP 
for their efficacy and mechanism of action in BrCa cells in vitro, in vivo in a relevant mouse 
model, and in a cohort of patient derived xenografts (PDXs). Upon completion of this BCRP 
grant, we will have pre-clinical evidence of efficacy and biomarkers to support a follow-up, short 
time-frame clinical trial to test the use of statins +/- DP to treat metastatic disease. Our long-term 
goal is to leverage positive results from these pre-clinical and clinical studies to support a larger, 
longer, and resource-intensive trial for the use of statins+/-DP following surgery, with the goal of 
metastasis prevention. We believe that prescription of these effective, well-tolerated, and 
inexpensive therapeutics in patients with high risk of metastatic recurrence after surgery, will 
provide clinical benefit and improve BrCa patient survival and quality of life. 
Specific Aims: 
1. Delineate the efficacy and mechanism of the fluvastatin+DP combination in BrCa cells that
have undergone EMT and/or MET.

2. Delineate the mechanism by which DP potentiates statin-induced tumor cell apoptosis.
3. Evaluate the efficacy of fluvastatin+DP in relevant mouse models of BrCa metastasis.

KEYWORDS: statins, dipyridamole, statin-induced feedback inhibitors, apoptosis, breast 
cancer, metastasis, mouse models, therapeutics, FDA-approved agents 
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ACCOMPLISHMENTS: 

With support from the DOD, the research outlined in the original proposal has progressed in a 
steady and productive manner. To delineate the accomplishments, the tasks outlined in the 
original Statement of Work (SOW) of the proposal are itemized below (italics) and a final report 
for each task provided. 

Aim 1. Delineate the efficacy and mechanism of the fluvastatin+DP combination in BrCa cells 
that have undergone EMT and/or MET (months 1-36). 
Milestones to Achieve:  We will delineate the efficacy and mechanism of the fluvastatin/DP 
combination in BrCa cells that have undergone EMT (months 1-36). 

Complete. We have delineated the efficacy and mechanism of fluvastatin-induced apoptosis in 
BrCa cells that have undergone EMT. Our results indicate that BrCa cells that have undergone 
EMT become more sensitive to the pro-apoptotic effects of fluvastatin. This anti-BrCa activity is 
reversible with exogenous mevalonate, showing the effect is on-target. Moreover, we have 
shown that expression of genes associated with EMT serves as a robust biomarker of statin 
sensitivity, not only in BrCa, but across a broad range of cancers. Our manuscript describing 
these findings has been published in the journal Cancer Research. A copy of this manuscript has 
been appended (Appendix 1). Mechanistically, we had shown that the anti-proliferative effects of 
fluvastatin on cells undergoing EMT is dependent on a specific product of the mevalonate 
pathway; geranylgeranyl pyrophosphate (GGPP). GGPP can serve as a substrate for protein 
isoprenylation or as a building block for the production of co-enzyme Q or dolichol. 
Unexpectedly, the mechanism did not involve protein isoprenylation as anticipated. Instead, we 
have shown that key end-product in cell undergoing EMT is dolichol, which is essential for 
protein N-glycosylation. Moreover, as EMT can be a critical component of BrCa metastasis, we 
have demonstrated that statins inhibit BrCa metastasis. A manuscript describing these results has 
been published in the journal Cancer Research. A copy of this manuscript has been appended 
(Appendix 2). Once we discovered this new paradigm for how and why fluvastatin preferentially 
targets tumor cells undergoing EMT, and thereby inhibits BrCa metastasis, we next focused on 
delineating the efficacy and mechanism of the fluvastatin/DP combination in BrCa cells that 
have undergone EMT.  

Subtask 1: Develop and validate HPLC/MS assays to measure the intracellular concentration of 
MVA, GGPP and FPP, as well as DP, (Fluvastatin already established), using MCF10A cell 
lines overexpressing Snail and H-Ras (months 1-12; Site 1, Penn) 
Complete. In collaboration with Dr. Eric Chen, we have successfully developed HPLC/MS 
assays to detect MVA, GGPP, FPP and DP.  

Subtask 2:  Establish and validate IHC assays for HMGCS1 and SREBP2, (HMGCR already 
established) (months 1-12; Site 1, Penn) 
Complete. We have established and validated an IHC assay for SREBP2. Assay development for 
HMGCS1 has been terminated as all commercially available antibodies have failed at the level of 
sensitivity and/or specificity. Thus, we will go forward with IHC assays for the transcription 
factors SREBP2 and its target gene HMGCR. While having an IHC assay for another SREBP2 
target, HMGCS1, would have been ideal, it is not essential to conduct our research as two out of 
three probes have been successfully validated.  
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Subtask 3: Develop titratable inducible system to express dominant active (DA) alleles, and DA 
alleles fused to a myristoylation tag (myr-DA) of five isoprenylated proteins (months 1-12; Site 1, 
Penn) 
Complete. We have successfully used a retroviral transgene expression system to express DA 
alleles and/or myr-DA alleles of five isoprenylated proteins (K-Ras, RhoA, RhoB, Rac1, and 
Rap1A) in the MCF10A cell line (Appendix 1). 

Subtask 4:  Express DA and myr-DA alleles in MCF10A and assay for activity, EMT and 
fluvastatin sensitivity in 2D and 3D culture conditions (months 6-18; Site 1, Penn). 
Complete. The DA alleles of five isoprenylated proteins did not all sensitize MCF10A cells to 
fluvastatin-induced apoptosis or -decreased colony growth. Moreover, expression of the myr-
alleles did not overcome sensitivity to fluvastatin-induced death as expected, yet this tumor cell 
death was rescued with exogenous GGPP. Taken together, this data suggested that protein 
isoprenylation was not contributing to the increased sensitivity to fluvastatin (Appendix 1).  

Subtask 5: Express DA and myr-DA alleles in MCF10A Snail and H-Ras cells and assay for 
activity, EMT and fluvastatin sensitivity in 2D and 3D culture conditions (months 12-24; Site 1, 
Penn). 
Complete.  Based on the results of Aim1, Subtask 4 (Appendix 1), this series of experiments was 
no longer required as we have shown that fluvastatin-induced apoptosis in BrCa cells was 
uncoupled from protein isoprenylation, yet still functionally rescued by exogenous GGPP. 
Further interrogation showed that GGPP was not required for isoprenylation but for the 
production of dolichol. Thus, the model changed and evaluating the role of these isoprenylated 
proteins, as originally outlined, became obsolete. Instead, we determined that dolichol was the 
essential end-product downstream of GGPP that was essential for fluvastatin-induced kill of cells 
that have undergone EMT (Apppendix 2).  

Subtask 6:  Conduct RNAseq on cells grown in 3D on Matrigel, this include MCF10A cells that 
have (Snail, H-ras) and have not undergone EMT (vector control, MycT58A), as well as 
MCF10A cells expressing DA or myr-DA that undergo EMT (months 6-18; Site 1, Penn). 
Complete. The goal of this subtask was to develop a mRNA expression-based biomarker of cells 
that have undergone EMT and are highly sensitive to the anti-proliferative activity of fluvastatin.  
Indeed, we have identified that expression of genes associated with EMT are bimodally 
distributed and serve as a robust biomarker of statin sensitivity in BrCa. Moreover, we have 
shown that this biomarker shows efficacy across large panel of cancer types, beyond BrCa 
(Appendix 1).  

Subtask 7: Conduct Bioinformatics analysis on RNAseq data (months 9-21; Site 1, Penn). 
Complete.  Bioinformatic analysis led to the discovery the EMT gene mRNA expression was 
robustly bimodally distributed and was associated with statin sensitivity. This discovery was 
evident in multiple cancer subtypes, including BrCa, and with multiple statin drugs, including 
fluvastatin, simvastatin and lovastatin (Appendix 1).  

Subtask 8:  Evaluate metastatic potential of EMT cells (MCF10As overexpressing Snail or H-
Ras) in response to fluvastatin+DP (months 18-24; Site 1, Penn) 
Complete. To further evaluate the association of fluvastatin sensitivity with cells having 
undergone EMT, we have shown that BrCa cells that are epithelial (e.g. MCF-7) or 
mesenchymal (e.g. MDA-MB-231) in nature are relatively insensitive and sensitive to 
fluvastatin-induced apoptosis in tissue culture, respectively. To model metastasis we therefore 
used a derivative of the MDA-MB-231 cells that metastasize to the lung (LM2-4) and have 
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shown that fluvastatin decreases metastasis in vivo (Appendix 2). We used this LM2-4 (MDA-
MB-231) model system rather than the MCF10A cells expressing exogenous Snail or H-Ras as 
we were concerned that the ability of the MCF10A models to metastasize would not be 
sufficiently robust, which would delay these experiments as metastatic clones would have to be 
identified and serially propagated to first establish the model, and then evaluate efficacy of 
fluvastatin+DP. Thus, the well-established LM2-4 (MDA-MB-231) cells were successfully used 
to model mesenchymal BrCa cells that undergo metastasis and show that fluvastatin has anti-
metastatic properties (Appendix 2).  

With the model established using fluvastatin alone we went on to evaluate efficacy of 
fluvastatin+DP. However, when we were evaluating DP dosing, we unexpectedly observed liver-
associated toxicities in the cohort of mice receiving DP after 3-4 weeks of daily treatment. Thus, 
optimization of the dose and treatment schedule for DP was required, which is particularly 
important for the longer duration treatments that were planned using the resection/metastases 
prevention models. Unfortunately, this issue was not able to be resolved. Notably, this 
phenomenon is not expected to impact the potential clinical translation of our results, as DP is 
delivered to patients in an oral, extended-release formulation, and the combined use with statins 
is well established for secondary stroke prevention. 

Subtask 9:  Determine mechanism of cell death in EMT cells (MCF10As overexpressing Snail or 
H-Ras) vs non-EMT cells (vector control, MycT58A) (months 18-24; Site 1, Penn)
Complete.  The mechanism of fluvastatin-induced cell death in EMT cells is apoptosis due to
depletion of GGPP/dolichol (Appendices 1 and 2).  Non-EMT cells are relatively insensitive to
fluvastatin.

Subtask 10:  Validate in independent breast cell systems using the following TNBC cell lines: 
MDA-MB-231, HCC1500, SUM159PT, SUM149PT, BT20, HCC1937, HS578T, MDAMB468, 
MDAMB436 (months 24-36; Site 1, Penn) 
Complete. To determine whether the fluvastatin+DP combination was synergistic across a panel 
of BrCa cell lines, a concentration range of DP was evaluated in combination with a sub-lethal 
dose of fluvastatin. From this data a synergy score was determined using the Bliss Index model. 
Remarkably the fluvastatin+DP combination was synergistic across the majority of cell lines. 
Even cell lines that were only weakly sensitive to fluvastatin were responsive to the 
fluvastatin+DP combination. This is consistent with our previous data showing the mevalonate 
pathway feedback response was intact across a panel of 25 breast cell lines (Goard et al., 
PMID:24337703). Interestingly, gene set enrichment analysis demonstrated that an EMT gene 
signature predicted sensitivity to the fluvastatin+DP combination as well as fluvastatin alone. 
These data have been incorporated into a manuscript recently posted on BioRxiv, which was also 
submitted and favorably reviewed at the journal Nature Communications. A copy of this 
manuscript has been appended (Appendix 3). 

Aim 2: Delineate the mechanism by which DP potentiates statin-induced tumor cell apoptosis 
(months 1-36). 
Milestones To Achieve:  We will identify the mechanism of DP action that potentiates fluvastatin 
induced apoptosis and identify molecular mechanism at the level of SREBP2 feedback response.  
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Novel agents and pathways that sensitize fluvastatin anti-BrCa activity will be identified (months 
1-36). 
 
Original Strategy: Complete. We have shown DP blocks SREBP translocation and the restorative 
feedback response to statin exposure, however, the mechanism of action remained unclear. To 
address this gap, our original strategy was to identify agents that blocked each of the many 
reported activities of DP individually, to determine which of these would phenocopy DP 
potentiation of statin-induced cell death. We started our analyses in cell lines derived from acute 
myelogenous leukemia (AML) and multiple myeloma (MM) as this is where our original 
identification of DP was discovered and studies could begin without delay (Pandyra, et al.; 
PMID 24994712). Our data in AML suggested that a phosphodiesterase (PDE) inhibitor, 
cilostazol, phenocopied DP by elevating intracellular cAMP levels. Since cAMP activates a 
major signaling cascade through Protein Kinase A (PKA), we further investigated whether 
modulation of PKA activities played a role in the inhibition of the sterol feedback response and 
potentiation of fluvastatin-induced cancer cell death. To our surprise, however, when we 
functionally assessed whether the activation of PKA was the key response to DP-induced 
elevated cAMP, we found that PKA activation is not functionally important in DP potentiation of 
statin activity. The activity of DP and cilostazol was intact in both wild-type and PKA null cells 
at the level of statin potentiation of tumor cell kill and inhibition of the statin-induced feedback 
response. Thus, this line of investigation hit a dead-end and was not been as fruitful as 
anticipated. To ensure these well-performed experiments were disseminated broadly, so others 
can conduct research knowing these results, a manuscript describing these data has been 
published in the Molecular Oncology (Appendix 4).  

New Strategy: Complete.  As the primary goal of this Aim was to identify “Novel agents and 
pathways that sensitize fluvastatin anti-BrCa activity” and we could not evaluate statin+DP in 
mouse models of BrCa as anticipated (see Aim 1, Subtask 8), we decided to take a 
pharmacogenomics approach with Dr. Ben Haibe-Kains to ask whether other drugs are “DP-
like” in terms of i) Structure; by identifying compounds that have a shared chemical structure 
with DP, ii) Perturbation; by identifying compounds that when exposed to cells triggered similar 
changes to mRNA expression of six mevalonate pathway genes, determined by interrogating the 
LINCS L1000 dataset, and iii) Sensitivity Screening; by identifying compounds that triggered a 
similar profile of cell death in response to DP exposure across the NCI-60 panel of cell lines.  
This resulted in a Mevalonate (MVA) Pathway-specific Drug Network Fusion (MVA-DNF; 
Appendix 3).  

Twenty-three drugs were identified as hits based on statistical significance. The top five hits 
included doxorubicin, which we had previously published as a potentiator of lovastatin 
(PMID:20298590), thus providing confidence in our in silico approach and the results obtained. 
The additional drugs in the top five (selumetinib, nelfinavir, mitoxantrone, honokiol) were 
advanced for experimental validation. Three of these four drugs were validated as potentiators of 
fluvastatin-induced cell death, including selumetinib (Selu), nelfinavir (NFV), and honokiol 
(HNK), based on: i) MTT Assays; ii) propidium iodide staining of cellular DNA followed by 
flow-cytometry to determine the percent ‘Pre-G1’ population; and, iii) PARP cleavage. We 
investigated these three agents for their mechanism of action and showed that two (NFV, HNK) 
do indeed behave like DP and inhibit the statin-triggered feedback response based on MVA gene 
mRNA expression and SREBP2 activation. As before (Aim1, Subtask 10), we evaluated the 
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synergy of these agents in combination with fluvastatin (Fluva) across 47 breast cancer cell lines 
and compared this to DP (positive control). We have also shown that basal mRNA gene 
expression as a predictor for each of the drug combinations (Fluva+NFV vs. Fluva+DP, 
Fluva+HNK vs. Fluva+DP, and Fluva+NFV vs. Fluva+HNK) across this cell line panel were 
highly correlated, consistent with a common mechanism of action underlying the observed 
synergy. By ranking genes according to their correlation to the fluvastatin IC50 value or to the 
synergy score (Fluva+DP, Fluva+NFV and Fluva+HNK) using gene set enrichment analysis 
(GSEA) with the Hallmark gene set collection, we have shown that genes associated with 
Epithelial to Mesenchymal Transition (EMT) were associated with sensitivity. This association 
was evident across multiple gene set collections, which shows this signal is robust. Validation of 
specific EMT genes has been performed and E-cadherin is significant across all conditions. 

In summary, we have achieved our goal to identify “Novel agents and pathways that sensitize 
fluvastatin anti-BrCa activity”. Using our new MVA-DNF strategy we validated that four of the 
top five hits potentiate the pro-apoptotic activity of fluvastatin and, mechanistically, two inhibit 
the statin-induced feedback mechanism. This provides confidence in our approach that has 
unveiled two FDA-approved drugs, Fluva+NFV, can synergize to trigger cell death of 
mesenchymal-enriched BCa cells. Moreover, additional hits for future evaluation have been 
uncovered through this approach (Appendix 3). Further in vivo testing in PDX organoids and 
mouse models of BCa is now warranted and will be performed over the next year, during a no 
cost extension of my partnering PI (Dave Cescon). These data have been incorporated into a 
manuscript recently posted on BioRxiv, which was also submitted and favorably reviewed at the 
journal Nature Communications. A copy of this manuscript has been appended (Appendix 3). 
We are just finishing this up by addressing reviewers’ comments and anticipate re-submission of 
this revised manuscript in the next 2-3 months. 

Subtask 1: Evaluate pharmacological agents for their ability to phenocopy DP and potentiate 
fluvastatin anti-BrCa activity (MCF10As overexpressing Snail or H-Ras; other TNBC cell lines 
including MDA-MB-231, HCC1500, SUM159PT, SUM149PT, BT20, HCC1937, HS578T, 
MDAMB468, MDAMB436 (months 1-12; Site 1, Penn) 

Original Strategy: Complete. DP has been reported to alter several biochemical pathways. To 
identify the mechanism of DP potentiation of fluvastatin anti-cancer activity it was important to 
validate across a panel of different types of cancers, including acute myeloid leukemia (AML), 
multiple myeloma (MM),  prostate and BrCa. Our preliminary data in AML suggest that a PDE 
inhibitor, cilostazol, phenocopies DP by elevating intracellular cAMP levels. Since cAMP 
activates signaling cascades through PKA, we further investigated whether modulation of PKA 
activities plays a role in the inhibition of the sterol feedback response and potentiation of 
fluvastatin-induced cancer cell death. To our surprise, PKA activation was not mechanistically 
involved in this DP activity, nor was the DP induction of cAMP evident in other cancer types, 
including BrCa. Despite this line of investigation not being as productive as anticipated, we felt 
it was important to report our results and share this knowledge with the community. A 
manuscript describing these results was published in Molecular Oncology and has been 
appended (Appendix 4) 
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New Strategy: Complete. To investigate whether the drugs identified as DP-like using our 
pharmacogenomics approach, MVA-DNF, could potentiate fluvastatin induced cell death, we 
further investigated the top five hits from the ranked list of drugs similar to DP (p<0.05). As 
Doxorubicin scored as a top hit and we had previously published this agent as a potentiator of 
lovastatin (Martirosyan et al., PMID:20298590), this provided confidence in our results, and the 
top four drugs were advanced for validation (selumetinib, nelfinavir, mitoxantrone and honokiol). 
We investigated the sensitivity to sub-lethal statin exposure in combination with the novel DP-
like drugs in a statin-sensitive (MDA-MB-231) and insensitive (HCC1937) BrCa cell lines. As 
seen with DP, we observed similar potentiation of statins when combined with nelfinavir, 
honokiol or selumetinib, but not mitoxantrone. To determine the nature of the anti-proliferative 
activity of statins+drugs, we evaluated cell cycle arrest and cell death by fixed propidium-
iodide/flow cytometry and apoptosis by PARP-cleavage, respectively. Our data indicates that all 
three drugs mimic DP as potentiators of the pro-apoptotic activity of fluvastatin (Appendix 3).  

Subtask 2:  Validate results using independent pharmacological inhibitors and RNAi approach 
(months 9-24; Site 1, Penn) 
Original Strategy: Complete. We validated the above preliminary results in AML using an 
independent PDE inhibitor, sildenafil, and an activator of cAMP, forskolin, and showed these 
agents could phenocopy DP to potentiate fluvastatin-induced cancer cell apoptosis in some but 
not all cancer types, including BrCa. We also used RNAi and CRISPR-Cas9 technologies to 
knockdown and knockout PKA, respectively, to evaluate the role of PKA activity in inhibition of 
the sterol feedback response and potentiation of fluvastatin-induced cancer cell death. To our 
surprise, PKA was not mechanistically involved in this DP activity. This line of investigation has 
been quite disappointing, and we are no longer pursuing this approach.  Nonetheless, we 
disseminated this knowledge through publication of a manuscript in Molecular Oncology 
(Appendix 4).  

New Strategy: Essentially Complete. Selumetinib is an inhibitor of MEK, and we had previously 
shown that statin inhibition of the MAPK-ERK-MEK pathway contributed to the AML cell 
death in response to lovastatin exposure (Wu et al. PMID:15374955). Moreover, we had shown 
that the MEK1 inhibitor PD98059 sensitized AML cells to low, physiologically achievable 
concentrations of lovastatin. Thus, our new data shows another MEK inhibitor (selumetinib) can 
potentiate fluvastatin-induced cell death of BrCa cell lines and validates statin+MEKi as a 
combination for further evaluation. Honokial is a natural product derived from Mahogany tree 
bark whose mechanism of action remains unclear, therefore we are not able to further evaluate 
mechanism at a molecular level using a genetic approach. Nelfinavir is a S1P protease inhibitor 
approved for the treatment of HIV with a well-defined mechanism of action. Therefore, we will 
further validate its action in this setting by establishing inducible shRNAs targeting this protease 
to evaluate whether this on-target effect is mechanistically critical for nelfinavir to potentiate 
fluvastatin tumor cell death. These experiments will be incorporated into the manuscript 
(Appendix 3) that is now being prepared for re-submission within the next 2-3 months.  

Subtask 3: Determine molecular mechanism of action of novel DP-like molecules that can 
potentiate fluvastatin-induced apoptosis by assaying statin-induced feedback loop at the 
molecular level (MCF10As overexpressing Snail or H-Ras) (months 24-36; Site 1, Penn). 
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New Strategy: Complete. We investigated the top three agents (Selu, NFV, HNK) that 
potentiated fluvastatin cell death for their mechanism of action and showed that two (NFV, HNK) 
behaved like DP and inhibited the statin-triggered feedback response based on MVA gene 
mRNA expression (Appendix 3). 

 
Subtask 4: Conduct biochemical analyses to determine point of SREBP2 translocation that is 
blocked by DP (MCF10As overexpressing Snail or H-Ras) (months 1-12; Site 1, Penn). 
New Strategy: Complete. We investigated the top three agents (Selu, NFV, HNK) that 
potentiated fluvastatin cell death for their mechanism of action and showed that two (NFV, HNK) 
behaved like DP and inhibited SREBP2 activation (Appendix 3). 

 
Subtask 5: Evaluate precise point of SREBP2 inhibition by DP using fluorescence strategies 
(months 13-24; Site 1, Penn). 
70% Complete. We have used a complementary approach to Aim2, Subtask 4 by using high-
content image analysis using a novel fluorescent probe to track SREBP2 within living BrCa cells 
in response to fluvastatin +/- DP. The probes (SCAP-GFP, SREBEP2-Venus) have now been 
built and the assay validated for further evaluation of DP and DP-like agents (NFV, HNK). 
These new data will be incorporated into the resubmission of Appendix 3 scheduled for 
completion within the next 2-3 months.  
 
Subtask 6: Determine whether novel agents and RNAi block at similar or dissimilar points of 
SREBP2 feedback control (months 24-36; Site 1, Penn). 
Complete. The mechanism of DP (positive control) remains unclear (Appendix 2), so RNAi 
cannot be used to phenocopy the DP mechanism of action as an inhibitor of SREBP2 activation 
in response to statin exposure.  

 
 
 
Aim 3:  Evaluate the efficacy of fluvastatin+DP in relevant mouse models of BrCa metastasis 
(months 1-36). 
Milestones To Achieve: Evaluate the effects of fluvastatin +/- DP treatment in cell line and BrCa 
patient-derived xenografts (PDX) using both a conventional and resection model to evaluate 
activity on primary and metastatic tumor (months 1-36). 
 
Progress: 35%. We have completed the initial planned experiments evaluating the effects of 
fluvastatin treatment of cell line xenografts by the resection models (Appendix 2, Figure 4).  To 
evaluate fluvastatin+/- DP combination we first evaluated DP dosing and unexpectedly observed 
liver-associated toxicities in the cohort of mice receiving DP after 3-4 weeks of daily treatment. 
Thus, optimization of the dose and treatment schedule for DP was required, which is particularly 
important for the longer duration treatments planned using the resection/metastases prevention 
models. Unfortunately, this issue was not able to be resolved. Notably, this phenomenon is not 
expected to impact the potential clinical translation of our results, as DP is delivered clinically in 
an oral, slow-release formulation, and the combined use with statins is well established in 
secondary stroke prevention. Having completed the characterization of the models, and 
recognizing that synergistic combination therapies are likely to be necessary (vs statin 
monotherapy), we plan to proceed with a mitigation strategy of evaluating alternative 
combinations from the DP-like agents (Appendix 3) that block the statin-induced feedback 
response. To that end, following identification and in vitro validation of these DP-like agents, we 
have conducted a pilot experiment of NFV and HNK as single agents in a BrCa (LN2-4) cell line 
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xenograft models (n=3) to establish a dose that is well-tolerated and can be evaluated in 
combination with fluvastatin (Appendix6; Figure 1A). Based on the prioritization as outlined 
from the in vitro experiments, we are advancing NFV for further studies as, like fluvastatin, it is 
FDA-approved. To that end, we have shown that NFV can be measured in both serum and tumor 
(Appendix6; Figure 1B). In addition, the combinations of fluvastatin+DP and fluvastatin+NFV 
can be evaluated in the patient-derived models using 3D organoid approach. These experiment 
are ongoing and results will be incorporated into the resubmission of Appendix 3 in the coming 
months. Further evaluation in PDXs predicted to be responsive to these fluvastatin-drug 
combinations will be performed during the no cost extension of my Partnering PI (Dave Cescon). 

Subtask 1:  Conduct dose escalation experiments to identify maximum tolerated and effective 
dose of fluvastatin in the resection model using two cell lines: Luc+14 and Luc+16 (months 1-2; 
Site 1, Penn). 
Complete. We have shown that in the resection model using the MDA-MB-231 derived cell line 
LM2-4, that 50 mg/kg daily oral fluvastatin treatment is effective and well-tolerated for long-
term treatment in the post-surgical adjuvant setting in SCID mice. This dose of fluvastatin 
treatment has been used for all subsequent animal studies (Appendix 2). 

Subtask 2:  Establish and treat PDX #1-8 in (A) conventional PDX models and (B) resection 
models (months 3-12; Site 2, Cescon). 
20% Complete.  While DP optimization was underway, we evaluated the effect of fluvastatin 
monotherapy in (A) conventional and (B) resection models as proposed (Appendix 2). While 
model characterization has been completed (Subtask 4 below), given the limitations encountered 
with DP administration, we have refocussed on evaluating the fluvastatin+NFV combination for 
in vivo testing. Development of in vitro patient-derived xenograft organoids using a chemically-
defined matrix has successfully generated alternative models to evaluate the fluvastatin+DP and 
other novel combinations such as fluvastatin+NFV. This work will continue under the no cost 
extension of my Partnering PI (Dave Cescon). 

Subtask 3:  Establish and treat PDX #9-25 with control, fluvastatin+DP (2 treatment arms) in (A) 
conventional PDX models and (B) resection models (months 8-28; Site 2, Cescon). 
Yet to complete. Given the limitations as encountered above, mitigation strategies have been 
successfully pursued, including the generation of PDX-derived organoids and the refocus on 
novel DP-like combinations (e.g. fluvastatin+NFV) to be evaluated. This work will be conducted 
during the no cost extension phase of my Partnering PI (Dave Cescon).  

Subtask 4:  Conduct RNAseq on 25 PDX donor mouse primary tumors (months 3-28; Site 1, 
Penn) 
Complete. Basal RNAseq data has been collected on over 45 PDX models, and informatic and 
pharmacologic data have been integrated in a bespoke pharmacogenomics platform. These data 
will permit the interrogation of gene expression predictors of responsiveness to guide 
experimental evaluation of statin combinations in vivo (NFV) and/or in vitro organoid cultures 
(DP, NFV).  

Subtask 5:  Conduct Bioinformatics analysis on RNAseq data (months 18-36; Site 1, Penn) 
Yet to complete. We will next distinguish patient-derived models with the EMT signature. These 
will be prioritized for testing with fluvastatin in combination with feedback inhibitors in vivo 
(NFV) and/or in vitro organoid cultures (DP, NFV). This will be completed during the no cost 
extension.  
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Subtask 6:  Measure the intracellular concentration of MVA, GGPP and FPP, as well as 
fluvastatin and DP, as well as cholesterol, triglycerides; pilot on MDA-MB-231 metastasis 
model, then evaluate PDX models (month 3-36; Site 1, Penn) 
50% Complete. We have measured fluvastatin in the MDA-MB-231 metastasis model. Assay 
development for DP and NFV detection and quantification in vivo is complete. The assay for 
cholesterol and triglycerides measurement is already developed by our collaborator Dr. Richard 
Lehner. Detection of these metabolites in the PDX models will be conducted after the PDXs are 
established and treated with the new fluvastatin+feedback inhibitor regimen (e.g. NFV). 

Subtask 7:  Conduct RNA analysis and IHC assays for mevalonate genes including HMGCR, 
HGMCS1 and SREBP2; pilot on MDA-MB-231 metastasis model, then evaluate PDX models 
(months 3-36; Site 1, Penn). 
On-going. We have collected RNA for HMGCR, HMGCS1 and SREBP2 analysis in the MDA-
MB-231 metastasis model, and baseline expression data for all of these targets has been collected 
through RNAseq analyses of patient derived models. Evaluation of the dynamic changes in the 
expression of these genes in the PDX models will be conducted after the PDXs are established 
and treated with fluvastatin and the new feedback inhibitor regimen. 

Subtask 8:  Analyze all data and publish papers (months 12-36; Site 1 and 2, Penn and Cescon) 
Nearly Complete. Funding from the DOD has resulted in the publication of 3 manuscripts 
(Appendix 1, 2, 4) and another is nearly ready for resubmission (Appendix 3).  During the 
COVID-19 lockdown we also wrote a review article, published in Clinical Cancer Research 
(Appendix 5).  
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IMPACT: 

We have shown that fluvastatin specifically induces apoptosis in BrCa cells that have undergone 
EMT, a critical process for the initiation of metastatic spread. These results have direct medical 
impact, as the addition of fluvastatin to the standard of care for BrCa in the adjuvant setting is 
novel and an actionable outcome that can be readily and affordably implemented. 

We have shown that the mechanism of fluvastatin-induced apoptosis in cells undergoing EMT is 
independent of protein isoprenylation. These results directly impact disciplines involving the 
study of the anti-cancer effects of statins, isoprenylation of RAS family members, metabolic 
reprogramming and cancer cell EMT. For decades, it has been unclear whether statins kill 
tumour cells by inhibiting the synthesis of FPP and GGPP, thereby limiting the function of RAS 
family oncoproteins. This has been a major obstacle in accelerating statins into the BrCa clinic. 
Our work has resolved the discrepancy surrounding this open question by showing that although 
statins can inhibit isoprenylation of RAS family members, this is not the cause of statin-induced 
cell death. Instead, we identified EMT gene expression as a robust biomarker of statin sensitivity, 
which has impact and clinical utility as it will inform which patients are most likely to benefit 
from statin treatment to inhibit aggressive and/or metastatic cancers. 

We have delineated the mechanism of action of DP and additional feedback inhibitors that 
potentiate fluvastatin induced apoptosis. These results have important conceptual, technical and 
clinical impact, i) being the first indication that the MVA pathway and its homeostatic feedback 
regulation are both essential to cells with increased epithelial-mesenchymal plasticity, and ii) 
uncovering novel experimental approaches to identify new strategies to inhibit the SREBP 
family of transcription factors that drive expression of mevalonate pathway genes and the statin-
induced feedback response.  

While we have encountered challenges in the in vivo evaluation of the fluvastatin+DP 
combination therapy, due to mouse-specific delivery/tolerability issues, we believe our data 
characterizing the anticancer effects of these well-tolerated and clinically actionable agents (in 
humans) supports the potential for clinical translation. In addition, we have identified additional 
novel FDA-approved and well-tolerated agents such as nelfinavir, which have superior synergy 
with fluvastatin to drive BrCa cell death. These novel fluvastatin-drug combinations have been 
validated and prioritized using the systems and models developed in this project. Evaluating the 
efficacy of these therapeutics in relevant mouse models that closely mimic, not only the human 
disease and course of metastatic spread, but also the patient treatment and recovery experience 
adds strength to our results. These relevant and innovative research approaches significantly 
impact BrCa treatment and metastasis prevention. 

We have prepared three manuscripts describing our research results from this DOD funding. 
Two in Cancer Research (Appendix 1 & 2) and one in Molecular Oncology (Appendix 4). A 
fourth manuscript was favorably reviewed at Nature Communications (Appendix 3) and will be 
resubmitted in the next 2-3 months.  We have also published a comprehensive review in Clinical 
Cancer Research focused on “Statins as Anticancer Agents in the Era of Precision Medicine”. 
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Publishing our work in top-flight journals such as these with wide readership significantly 
impacts technology transfer, allowing us to communicate our ideas and successes, and to move 
the tools and treatments we have developed forward to clinical application. Presenting our results 
in local seminars and international conferences to scientists as well as the lay public also 
impacts society at large by engaging a global and diverse audience.  
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CHANGES/PROBLEMS: 

One of our goals has been to address the mechanism of DP action from a bottom-up and top-
down approach. To address the former we used mass spectrometry and image analysis tools that 
we have developed and revealed that DP blocks SREBP2 translocation from the ER to the Golgi, 
thus blocking this transcription factor from reaching the nucleus. By taking a top-down approach 
we anticipated that we could determine which of the many biochemical pathways affected by DP 
may be important for DPs ability to potentiate statin-induced apoptosis of BrCa cells. We 
evaluated agents that block each of the pathways downstream of DP and thought that inhibition 
of phosphodiesterases, leading to elevation of cAMP was the key. However, further work 
showed that cAMP activation of PKA was not functionally important. Thus, this work was not 
fruitful and lead to a dead end. To overcome this problem, we adopted pharmacogenomic 
approaches to identify other agents that can potentiate statin anti-proliferative activity of BrCa 
cells by inhibiting the statin-induced feedback response. This strategy has increased the arsenal 
of inhibitors that can potentiate the anti-BrCa activity of statins.   

As noted, chronic DP administration in vivo for the duration required to evaluate the effects of 
interest (on metastases) presented an unexpected challenge. We have addressed this in several 
ways: (i) developing relevant in vitro models (PDX-derived organoids) amenable to the 
evaluation of drug synergy and (ii) characterization of novel DP-like combinations, such as 
nelfinavir, which could offer new therapeutic opportunities. 
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PRODUCTS: 
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Appendix 2: Yu, R., Longo, J., van Leeuwen, JE., Zhang, J., Branchard, E., Elbaz, M., Cescon, 
DW., Drake, R., Dennis, JW., Penn, LZ. Mevalonate pathway inhibition slows breast cancer 
metastasis via reduced N-glycosylation abundance and branching. Cancer Res. 2021 May 
15;81(10):2625-2635. 

Appendix 3: van Leeuwen, J., Ba-Alawi, W., Branchard, E., Longo, J., Silvester, J., Cescon, 
DW., Haibe-Kains, B., Penn, LZ., Gendoo, DMA. Computational pharmacogenomics screen 
identifies synergistic statin-compound combinations as anti-breast cancer therapies. bioRxiv. 
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in 2-3 months.  

Appendix 4: Longo, J., Pandyra, AA., Stachura, P., Minden, MD., Schimmer, AD., Penn, LZ. 
Cyclic AMP-hydrolyzing phosphodiesterase inhibitors potentiate statin-induced cancer cell death. 
Mol Oncol. 2020 Oct;14(10):2533-2545. 

Appendix 5: Longo, J., van Leeuwen, JE., Elbaz, M., Branchard, E., Penn, LZ. Statins as anti-
cancer agents in the era of precision medicine. Clin Cancer Res. 2020 Nov 15;26(22):5791-5800. 
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Yu, R., Longo, J., van Leeuwen, J., Mullen, PJ., Penn, LZ. “Metabolic reprogramming 
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van Leeuwen, J., Pandyra, A., Goard, C., Mullen, P., Yu, R. and Penn, LZ. “Targeting the 
metabolic mevalonate pathway with statins as anti-breast cancer agents.” American Association 
for Cancer Research. Washington, D.C., USA. April 1-5, 2017. 
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Statin-Induced Cancer Cell Death Can Be
Mechanistically Uncoupled from Prenylation of
RAS Family Proteins
Rosemary Yu1,2, Joseph Longo1,2, Jenna E. van Leeuwen1,2, Peter J. Mullen1,
Wail Ba-Alawi1, Benjamin Haibe-Kains1,2,3,4, and Linda Z. Penn1,2

Abstract

The statin family of drugs preferentially triggers tumor cell
apoptosis by depleting mevalonate pathway metabolites farnesyl
pyrophosphate (FPP) and geranylgeranyl pyrophosphate
(GGPP), which are used for protein prenylation, including the
oncoproteins of the RAS superfamily. However, accumulating
data indicate that activation of the RAS superfamily are poor
biomarkers of statin sensitivity, and the mechanism of statin-
induced tumor-specific apoptosis remains unclear. Here we dem-
onstrate that cancer cell death triggered by statins can be
uncoupled from prenylation of the RAS superfamily of oncopro-
teins. Ectopic expression of different members of the RAS super-
family did not uniformly sensitize cells to fluvastatin, indicating
that increased cellular demand for protein prenylation cannot
explain increased statin sensitivity. Although ectopic expressionof
HRAS increased statin sensitivity, expression of myristoylated

HRAS did not rescue this effect. HRAS-induced epithelial-to-
mesenchymal transition (EMT) through activation of zinc finger
E-box binding homeobox 1 (ZEB1) sensitized tumor cells to the
antiproliferative activity of statins, and induction of EMT by ZEB1
was sufficient to phenocopy the increase in fluvastatin sensitivity;
knocking out ZEB1 reversed this effect. Publicly available gene
expression and statin sensitivity data indicated that enrichment of
EMT features was associatedwith increased sensitivity to statins in
a large panel of cancer cell lines acrossmultiple cancer types. These
results indicate that the anticancer effect of statins is independent
from prenylation of RAS family proteins and is associated with a
cancer cell EMT phenotype.

Significance: The use of statins to target cancer cell EMT may
be useful as a therapy to block cancer progression. Cancer Res;
78(5); 1347–57. �2017 AACR.

Introduction
Statins are inhibitors of 3-hydroxy-3-methylglutaryl coenzyme

A reductase (HMGCR; Fig. 1A), and have been widely prescribed
to lower cholesterol levels (1). Epidemiologic evidence indicate
that statins have anticancer activities, particularly in breast and
prostate cancers (2–5). Preclinical and clinical data demonstrate
that statin treatment induces cancer cells to undergo apoptosis
and lowers disease burden (6–9). Despite the promising potential
to repurpose statins as anticancer agents, the molecular mecha-
nismof how inhibition ofHMGCRcan specifically kill cancer cells
remains unclear.

HMGCR catalyzes the conversion of HMG-CoA to mevalonate
(MVA), the sole precursor for the de novo synthesis of sterols,
geranylgeranyl pyrophosphate (GGPP), farnesyl pyrophosphate
(FPP), and several other metabolic endproducts (Fig. 1A; refs.

1, 10). Statin-induced apoptosis can be rescued by coadminis-
tration with MVA (8, 11), demonstrating that this is an on-target
effect, or with GGPP or FPP (8, 11–15). Sterols cannot rescue
cancer cell apoptosis induced by statins (8). These results have led
to a model where statins induce apoptosis by inhibiting GGPP
and FPP synthesis.

GGPP and FPP are essential substrates for protein geranylger-
anylation and farnesylation, respectively, together referred to as
protein prenylation (16). Prenylation with the hydrophobic
geranylgeranyl or farnesyl moiety localizes proteins to cellular
membranes (16). Prenylation-driven membrane localization is
required for all proteins in the RAS GTPase superfamily, and
several groups have shown that statin treatment decreases the
prenylated and membrane-associated forms of RAS, RHO, RAC,
RAP, andRAB subfamily proteins (12, 17–20).However, evidence
for the functional importance of these smallGTPases in conferring
statin sensitivity has been conflicting. For example, cancer cells
with upregulated or hyperactivated RAS or RHO demonstrate
increased statin sensitivity in some studies (17–19), but not
others (8, 14, 21). Understanding the mechanism driving these
discrepancies has remained a challenge and has been an area of
debate for many years (10).

In this manuscript, we directly address these discrepancies and
show that inhibition of RAS family protein prenylation is not
essential for, and can be uncoupled from, statin-induced cell
death. We chose MCF10A cells as our model system as they are
an immortal, nontransformed basal breast cell line that possesses
a highly stable genome, allowing for the evaluation of ectopic
gene expression in the absence of gross genetic instability (22).We
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systematically introduced several members of the RAS superfam-
ily in the MCF10A cell line to produce a panel of sublines with
increased demand for GGPP and/or FPP. This did not uniformly
sensitize cells to inhibition of GGPP and FPP synthesis, as only
HRASG12V and KRASG12V exhibited an increased sensitivity to
fluvastatin. HRASG12V and myristoylated-HRASG12V sensitized
cells to statins to a similar extent, indicating that statin-induced
cell death is independent of RAS prenylation, even in RAS-trans-
formed cells.We then showed that overexpression of RAS induced
epithelial-to-mesenchymal transition (EMT) in these cells, in part
by upregulating the EMT driver zinc finger E-box binding homeo-
box 1 (ZEB1). Exogenous expression or knockout of ZEB1 con-
ferred or rescued statin sensitivity, respectively, suggesting that
EMT was the critical feature that was functionally important for
statin-induced cell death. Taking a computational pharmacoge-
nomics approach, we discovered that EMT was associated with
statin sensitivity across a large panel of cancer cell lines. Taken
together, our results provide a rationale for why RAS-related
oncogenes have been poor biomarkers of statin sensitivity, and
suggest that a set of EMT-associated genes should be further
evaluated in the preclinical and clinical setting as biomarkers of
statin sensitivity.

Materials and Methods
Reagents

Fluvastatin and TGFbwere purchased from US Biologicals and
PeproTech, respectively. Other chemicals were purchased from
Sigma unless otherwise specified.

Cell culture
MCF10A cells were a kind gift of Dr. Senthil Muthuswamy;

MGH8, H1264, and RVH6849 were kind gifts of Dr. Ming Tsao;
Mia-Paca-2 was a kind gift of Dr. David Hedley; KP-4 was a kind
gift of Dr. Bradley Wouters; and HT-29 was a kind gift of
Dr. Catherine O'Brien. All cell lines were cultured as recom-
mended by ATCC. All cell lines were authenticated by short-
tandem repeat (STR) profiling, and routinely tested to be free of
mycoplasma by Lonza MycoAlert Mycoplasma Detection Kit. All
cell lines were used within 20 passages from thawing for the
described experiments. Transgene expression was stably intro-
duced into MCF10A cells using retroviral insertion with pBabe-
Puro. Cells were imaged on the Leica MZ FLIII Stereomicroscope.

MTT assays
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-

mide (MTT) assays were performed as previously described (6).
Briefly, MCF10A cells were seeded at 750 cells/well in 96-well
plates overnight, then treated in triplicate with 0 to 200 mmol/L
fluvastatin for 72 hours. IC50 values were computed using Graph-
Pad Prism with a bottom constraint equal to 0.

Immunoblotting
Cell lysates were prepared by lysing directly in boiling SDS

lysis buffer (1% SDS, 11% glycerol, 10% b-mercaptoethanol,
0.1 mol/L Tris pH 6.8). The following antibodies were used:
E-Cadherin (CST 3195), vimentin (CST 5741), actin (Sigma
A2066), tubulin (Millipore CP06), FLAG (Sigma F1804), EGFR
(CST 2232), ERK (CST 4695), p-ERK (CST 4370), AKT (CST
9272), p-AKT (CST 9271), HMGCS1 (SCB sc-32423), RALA
(BD 610221), BRAF (Sigma HPA001328), MYC (MAb 9E10
prepared in-house using ATCC CRL-1729), ZEB1 (Sigma

HPA027524), HMGCR (MAb A9 prepared in-house using
ATCC CRL-1811).

Soft agar colony formation
Anchorage-independent colony growth ofMCF10A sublines in

soft agar was evaluated as previously described (23). Colonies
were imaged at 1.2�magnification on the Leica MZ FLIII Stereo-
microscope after 14 to 18 days of fluvastatin treatment. Colony
number and average colony size were quantified using ImageJ.

Membrane fractionation
Cell were seeded at 2 � 106/plate overnight and treated as

indicated.Harvested cells were resuspended in1mLHEPESbuffer
(0.25 mol/L sucrose, 50 mmol/L HEPES pH 7.5, 5 mmol/L NaF,
5 mmol/L EDTA, 2 mmol/L DTT) and lysed by sonication.
Homogenate was cleared at 2,000 � g for 20 minutes at 4�C,
then ultracentrifuged at 115,000 � g for 70 min at 4�C
for membrane fractionation. Membrane protein pellet was
resuspended in Triton buffer (1% TritonX-114, 50 mmol/L Tris
pH 7.5, 0.1 mmol/L NaCl, 5 mmol/L EDTA, 5 mmol/L NaF,
2 mmol/L DTT).

Cell death assay
Cells were seeded at 2.5 � 105/plate overnight and treated as

indicated. After 72 hours, cells were fixed in 70% ethanol for >24
hours, stained with propidium iodide, and analyzed by flow
cytometry for the% sub-diploid DNA population as% cell death,
as previously described (6).

qRT-PCR
Total RNA was harvested from subconfluent cells using TRIzol

Reagent (Invitrogen). cDNAwas synthesized from 500 ng of RNA
using SuperScript III (Invitrogen). Real-time quantitative RT-PCR
was performed using TaqMan probes for HMGCR (ABI
Hs00168352), HMGCS1 (ABI Hs00266810), and GAPDH
(ABI Hs99999905), and using SYBR Green for TWIST, SNAIL,
ZEB1, and 18S rRNA with the following primers:

TWIST_fw 50-CCGGAGACCTAGATGTCATTG-30

TWIST_rv 50-CCACGCCCTGTTTCTTTG-30

SNAIL_fw 50-CACTATGCCGCGCTCTTTC-30

SNAIL_rv 30-GGTCGTAGGGCTGCTGGAA-30

ZEB1_fw 50-GCCAATAAGCAAACGATTCTG-30

ZEB1_rv 50-TTTGGCTGGATCACTTTCAAG-30

18S_rRNA_fw 50-GTAACCCGTTGAACCCCATT-30

18S_rRNA_rv 30-CCATCCAATCGGTAGTAGCG-30

CRISPR/Cas9-mediated gene knockout
Two sgRNAs were designed using CRISPOR (24) and cloned

into LentiGuide-Puro following the established protocol (25).
ZEB1 knockout lines were generated as previously described (25).
LentiGuide-Puro (Addgene #52963) and LentiCas9-Blast
(Addgene #52962) were kind gifts from Dr. Feng Zhang (Broad
Institute of MIT and Harvard, Cambridge, MA). Sequences of
ZEB1 sgRNAs cloned were:

sgRNA A: TGCTTTCTGCGCTTACACCT GGG
sgRNA B: GCAGAAAGCAGGCGAACCCG CGG

Pharmacogenomic analysis
RNA-seq and drug sensitivity data were retrieved and curated

from the Cancer Cell Line Encyclopedia (CCLE; ref. 26) and the
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Cancer Therapeutics Portal version 2 (CTRPv2; refs. 27–29)
databases, and were mined using the R/Bioconductor Pharma-
coGx package (30). To calculate the bimodality index (31, 32), a
mixture of two Gaussian models was used to fit the RNA-seq
expression values of each gene across all cell lines in CCLE, as
implemented in the bimod function in the R/Bioconductor
genefu package (version 2.6.0; ref. 32). The cutoff was calculated
by finding the midpoint between the maximum value of the first
Gaussianmodel (left distribution) and theminimum value of the
second Gaussian model (right distribution). The cutoff was used
to classify cell lines into either showing lowor high expression of a
gene. A binary classification rule was developed to determine
whether a cell line is "enriched" with EMT phenotype or not. Cell
lines from tumors of hematopoietic and lymphoid tissues, and
those with unknown origin, were excluded from this analysis. If
expression of any of VIM, ZEB1, FN1, or CDH2 was high, or if
expression of CDH1 was low, in a cell line according to the
bimodality cutoff, then it was classified as "enriched" with EMT
phenotype. Concordance index (CI) and P-value were calculated
to measure the association between statin sensitivity, obtained
from CTRPv2 database, and cell lines that were classified as either
"enriched" with EMT phenotype or "not enriched." P-value was
calculated using the nonparametric Wilcoxon rank sum test,
comparing statin response on cell lines "enriched" versus "not
enriched" with the EMT phenotype. The script and data used for
the generation of these figures can be downloaded at https://
github.com/bhklab/StatinEMT.

Results
HRASG12V and KRASG12V, but not other proteins in the RAS
superfamily, sensitize MCF10A cells to fluvastatin

Using the MCF10A breast epithelial cell line as a nontrans-
formed, genomically stable cell background (22), we ectopically
expressed representative proteins from the RAS, RHO, RAC, and
RAP subfamilies in their dominantly active forms (Fig. 1B; ref. 16).
These mutants remain dependent on prenylation for activity,
allowing us to simulate an increase in demand for FPP and/or
GGPP as a result of aberrant activation of these GTPases. The
increase in demand for FPP and/or GGPP did not universally
sensitize cells to fluvastatin (Fig. 1C), as only cells overexpressing
HRASG12V or KRASG12V had significantly lowered fluvastatin IC50

values (13.6 and 13.2 mmol/L, respectively) compared to the
vector control (22.2 mmol/L), which indicated an increased sen-
sitivity to fluvastatin (Fig. 1C). A colony formation assay in soft
agar was used to test the inhibitory effect of fluvastatin treatment
on the transformation potential of these cells (Fig. 1D; Supple-
mentary Fig. S1A). In this and all subsequent colony formation
assays, 20 mmol/L fluvastatin was used to allow for adequate
penetrance into the soft agar. Fluvastatin treatment significantly
reduced both colony count (Fig. 1E) and colony size (Fig. 1F) of
cells overexpressing HRASG12V and KRASG12V, but not those
expressing other proteins in the RAS superfamily (Supplementary
Fig. S1B–S1D). Thus, compared to other members of the RAS
superfamily, activated HRAS and KRAS preferentially sensitize
MCF10A cells to the anticancer activity of fluvastatin.

Inhibition of RAS prenylation is uncoupled from fluvastatin-
induced cell death

If inhibition of RAS localization was the mechanism of fluvas-
tatin-induced cell death, cells overexpressing myristoylated

HRASG12V (myr-HRAS), which localizes to the cell membrane
independently of prenylation with FPP or GGPP, should remain
insensitive to fluvastatin. Figure 2A shows that overexpression of
HRASG12V and myristoylated HRASG12V both activated down-
stream signaling to a similar extent, as seen by the increase in Erk
and Akt phosphorylation. Although the mislocalization of
HRASG12V from the membrane to the cytoplasm was evident
after treatment with 10 mmol/L of fluvastatin for 24 hours,
myr-HRASG12V remained in the membrane fraction, confirming
that myristoylation occurs independent of FPP and GGPP
(Fig. 2B). EGFR, HMGCS1, and actin were used as controls for
membrane-localized, cytosol-localized, and total proteins,
respectively (Fig. 2B). Unexpectedly, the fluvastatin IC50 value of
cells overexpressing myr-HRASG12V was significantly decreased
similarly to HRASG12V (Fig. 2C). Colony formation was also
inhibited by fluvastatin treatment in cells overexpressing myr-
HRASG12V (Fig. 2D–F), to the same extent as cells overexpressing
HRASG12V (Fig. 1D–F). Addition of MVA, GGPP, or FPP rescued
the fluvastatin-induced cell death in both HRASG12V and myr-
HRASG12V cells (Fig. 2G–I). Together, these data uncouple statin-
induced cell death fromGGPPandFPPdemand for prenylation of
RAS family proteins, and implicate that events downstream of
RAS signaling are responsible for the increase in statin sensitivity
in this cell system.

The RAS–ZEB1–EMT signaling axis underlies increased
sensitivity to fluvastatin

We next addressed several potential models to understand the
mechanism of RAS sensitization of MCF10A cells to the antipro-
liferative activity of fluvastatin. Overexpression of HRASG12V or
myr-HRASG12V in MCF10A cells did not affect the expression of
MVA pathway genes HMGCR and HMGCS1, either basally or in
response to fluvastatin exposure (Supplementary Fig. S2A and
S2B). This rules out impairment of the sterol feedback response as
themechanism of increased statin sensitivity in thismodel, which
were previously reported to be associated with statin sensitivity in
multiple myeloma (6).

Because RAS signaling, rather than RAS localization, was
implicated as the driver of fluvastatin sensitivity, we overex-
pressed constitutively active forms of several classic effectors of
RAS signaling (RALAG23V, BRAFV600E, PI3K-p110aE545K,
PI3K-p110aH1047R, and MYCT58A), to determine which of
these, if any, phenocopied the increase in fluvastatin sensitivity
in RAS-overexpressing cells. None of these sublines exhibited a
lowered fluvastatin IC50 (Supplementary Fig. S3A–S3C). By
contrast, overexpression of PI3K-p110a led to significant
increases in IC50 values (Supplementary Fig. S3A–S3C). Similar
results were evident in soft agar colony formation assays
(Supplementary Fig. S3D–S3F). Therefore, the observed
increase in fluvastatin sensitivity in RAS-transformed cells was
not mediated through these downstream mediators of RAS
signaling.

The RAS sublines were phenotypically distinct from the
MCF10A parental cells. Instead of an epithelial phenotype with
a cobblestone-like appearance, the RAS sublines appeared more
mesenchymal, with an elongated and spindle-shaped morphol-
ogy (Fig. 3A). These cells had undergone EMT, with a dramatic
loss of E-cadherin expression and a gain of vimentin expression
(Fig. 3B). By contrast, sublines overexpressing other members
of the RAS superfamily (Supplementary Fig. S1D) and classic
effectors of RAS signaling (Supplementary Fig. S3C) remained
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epithelial, expressing E-cadherin and vimentin at similar levels
to the vector controls. To test whether induction of EMT confers
sensitivity to fluvastatin, we treated MCF10A cells with TGFb
for 3 days, which induces EMT independently of RAS status
(Fig. 3C). This led to an increased sensitivity to fluvastatin, as
indicated by a decrease in fluvastatin IC50 in TGFb-treated cells
(Fig. 3D). After TGFb treatment, removal of TGFb from the
culture media gradually reverses EMT (Supplementary Fig. S4).
MCF10A cells fully reverted back to an epithelial phenotype 7
days after the removal of TGFb, and sensitivity to fluvastatin
was restored to control levels (Supplementary Fig. S4). These
data indicate that a mesenchymal state is sufficient to confer
sensitivity to fluvastatin.

RAS induces EMT by upregulating the EMT-driving transcrip-
tion factor ZEB1, and not by other EMT regulators such as
SNAIL or TWIST in our MCF10A system (Fig. 3E). ZEB1-over-
expression in MCF10As led to a loss of E-cadherin and gain of
vimentin expression independent of RAS status (Fig. 3F), and
decreased the fluvastatin IC50 value similarly to the RAS sub-
lines (Fig. 3G). ZEB1 overexpression had no effect on the IC50

value of GGTI-298 (Fig. 3H), a specific inhibitor to geranylger-
anyltransferase I, reinforcing the model that prenylation of RAS
family proteins is uncoupled from fluvastatin-induced tumor
cell death. We then knocked out ZEB1 in cells with ectopic
expression of HRASG12V and myr-HRASG12V, and showed that
ZEB1 knockout reversed cells to epithelial state, as evidenced by

Figure 1.

HRASG12V and KRASG12V, but not other prenylated proteins, sensitize MCF10A cells to fluvastatin. A, A simplified schematic of the MVA pathway.
B, Representative RAS family proteins selected for ectopic expression in MCF10A cell lines. C, Ectopic expression of HRASG12V and KRASG12V sensitized
MCF10A cells to fluvastatin, as assessed byMTT assay following 72 hours of treatment. Bars, meanþ SD, n¼ 3. �� , P <0.01 (one-wayANOVAwith a Dunnett posttest,
comparing all columns vs. vector control column). D–F, Treatment with fluvastatin decreased colony count and colony size of RAS-driven anchorage-independent
growth in soft agar. Colonies were treated with 20 mmol/L fluvastatin 2� weekly for 18 days. Bars, mean þ SD, n ¼ 4. � , P < 0.05; �� , P < 0.01 (unpaired, two-tailed
t test, comparing fluvastatin-treated vs. no treatment control).

Yu et al.

Cancer Res; 78(5) March 1, 2018 Cancer Research1350

on April 28, 2018. © 2018 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from 

Published OnlineFirst December 11, 2017; DOI: 10.1158/0008-5472.CAN-17-1231 

http://cancerres.aacrjournals.org/


Figure 2.

Inhibition of RAS prenylation is uncoupled from fluvastatin-induced cell death. A, Overexpression of HRASG12V and myr-HRASG12V activated Erk
phosphorylation and Akt phosphorylation to a similar extent. B, The proportion of HRASG12V in the cytoplasmic (c) fraction was increased, and the
proportion in the membrane (m) proportion was decreased after 24 hours of treatment with 10 mmol/L fluvastatin. In contrast, the localization of myr-HRASG12V was
unaffected by fluvastatin treatment. C, Both HRASG12V and myr-HRASG12V sensitized MCF10As to fluvastatin as assessed by MTT assay following 72 hours of
treatment. Bars, mean þ SD, n ¼ 3. �, P < 0.05; �� , P < 0.01 (one-way ANOVA with a Dunnett posttest, comparing all columns vs. vector control column).
D–F, Treatmentwith fluvastatin decreased colony count and colony size ofmyr-HRASG12V-driven anchorage-independent growth in soft agar. Colonieswere treated
with 20 mmol/L fluvastatin 2� weekly for 18 days. Bars, mean þ SD, n ¼ 4. � , P < 0.05 (unpaired, two-tailed t test, comparing fluvastatin-treated vs. no
treatment control). G–I, Ten mmol/L fluvastatin induced cell death in MCF10A cells overexpressing HRASG12V and myr-HRASG12V, which was reversed by
coadministration with MVA, GGPP, or FPP. Bars, mean þ SD, n ¼ 3. �� , P < 0.01; ��� , P < 0.001 (one-way ANOVA with a Dunnett posttest, comparing all
columns vs. no treatment control column).
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the increased expression of E-cadherin and decreased expres-
sion of vimentin (Fig. 4A). Knocking out ZEB1 rescued the RAS-
driven fluvastatin sensitivity, both by IC50 measurements (Fig.
4B) and by colony formation in soft agar (Fig. 4C–E).

Enrichment of EMT phenotype is associated with sensitivity to
statins in a large panel of cancer cell lines

The CCLE database (26) contains RNA-seq data of 927 cancer
cell lines across >20 cancer types (Supplementary Fig. S5A).
Mining this large database, we observed that although the expres-
sion pattern for most genes follow a unimodal (Gaussian) dis-
tribution, as exemplified by POLR2A (RNApolymerase II, subunit
A; Fig. 5A), some genes are bimodally expressed, such as ESR1
(estrogen receptor a; Fig. 5A; Supplementary Fig. S5B). ESR1 is
known for a strong bimodal expression in breast tissue (32, 33),
representing ERa-low (left peak) and ERa-high (right peak) cell
lines (Fig. 5A; Supplementary Fig. S5B). We then examined the

expression profile of 11 well-characterized EMT-associated genes,
and observed that their expression were strongly bimodal, with
bimodality indices (31, 32) higher than that of ESR1, our positive
control (Supplementary Fig. S5C). The distribution of the top five
bimodally expressed genes (VIM, CDH1, ZEB1, FN1, and CDH2)
is shown in Fig. 5A. For each gene, we computed the cutoff
optimally discriminating between the two modes of expression
distribution, and classified the cell lines with either low or high
expression of the gene of interest (Fig. 5A). Each cell line was
therefore characterized by a binary vector representing the acti-
vation of the top five bimodally expressed EMT-associated genes.

Using the topfive bimodally expressed EMT-associated genes as
features, we built a binary classification rule that classified each
solid tumor cell line as enrichedwith an EMT phenotype if at least
one of the EMT-associated genes was activated (Fig. 5A, right peak
for VIM, ZEB1, FN1, and CDH2; left peak for CDH1). We then
mined the CTRPv2 database (27–29) using the PharmacoGx R/

Figure 3.

RAS induces EMT through ZEB1, and
induction of EMT is sufficient for
sensitizing cells to fluvastatin.
A, RAS-overexpressing cells appear
more mesenchymal than the vector
control cells. Representative images
are shown. Scale bar, 50 mm.
B, RAS overexpression reduced
expression of E-cadherin, an epithelial
cell marker, and increased expression
of vimentin, a mesenchymal cell
marker. C, Treating MCF10A cells with
5 ng/mL TGFb for 3 days induced EMT.
D, Induction of EMT by 5 ng/mL TGFb
treatment sensitized MCF10A cells
to fluvastatin, as assessed by MTT
assay following 72 hours of treatment.
Dashed line represents IC50 of
HRASG12V-overexpressing cells.
Bars, mean þ SD, n ¼ 3. � , P < 0.05
(unpaired, two-tailed t test,
comparing TGFb-treated vs. no
treatment control). E, HRASG12V and
myr-HRASG12V cells upregulate the
EMT transcription factor ZEB1. Bars,
meanþSD, n¼ 3. ��,P<0.01 (one-way
ANOVA with a Dunnett posttest,
comparing all columns vs. vector
control column). F, Ectopic expression
of ZEB1 induced EMT. G, ZEB1
overexpression sensitized MCF10A
cells to fluvastatin, as assessed by MTT
assay following 72 hours of treatment.
Dashed line represents IC50 of
HRASG12V-overexpressing cells. Bars,
mean þ SD, n ¼ 3. �� , P < 0.01
(unpaired, two-tailed t test, comparing
TGFb-treated vs. no treatment
control). H, ZEB1 overexpression did
not sensitize cells to GGTI-298. Bars,
mean þ SD, n ¼ 3.
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Figure 4.

CRISPR/Cas9-mediated knockout of ZEB1 reverses EMT and rescues the increased sensitivity in HRASG12V and myr-HRASG12V cells. A, Two independent
sgRNAs (A and B) were used to knockout ZEB1 in MCF10A cells overexpressing HRASG12V and myr-HRASG12V. Knocking out ZEB1 reversed cells to epithelial
state, as seen by the increased expression of E-cadherin and decreased expression of vimentin. B, ZEB1 knockout rescued the decreased fluvastatin IC50

observed in HRASG12V and myr-HRASG12V cells. Bars, mean þ SD, n ¼ 3. � , P < 0.05; �� , P < 0.01 (one-way ANOVA with a Dunnett posttest, comparing all
columns vs. vector control column). C–E, ZEB1 knockout in HRASG12V and myr-HRASG12V cells led to increased colony formation in soft agar under fluvastatin
treatment. Colonieswere treatedwith 20mmol/Lfluvastatin 2�weekly for 14 to 16 days. Bars,meanþSD, n¼ 3. �,P<0.05 (one-wayANOVAwith aDunnett posttest,
comparing all columns vs. vector control column).
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Figure 5.

Statin sensitivity is associated with cancer cell EMT. A, Unimodal (Gaussian) distribution of POLR2A and bimodal distribution of ESR1 (left) are used as controls
for gene expression distribution analyses. Bimodal expression of the five EMT-associated genes (right) was used to classify cell lines. Gene expression values
are log2(FPKMþ1) with fragments per kilobase of transcript per million mapped reads (FPKM). B–D, Sensitivity to three statin family members are significantly
associated with cell lines enriched for EMT features. AUC, area under the curve (higher values represent higher drug sensitivity); P value, Wilcoxon rank sum
test, comparing statin response on EMT "enriched" vs. "not-enriched" cell lines; n, number of cell lines. Of a total of 631 cancer cell lines derived from solid tumors,
596 have been evaluated for sensitivity to fluvastatin, 614 have been evaluated for sensitivity to lovastatin, and 568 havebeen evaluated for sensitivity to simvastatin.
The script and data used for the generation of these figures can be downloaded at https://github.com/bhklab/StatinEMT. E, Sensitivity to fluvastatin (lower IC50

values) is positively associated with E-cadherin expression and negatively associated with vimentin expression across a panel of cancer-derived cell lines.
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Bioconductor package (30), and demonstrated that the EMT-
enriched cell lines were associated with significantly higher AUC
(more sensitive) to all three statin familymembers that have been
assessed in CTRPv2: fluvastatin (Fig. 5B), lovastatin (Fig. 5C), and
simvastatin (Fig. 5D; Wilcoxon rank sum test P-value < 0.001).
Thus, cancer cell EMT is associated with sensitivity to multiple
statin family members in a large panel of cancer cell lines, across
multiple cancer types. As a negative control, we showed that ESR1
expression levels are not correlated with statin sensitivity (Sup-
plementary Fig. S5D–S5F). Finally, using a panel of 10 cancer-
derived cell lines, we showed that fluvastatin IC50 is positively
associated with E-cadherin expression and negatively associated
with vimentin expression (Fig. 5E), strengthening our conclusion
that statin sensitivity is associated with an enrichment of EMT
phenotype.

Discussion
Previously, the increased cancer cell sensitivity to statins was

thought to be mediated by inhibiting prenylation of proteins in
the RAS superfamily. This model was built on three observations:
(i) statins inhibit prenylation of RAS family proteins (8, 11, 12,
17–21); (ii) coadministration of GGPP or FPP with statins
reverses the effect on protein prenylation (8, 11, 13, 17–21);
and (iii) coadministration of GGPP or FPP can rescue statin kill
(8, 13–15, 18–20). However, most epidemiological studies and
clinical trials do not support an association between response to
statins and RAS mutations (34–39). Additionally, in cell lines
that were sensitive to statins, rescuing RAS localization (8, 40) or
RAF–MEK–ERK signaling (41) did not decrease statin sensitivity,
and intrinsic sensitivity to statin kill was largely independent of
RAS function (8, 42). These contradicting data raise the possibility
that inhibition of RAS family protein prenylation is not the sole
contributor to statin sensitivity, implicating not only an alterna-
tive mechanism of statin-induced apoptosis, but also the poten-
tial to develop better biomarkers for the identification of patients
that will benefit from statin treatment.

We show here that statin-induced cell death can indeed be
uncoupled from inhibition of RAS family protein prenylation.
First, increased cellular demand for GGPP and FPP for ectopic
expression of RAS family proteins requiring prenylation for
activity did not always sensitize MCF10A cells to fluvastatin
(Fig. 1). Although RAS overexpression led to an increased
sensitivity to fluvastatin, this effect was independent from RAS
prenylation and localization to the cell membrane (Fig. 2).
Instead, RAS induced EMT by upregulating ZEB1, which was the
underlying cause of the increased sensitivity to fluvastatin-
induced cell death (Figs. 3 and 4). This can, in part, explain
why statins have been reported to be more effective in more
aggressive (invasive/metastatic) cancer subtypes (2, 3, 42),
while mutations in RAS family proteins are poorly associated
with statin response (33–38).

Interestingly, when we assayed for the expression profile of a
cohort of 11 genes known to be strongly associated with EMT
(43), we observed that they followed a bimodal distribution
(Supplementary Fig. S5C). Bimodal distribution of VIM, CDH1,
ZEB1, FN1, or CDH2 were used as features to classify all solid
tumor cell lines in the CCLE (26) into high expression and
low expression populations (Fig. 5A). As a comparison, ESR1
(estrogen receptor a) is known to be bimodally expressed
in breast cancer (32, 33), which could be used as a classifier of

estrogen receptor-positive and -negative breast tumors in large
bioinformatics databases (Supplementary Fig. S5B; ref. 32).
CTRPv2 (27–29), we interrogated sensitivity to three statin family
members in>500 solid tumor cell lines for any associationwith an
EMT phenotype. Cell lines enriched with EMT features were
associated with significantly higher AUC in response to statin
treatment (Fig. 5B–D), indicating that they weremore sensitive to
the antiproliferative effects of statins. Thus, our original observa-
tion in the MCF10A model system is expanded to include >20
cancer types and three statin family members, suggesting that the
association between EMT and increased sensitivity to statins can
be generalized across a broad range of solid tumor cell lines.

Activation of EMT is proposed to be the critical initiating step
in metastatic dissemination of late-stage cancers (43). Although
it is still debated whether this process is required for metastasis,
as opposed to being a phenotype of aggressive/metastatic
disease (44, 45), it is nevertheless known to be associated with
cell de-differentiation, stem-like properties, and antiapoptotic
signaling (46). Importantly, activation of EMT is typically
associated with therapeutic resistance (44–46). We show here
that activation of EMT increased cell sensitivity to fluvastatin
(Fig. 3; Supplementary Fig. S4), consistent with previous
reports (47–49). This suggests the intriguing possibility that
statins may be used to target disseminated and/or dormant
cancer cells (that is, those that presumably have undergone
EMT) that are responsible for therapeutic failure and refractory
disease. Several epidemiological studies have reported support-
ing evidence, showing that statin use in breast cancer patients
following front-line treatment was associated with better dis-
ease-free survival and overall survival (5, 7). Further testing of
statins as adjuvant therapeutics in the preclinical and clinical
setting is warranted.

It is perhaps tempting to ask which prenylated protein(s),
other than the ones selected for testing in this study, is/are
responsible for the anticancer effects of statins in the context of
EMT. Indeed, we show that coadministration of GGPP or FPP
could rescue fluvastatin kill in both HRASG12V- and myr-
HRASG12V-overexpressing cells (Fig. 2G–I). However, the two
isoprenoids did not rescue to the same extent: GGPP and MVA
completely rescued cell death to control levels, but FPP was less
effective (Fig. 2G–I). This is reminiscent of previous studies, where
GGPP consistently rescued statin effects (8, 11, 13–15, 18–20),
while FPP did so less consistently, rescuing completely (11),
partially (8, 13, 14, 18), or not at all (15, 18, 21). Nonetheless,
the observation that FPP did not rescue as well as GGPP in an
HRASG12V-overexpressing system was unexpected, since HRAS
prefers FPP over GGPP for prenylation (16). Two explanations
are possible for this observation. First, because FPP also acts as the
precursor to sterols (1, 10), a portion of the supplemented FPP
could be shunted towards cholesterol production, which does not
play a role in statin-induced apoptosis (8). However, the obser-
vation that MVA consistently rescues statin-induced cell death
(8, 11) (Fig. 2G–I) argues against this interpretation. Alternative-
ly, GGPP also functions as the precursor for other isoprenoids
such as dolichols and isoprenoidmoieties on coenzymeQ(1, 10),
and depletion of these larger isoprenoids could be contributing to
statin sensitivity. Consistent with this is the observation that cells
overexpressing ZEB1weremore sensitive to fluvastatin, but not to
inhibition of geranylgeranylation itself through GGTI (Fig. 3G
and H). Taken together, our data reinforce the new model
presented here that, in the context of cancer cell EMT,
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fluvastatin-induced cell death is uncoupled from inhibition of
RAS family protein prenylation. Why cells become dependent on
the MVA pathway when undergoing EMT, and are therefore
sensitive to fluvastatin inhibition, remains to be elucidated and
will be an interesting area for future investigation that could lead
to the identification of additional biomarkers of fluvastatin-
responsive cancers.
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Supplementary Fig. S1. Overexpression of RAS superfamily proteins that do not induce EMT, do not 
sensitize MCF10A cells to fluvastatin. A-C, Cells with ectopic expression of RHOAG14V, RHOBG14V, 
RAC1G12V, and RAP1AG12V were assayed for colony formation in soft agar. Without fluvastatin treatment, 
RHOA, RHOB, and RAP1A transformed MCF10As as assayed by soft agar colony formation assay. Bars 
are mean + SD, n=3. *, p<0.05; **, p<0.01 (one-way ANOVA with a Dunnett post-test, comparing all 
columns vs. vector control column). Fluvastatin treatment had no significant effect on the colony count 
(B) or size (C). Colonies were treated with 20 µM fluvastatin 2x weekly for 16 days. Bars are mean + SD, 
n=3. ns, not significant (unpaired, two-tailed t test, comparing fluvastatin-treated vs. no treatment 
control). D, Ectopic expression of these RAS superfamily proteins do not induce EMT, as seen by similar 
expression levels of E-cadherin and vimentin to the vector control.  
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Supplementary Fig. S2. Overexpression of HRASG12V or myr-HRASG12V does not alter HMGCR or 
HMGCS1 expression. A-B, Cells were treated with 10µM fluvastatin for 16 h and analyzed for the 
mRNA and protein expression of HMGCR (A) and HMGCS1 (B), Bars are mean + SD, n=3. *, p<0.05; 
**, p<0.01 (unpaired, two-tailed t test, comparing fluvastatin-treated vs. no treatment control). 
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Supplementary Fig. S3. Fluvastatin sensitivity is not mediated by the BRAF, RALA, PI3K, or MYC 
downstream mediators of RAS signaling. A, ectopic expression of downstream mediators of RAS 
signaling. B, none of the oncoproteins in panel A sensitized MCF10A cells to fluvastatin; p110α 
overexpression desensitized MCF10As to fluvastatin. Bars are mean + SD, n=3. ***, p<0.001 (one-way 
ANOVA with a Dunnett post-test, comparing all columns vs. vector control column). C, None of the 
oncoproteins in panel A induced EMT.  D-F, Cells with ectopic expression of PI3K-p110αE545K, PI3K-
p110αH1047R, and MYCT58A were assayed for colony formation in soft agar. Without fluvastatin treatment, 
all three oncogenes transformed MCF10As as assayed by soft agar colony formation assay. Bars are mean 
+ SD, n=3. *, p<0.05 (one-way ANOVA with a Dunnett post-test, comparing all columns vs. vector 
control column). Fluvastatin treatment had no significant effect on the colony count (E) or size (F). 
Colonies were treated with 20 µM fluvastatin 2x weekly for 18 days. Bars are mean + SD, n=3. ns, not 
significant (unpaired, two-tailed t test, comparing fluvastatin-treated vs. no treatment control).  
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Supplementary Fig. S4. TGF-β induced EMT and fluvastatin sensitivity are both reversible. After 3 days 
of treatment with 5 ng/mL TGF-β, MCF10A cells undergo EMT and become more sensitive to 
fluvastatin, as assessed by MTT assays for 72 h. Dashed line represents IC50 of HRASG12V-overexpressing 
cells. Cells gradually reverted to epithelial with continued culturing after TGF-β removal; after 7 days, 
sensitivity to fluvastatin was restored to control levels. Bars are mean + SD, n=3. **, p<0.01; ***, 
p<0.001 (one-way ANOVA with a Dunnett post-test, comparing all columns vs. vector control column). 
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Supplementary Fig. S5. Unimodal and bimodal gene expression in the CCLE database. B, bimodal 
distribution of ESR1 in breast cancer cell lines. Gene expression values are log2(FPKM+1) with FPKM = 
Fragments Per Kilobase of transcript per Million mapped reads. C, bimodality index of 11 known EMT-
associated genes, all scoring higher than ESR1. D-F, ESR1 expression levels are not correlated with 
sensitivity to three statin family members. AUC, area under the curve (higher values represent higher 
drug sensitivity); CI, Concordance Index; P-value, Wilcoxon rank sum test, comparing statin response on 
EMT ‘enriched’ vs. ‘not-enriched’ cell lines; n, number of cell lines. The script and data used for the 
generation of these figures can be downloaded at https://github.com/bhklab/StatinEMT. 
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Mevalonate Pathway Inhibition Slows Breast Cancer
Metastasis via Reduced N-glycosylation Abundance and
Branching
Rosemary Yu1,2, Joseph Longo1,2, Jenna E. van Leeuwen1,2, Cunjie Zhang3, Emily Branchard1,
Mohamad Elbaz1, David W. Cescon1, Richard R. Drake4, James W. Dennis3,5,6, and Linda Z. Penn1,2

ABSTRACT
◥

Aberrant N-glycan Golgi remodeling and metabolism are asso-
ciated with epithelial–mesenchymal transition (EMT) and metas-
tasis in patients with breast cancer. Despite this association, the N-
glycosylation pathway has not been successfully targeted in cancer.
Here, we show that inhibition of the mevalonate pathway with
fluvastatin, a clinically approved drug, reduces bothN-glycosylation
and N-glycan-branching, essential components of the EMT pro-
gram and tumor metastasis. This indicates novel cross-talk between
N-glycosylation at the endoplasmic reticulum (ER) and N-glycan
remodeling at the Golgi. Consistent with this cooperative model
between the two spatially separated levels of protein N-glycosyla-
tion, fluvastatin-induced tumor cell death was enhanced by loss of

Golgi-associated N-acetylglucosaminyltransferases MGAT1 or
MGAT5. In amousemodel of postsurgical metastatic breast cancer,
adjuvant fluvastatin treatment reduced metastatic burden and
improved overall survival. Collectively, these data support the
immediate repurposing of fluvastatin as an adjuvant therapeutic
to combat metastatic recurrence in breast cancer by targeting
protein N-glycosylation at both the ER and Golgi.

Significance: These findings show that metastatic breast cancer
cells depend on the fluvastatin-sensitive mevalonate pathway to
support protein N-glycosylation, warranting immediate clinical
testing of fluvastatin as an adjuvant therapy for breast cancer.

Introduction
The first-line therapy for early-stage breast cancer is surgical

removal of the tumor, followed by adjuvant therapies (1). Despite
aggressive treatment, 15% to 20% of patients with early-stage breast
cancer experience recurrence, often as distant metastases (1). Preven-
tion or delay of metastatic recurrence in breast cancer would represent
a key advance in the treatment of this disease. Several retrospective
studies have indicated that the risk of postsurgical breast cancer
recurrence is reduced by 30% to 60% in patients who are taking
statins (2–5), a class of approved drugs that lowers serum cholesterol.
Increased duration of adjuvant statin use is associated with decreased
risk of recurrence (5), suggesting that long-term intake of statins in the
adjuvant setting may prolong patient survival. Preclinically, statins
have been shown to inhibitmetastasis in a broad range of cancers (6–9);

however, the precise mechanism remains unclear. Mechanistic under-
standing of the effect of fluvastatin on metastatic breast cancer cells
may provide the essential insight required to guide the design of
clinical trials, identify biomarkers of statin response, and provide a
starting point for the development of additional agents to target
metastatic recurrence.

Statins inhibit the metabolic conversion of 3-hydroxy-3-methyl-
glutaryl coenzyme A (HMG-CoA) to mevalonate (MVA), the rate-
limiting step of the MVA pathway (Fig. 1A). The MVA pathway
synthesizes cholesterol; farnesyl pyrophosphate (FPP) and geranyl-
geranyl pyrophosphate (GGPP), required for protein prenylation;
coenzyme Q (CoQ), required for the electron transport chain (ETC);
and dolichol, required for protein N-glycosylation (Fig. 1A; ref. 10).
Statin-triggered tumor cell death can be rescued by exogenous GGPP;
therefore, statin activity has been linked to inhibition of prenylated
proteins (11, 12). However, recent interrogation has revealed that
statins preferentially target cancer cells with enriched mesenchymal
features, but this effect is uncoupled from inhibition of RAS family
protein prenylation (11). This suggests an alternative mechanism of
action of fluvastatin on cells undergoing EMT, which occurs down-
stream of GGPP. As disseminated primary tumor cells often gain
mesenchymal characteristics while losing epithelial features (13),
investigating this novel mechanism is of interest as targeting breast
cancer cells with mesenchymal phenotypes may have utility in the
adjuvant setting to prevent metastatic recurrence.

Herein, we show that statin-dependent depletion of dolichol selec-
tively inhibits the viability of EMT-induced invasive breast cancer cells.
Dolichol is a group of long-chain isoprenoids that comprises the lipid
component of lipid-linked oligosaccharides (LLO), essential for N-
linked glycosylation of nascent peptides translated in the secretory
pathway (Fig. 1A; ref. 10). The oligosaccharide in LLO is added
cotranslationally to asparagine on secretory and membrane proteins
at the endoplasmic reticulum (ER), and subsequently processed to
more complex structures by glycosidases and glycosyltransferases in
the ER and Golgi during transit to the cell surface. Surprisingly, we
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show that in addition to reducing LLO-dependent N-glycosylation at
the ER, fluvastatin treatment also reduced subsequent branching
of complex-typeN-glycans that occurs in themedial-Golgi. Oncogenic
mutations induce N-glycan branching by increasing expression
of MGAT4, MGAT5, and metabolic pathways to nucleotide-
sugars, which modify receptor kinases that promote epithelial-to-
mesenchymal transition (EMT) and metastasis (14–18). Knockout of
MGAT5 in mice has been shown to reduce mammary tumor growth
and metastases (19), and knockdown of MGAT1 significantly
decreased tumor growth and incidence of lungmetastases in a prostate
cancer xenograft model (20). Moreover, N-glycan branches and the
number of glycan-occupied sites in receptors act cooperatively as

ligands for multivalent galectins, thereby regulating cell surface res-
idency and signaling (16). To date, however, ER and Golgi levels of
protein N-glycosylation in cancer metastasis has not been successfully
targeted. Here, we show for the first time that aberrant protein N-
glycosylation in metastatic breast cancer cells can be therapeutically
targeted by inhibiting dolichol biosynthesis using fluvastatin, using a
model of spontaneous postsurgical metastasis that closely follows the
course of human breast cancer progression and treatment (21). Our
results demonstrate that postsurgical fluvastatin treatment attenuates
the development of breast cancer metastases and improves overall
survival by >30%. Taken together, our results support the immediate
clinical testing of fluvastatin as a safe and effective therapeutic in the

Figure 1.

Induction of EMT by SNAIL overexpression increases cell sensitivity to inhibition of dolichol-dependent protein N-glycosylation by fluvastatin and tunicamycin.A, A
simplified schematic of the MVA pathway. Inhibitors of specific components of the pathway are represented in gray. B, Immunoblot of E-cadherin, an epithelial cell
marker, andfibronectin, amesenchymal cellmarker, revealed that overexpressionof SNAIL inducedEMT inMCF10Acells. Tubulinwas used as loading control.C,Flow
cytometric quantification of percentage of dead cells (% pre-G1 population) with propidium iodide DNA staining after fixation. Fluvastatin treatment for 72 hours
induced cell death in MCF10A cells overexpressing SNAIL, but not in vector control cells. Fluvastatin-induced cell death was fully rescued by coadministration with
MVAorGGPP, but not FPP, at the indicated doses. Bars,meanþSD, n¼ 3. � ,P<0.05; �� ,P<0.01 (one-wayANOVAwith aDunnett posttest, comparing all columns vs.
fluvastatin column).D, SNAIL overexpression sensitized cells to fluvastatin and tunicamycin, but not inhibitors of other components of the MVA pathway. IC50 values
as calculated based on MTT assays after cells were treated with 8 doses of each drug for 72 hours. Bars, meanþ SD, n¼ 3–4. � , P < 0.05; ��, P < 0.01 (unpaired, two-
tailed t test, comparing SNAIL vs. vector columns).
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adjuvant setting, and support the further development of novel
therapeutics to combat metastatic recurrence in breast cancer by
inhibiting aberrant protein N-glycosylation.

Materials and Methods
Reagents

Fluvastatin was purchased from US Biologicals (F5277–76).
TGFb was purchased from PeproTech (100–21). PNGase F was
purchased from NEB (P0704). Complete protease inhibitor
was purchased from Roche (11697498001). RapiGest SF was pur-
chased from Waters (186001861). Sialidase was purchased from
Glyko (GK80040). All other chemicals were purchased from Sigma
unless otherwise specified. In the conduct of research involving
hazardous organisms or toxins, the investigators adhered to the
CDC-NIH Guide for Biosafety in Microbiological and Biomedical
Laboratories.

Cell lines
MCF10A cells were a kind gift from Dr. Senthil Muthuswamy.

MDA-MB-231 and LM2–4 cells were a kind gift from Dr. Robert
Kerbel. All other cell lines were obtained from ATCC. HEK293Tv,
LM2–4, MCF-7, MCF10A, and MDA-MB-231 cells were cultured at
37�C in a humidified atmosphere at 5% CO2 in supplemented growth
media (21–23). All cell lines were authenticated by short tandem repeat
(STR) profiling and tested to be free of Mycoplasma monthly using
commercial mycoplasma detection kits. All cell lines were used
between 3 to 20 passages after thawing. Transgene expression was
stably introduced into MCF10A cells using retroviral insertion with
pLPC, a kind gift fromDr. RobertaMaestro, or pBabePuro (22). In the
conduct of research utilizing recombinant DNA, the investigators
adhered to NIH Guidelines for research involving recombinant DNA
molecules.

HeLa Flp-In-TREx cells were transfected with two guide RNA
(sgRNA) in the CRISPR/Cas9 px459 vector targeting exon 4 and the
flaking intron for removal of 110 bp from the SLC3A2 gene. sgRNA#1:
CAGATTCAACCGGAGGTACC, sgRNA#2: CCGCGTTGTCGCG-
AGCTAC. Deletions were confirmed by sequencing. Inducible expres-
sion was restored by transfecting the cells with human SLC3A2 cDNA
cloned into the pcDNA5/FRT/TO vector for single site insertion at
a preintegrated FRT recombination site. MGAT1 and MGAT5
mutant MDA-MB-231 cells were generated with CRISPR/Cas9 px459
vector using guide RNA for a deletion within the catalytic domain
(https://zlab.bio/guide-design-resources). The null mutations were
validated by sequencing and LC/MS-MS analysis of glycopeptidase
released N-glycan.

MTT assays
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

(MTT) assays were performed as described previously (23). Cells were
seeded at 750 to 5,000 cells/well in 96-well plates and treated in
triplicate with 8 doses of drugs or the solvent control for 72 hours.
IC50 values were computed using GraphPad Prism with a bottom
constraint equal to 0.

Immunoblotting
Lysates were prepared in RIPA lysis buffer (25 mmol/L Tris pH 7.4,

150 mmol/L NaCl, 0.5% sodium deoxycholate, 1% NP-40, protease
inhibitors). Antibodies used were c-MYC (MAb 9E10, in-house), E-
cadherin (CST 3195), vimentin (CST 5741), fibronectin (Abcam
ab32419), actin (Sigma A2066), tubulin (Millipore CP06), GP130

(SCB sc-655), EGFR (CST 2232), SLC3A2 (SCB sc-7095), and Ku80
(CST 2180).

Immunohistochemistry
For tumors, two sequential slices were stained for hematoxylin and

eosin (H&E) or Ki67 (NovusNB110–90592). For lungs, two sequential
slices were obtained every 200 mm for three depths containing all five
lobes, and stained for H&E or hEGFR (Zymed 28005). Metastatic
colonies were identified by hEGFR staining and confirmed by H&E.
Total hEGFR positivity was computed using ImageScope.

Cell death assay
Cells were seeded at 250,000/plate overnight, then treated with as

indicated for 72 hours. Cells were fixed in 70% ethanol overnight,
stained with propidium iodide (Sigma), and analyzed for the sub-
diploid DNA (“pre-G1”) population as previously described (23).

qRT-PCR
Total RNA was harvested from subconfluent cells using TRIzol

Reagent (Invitrogen). cDNA was synthesized from 500 ng of RNA
using SuperScript III (Invitrogen). Real-time quantitative RT-PCRwas
performed using SYBRGreen (Applied Biosystems) with the following
primers:

BiP_fw 30-TGACATTGAAGACTTCAAAGCT-50

BiP_rv 30-CTGCTGTATCCTCTTCACCAGT-50

ERdj4_fw 30-AAAATAAGAGCCCGGATGCT-50

ERdj4_rv 30-CGCTTCTTGGATCCAGTGTT-50

18S_rRNA_fw 50-GTAACCCGTTGAACCCCATT-30

18S_rRNA_fw 30-CCATCCAATCGGTAGTAGCG-30

Sample preparation for glycopeptide analysis
A total of 1 � 107 cells were harvested after indicated treatment.

Cells were lysed in 1mL IP lysis buffer (1%Triton-100, 20mmol/L Tris
pH 7.5, 150 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L EGTA,
cOmplete protease inhibitor), and centrifuged at 14,000 rpm for 30
minutes at 4�C. Lysates were normalized to 2.5 mg/mL and 1 mL was
incubated with 20 mL of FLAG beads at 4�C overnight. Beads were
washed thoroughly inTBS (50mmol/L Tris pH7.5, 150mmol/LNaCl)
and 50 mmol/L ammonium bicarbonate and on-bead trypsin digest
was carried out using 0.5 mg of trypsin at 37�C overnight. Glycopep-
tides were extracted using 0.5% formic acid, vacuumed to dry, and
desialidated with 0.5 mL of sialidase at 37�C overnight.

Glycopeptide analysis by LC/MS-MS
Peptides were applied to a nano-HPLC Chip using an Agilent

1200 series microwell-plate autosampler, and interface with anAgilent
6550 Q-TOF MS (Agilent Technologies). The reverse-phase nano-
HPLC Chip (G4240–62002) had a 40 nL enrichment column and a
75 mmol/L � 150 mm separation column packed with 5 mmol/L
Zorbax 300SB-C18. The mobile phase was 0.1% formic acid in
water (v/v) as solvent A, and 0.1% formic acid in ACN (v/v) as solvent
B. The flow rate at 0.3 mL/min with gradient schedule; 3% B (0�1
minutes); 3%�40% B (1�90minutes); 40%�80% B (90�95minutes);
80% B (95�100 minutes), and 80%–3% B (100–105 minutes).
Mascot search was used to identify proteins and peptide sequences
coverage. Extract glycopeptide were identified by Agilent Masshunter
Quanlititive Analysis software by the presence of hexose (Hex) and N-
acetylhexosamine (NAc), such as 204 (HexNAc ions), and 366 (Hex-
HexNAc ions). Glycan structures were predicted for extracted glyco-
peptides by online GlycoMod (http://web.expasy.org/glycomod/).
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Glycan structure by MS/MS and occupancy of NXS/T(X„P) N-
glycosylation sites were determined manually.

N-glycan extraction
A total of 15 � 106cells were seeded overnight and treated as

indicated. Cells were harvested, suspended in 1 mL of HEPES homog-
enization buffer (0.25 mol/L sucrose, 50 mmol/L HEPES pH 7.5,
5 mmol/L NaF, 5 mmol/L EDTA, 2 mmol/L DTT, cOmplete protease
inhibitor), and lysed using a probe sonicator. Homogenate was cleared
at 2,000� g for 20minutes at 4�C, then ultracentrifuged at 115,000� g
for 70 minutes at 4�C. The pellet was vigorously suspended in 650 mL
Tris buffer (0.8% Triton X-114, 50 mmol/L Tris pH 7.5, 0.1 mmol/L
NaCl, 5 mmol/L EDTA, 5 mmol/L NaF, 2 mmol/L DTT, cOmplete
protease inhibitor). The homogenate was chilled on ice for 10minutes,
incubated at 37�C for 20 minutes, then phase partitioned at 1,950� g
for 2 minutes at room temperature. The upper phase was discarded.
Membrane proteins in the lower phase was precipitated with 1 mL
acetone at �20�C overnight.

Precipitated proteins were suspended in 60 mL of suspension buffer
(0.25% RapiGest SF, 50 mmol/L ammonium bicarbonate, 5 mmol/L
DTT). The completely dissolved solution was heated for 3 minutes at
85�C. Approximately 30 mg proteins wasmixed with 0.5 mL of PNGase
F, 0.7mL of sialidase, and 20mL of 50mmol/L ammonium bicarbonate,
and incubated at 42�C for 2 hours followed by 37�C overnight.
Released N-glycans were extracted with 4 to 5 volumes of 100%
ethanol at �80�C for 2 hours. The supernatant containing released
N-glycans was speed vacuumed to dry.

Homemade porous graphitized carbon (PGC)microtips containing
10 mg PGC in a bed volume of 50 mL was washed with 500 mL of
ddH2O, 500 mL of 80% acetonitrile (ACN), and equilibrated with
500mL 0.1% trifluoroacetic acid (TFA).N-glycan pellets were dissolved
in 50mL of 0.1%TFA and slowly loaded intomicrotips.Microtips were
washed with 500 mL 0.1% TFA. N-glycans were eluted several
times with 500 mL of elution buffer (0.05% TFA, 40% ACN). The
eluted N-glycans were speed vacuumed to dry.

Global glycan analysis by LC/MS-MS
Analysis of the eluted N-glycans was modified from a previous

method (24). Total glycan samples were applied to a nano-HPLCChip
using anAgilent 1200 seriesmicrowell plate autosampler, and interface
with an Agilent 6550 Q-TOF MS (Agilent Technologies). The HPLC
PGC-Chip (G4240–64010) had a 40 nL enrichment column and a
75 mmol/L� 43 mm separation column packed with 5 mmol/L porous
graphitized carbon as stationary phase. The mobile phase was 0.1%
formic acid in water (v/v) as solvent A, and 0.1% formic acid in ACN
(v/v) as solvent B. The flow rate at 0.3 mL/minute with gradient
schedule; 5% B (0�1 minutes); 5%�20% B (1�15 minutes);
20%�70% B (15�16 minutes); 70% B (16�19 minutes), and 70%–
5% B (19–20 minutes). Free glycans released by PNGase F were
identified by Agilent Masshunter Quanlititive Analysis software in
the presence of hexose and N-acetylhexosamine. Glycan structures
were predicted by online GlycoMod (http://web.expasy.org/glyco
mod/). Agilent Masshunter Quantitative Analysis software was used
to quantify the extracted glycan peaks.

Animal models
Animal work was carried out with the approval of the Princess

Margaret Cancer Centre Ethics Review Board in accordance with the
regulations of the Canadian Council on Animal Care. In conducting
research using animals, the investigators adhered to the laws of the
United States and regulations of the Department of Agriculture.

Female SCID mice were obtained from the in-house breeding colony
at the Princess Margaret Cancer Centre and at 6 to 8 weeks of age. All
mice were maintained under specific pathogen-free conditions with a
12-hour light/dark cycle. Food and water were provided ad libitum.

LM2–4 cells (1� 106cells in 50 mL) were implanted subcutaneously
in female SCID mice (6–8 weeks), obtained in-house from the Uni-
versity Health Network animal colony. Primary tumors were mea-
sured every two days and calculated by (width � width � length)/2.
After surgical removal of the primary tumors, animals weremonitored
daily for endpoint, including signs of metastatic load in the lung
(labored breathing). Treatment was given daily orally with PBS or
50 mg/kg/day fluvastatin. Necropsy was performed at endpoint where
any tissue with evidence of metastatic disease is rapidly excised and
fixed in formalin for histopathology.

Quantification and statistical analysis
Statistical analysis was performed using GraphPad Prism 6 and R

software. Statistical testing and significance are performed as indicated
in the legend of each figure. Histopathologic analyses were indepen-
dently reviewed by two personnel blinded to group allocation at the
time of analysis. Quantification of histochemical analyses was per-
formed using ImageScope software. In vitro experiments were not
feasible for randomization or blinding due to the nature of the
experiments.

Results
EMT sensitizes breast cancer cells to the inhibition of dolichol
synthesis

To delineate the mechanism of statin action on mesenchymal-
enriched breast cancer cells, fluvastatin was chosen for our studies
based on its favorable pharmacokinetic properties and promising anti–
breast cancer activities in the preclinical and clinical preoperative
settings (23, 25). We usedMCF10A breast epithelial cells as our model
system, which allowed for the evaluation of EMT in an isogenic panel
of cells in the absence of gross genetic instability (26). Ectopic
expression of the EMT-inducing transcription factor SNAIL triggered
EMT inMCF10A cells, as shown by downregulation of E-cadherin and
upregulation of fibronectin (Fig. 1B). Treatment with fluvastatin
readily induced cell death in SNAIL-overexpressing cells, but not
vector control cells, as assessed by quantification of DNA content
following cell fixation and propidium iodide staining (Fig. 1C). Flu-
vastatin-induced cell death in SNAIL-overexpressing cells was fully
rescued by coadministration with MVA or GGPP, but not FPP
(Fig. 1C). FPP and GGPP at the concentrations used have previously
been shown to enter the cells and rescue protein prenylation (12, 27).
This preferential rescue of statin-induced cell death in tumor cells by
GGPP has also been reported in several other cancer cell lines (28, 29),
together suggesting that disruption of biological processes down-
stream of GGPP is critical for statin-induced cell death.

GGPP is required for three biological processes: protein prenyla-
tion, synthesis of CoQ used in the ETC, and synthesis of dolichol
required for protein N-glycosylation (Fig. 1A; ref. 10). We tested
whether inhibiting any of these pathways individually using specific
inhibitors (Fig. 1A) could phenocopy statin treatment and preferen-
tially kill breast cancer cells with mesenchymal phenotypes. EMT
sensitized cells to fluvastatin, as indicated by a lower IC50 value in
SNAIL-overexpressing cells (Fig. 1D). Consistent with our previous
finding (11), EMT did not sensitize cells to geranylgeranyltransferase
inhibitors, GGTI-298 or GGTI-2133 (Fig. 1D), indicating that flu-
vastatin-induced cell death in this context is independent from
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inhibition of protein prenylation. The IC50 for 2-thenoyltrifluoroace-
tone (2-TTFA) and rotenone, both inhibitors of the ETC, were similar
in both vector and SNAIL-overexpressing cell lines (Fig. 1D), indi-
cating that EMT does not sensitize cells to inhibition of the ETC.
Instead, inhibition of LLO assembly downstream of dolichol synthesis
by tunicamycin phenocopied fluvastatin treatment, as evidenced by a
lower IC50 in SNAIL-overexpressing cells (Fig. 1D).

These observations were validated in MCF10A cells overexpressing
additional inducers of EMT (SLUG, TWIST, ZEB1), as well as two
independent breast cancer cell lines, MDA-MB-231 and MCF-7
(Supplementary Fig. S1A–S1D). Ectopic expression of TWIST or
ZEB1 induced EMT inMCF10A cells, as indicated by downregulation
of E-cadherin and upregulation of fibronectin or vimentin (Supple-
mentary Fig. S1A). SLUG did not induce EMT in the MCF10A cell
system, likely arising from a relatively small increase of SLUG expres-
sion in our experiment (Supplementary Fig. S1A) and indicating that a
critical level of SLUG expression is needed to induce EMT (30).
Consistently, the mesenchymal TWIST- and ZEB1-expressing cells
became more sensitive to fluvastatin and tunicamycin compared with
the vector control (Supplementary Fig. S1B). The IC50 for geranylger-
anyltransferase inhibitor (GGTI) and ETC inhibitors were unaffected
by EMT (Supplementary Fig. S1B). Similarly, immunoblotting for E-
cadherin and vimentin indicated that MCF-7 cells were epithelial and
MDA-MB-231 cells were mesenchymal (Supplementary Fig. S1C).
MDA-MB-231 cells were 50-fold more sensitive to both fluvastatin
and tunicamycin than MCF-7 cells, which could not be phenocopied
by GGTI-298, GGTI-2133, 2-TTFA, or rotenone (Supplementary
Fig. S1D). Together, these data indicate that breast cancer cells with
mesenchymal phenotypes are more sensitive to inhibition of dolichol
synthesis and function, by either fluvastatin or tunicamycin.

As tunicamycin is an inhibitor of the first enzyme downstream of
dolichol, leading to LLO synthesis, and elicits ER stress as a result of
blockingN-glycosylation (31), we testedwhether its effect is an indirect
consequence of ER stress. To this end, we treated cells with thapsi-
gargin, a dolichol-independent inducer of ER stress. Treatment with
tunicamycin or thapsigargin upregulated ER stress markers ERdj4 and
BiP, in both vector and SNAIL-overexpressing cells following 24 hours
of treatment (Supplementary Fig. S2A). In contrast, treatment with
fluvastatin displayed only a moderate increase the mRNA expression
of ERdj4 and BiP in SNAIL-overexpressing MCF10A cells compared
with the vector control cells, after up to 72 hours of treatment
(Supplementary Fig. S2B). These data indicate that mesenchymal
breast cancer cells are sensitized to fluvastatin treatment by inhibition
of N-glycosylation, and while tunicamycin also inhibits N-glycosyla-
tion, the effect is accompanied by elevated levels of ER stress leading to
greater toxicity in normal cells, which has limited its clinical devel-
opment as an anticancer therapeutic (32). In contrast, fluvastatin
produces a milder effect on protein N-glycosylation by dampening
the dolichol synthesis pathway further upstream, which alleviates the
induction of a strong ER stress response.

Fluvastatin inhibits ER-associated protein N-glycosylation and
Golgi-associated N-glycan remodeling

Dolichol is a group of hydrophobic long-chain isoprenoid mole-
cules that constitutes the lipid portion of LLOs, an essential component
for protein Asn(N)-glycosylation (10) that occurs on newly synthe-
sized peptides at the consensus sequence NXS/T(X„P) (Fig. 2A). As
dolichol is technically difficult to directly quantify and its only known
function is in glycosylation, we validated fluvastatin inhibition of
dolichol synthesis by evaluating whether fluvastatin treatment could
reduce protein N-glycosylation. To this end, we used SLC3A2 as a

molecular biomarker of protein glycosylation. SLC3A2 is a single-pass
transmembrane glycoprotein with fourN-glycosylation sites, all mod-
ified at the ER and remodeled at the Golgi with complex-typeN-glycan
structures (33). We expressed SLC3A2 in a doxycycline-inducible
manner in HeLa cells, where endogenous SLC3A2 has been knocked
out. With fluvastatin treatment, doxycycline-induced FLAG-SLC3A2
displayed lower molecular weight immunoblot bands, intermediate in
size compared with that of N-glycopeptidase-treated samples, indi-
cating reduced occupancy of N-glycan sites consistent with suppres-
sion of dolichol and, in turn, LLO and N-glycosylation (Fig. 2B). To
examine site occupancy more directly, three peptides containing
N-glycosylation sites at N365, N381, and N424 in FLAG-SLC3A2
were detected and quantified by LC-MS/MS (Supplementary
Table S1). With fluvastatin treatment, an increase in the unoccupied
fraction of peptides containing Asn365 and Asn381 was observed
(Fig. 2C). Interestingly, site occupancy ofAsn424 remained unaffected
by fluvastatin treatment (Fig. 2C), indicating thatN-glycosylation sites
on the same protein can differ in sensitivity to reduced dolichol levels.
These results and immunoblotting for additional N-glycosylated
receptors (Supplementary Fig. S3) are consistent with a partial reduc-
tion in N-glycosylation in response to fluvastatin treatment.

Complex typeN-glycans are a major subset of post-Golgi structures
on mature cell surface glycoproteins. These N-glycans can be further
subdivided byN-acetylactosamine branching and fucose (F, Fuc) at the
core region and on the peripheral branches (Fig. 2D, highlighted in
box). Analysis of SLC3A2 glycopeptides revealed that, in addition to
partial inhibition of glycan transfer from LLO to the protein substrates
by oligosaccharyltransferase (OST), fluvastatin treatment altered the
Golgi dependent profile of residual N-glycans measured in a site-
specific manner. Notably, a significant reduction in branched complex
N-glycans was observed at N381, N424, and N365 sites (Fig. 2E–G;
Supplementary Table S1). Immunoblotting for three additional mem-
brane proteins (EGFR, GP130, and SLC3A2) in vector and SNAIL-
overexpressing MCF10A cells revealed that these proteins became
under-glycosylated after 48 to 72 hours of fluvastatin treatment in both
cell lines to a similar extent (Supplementary Fig. S3A). Treatment with
thapsigargin for up to 72 hours did not result in under-glycosylation of
EGFR, GP130, or SLC3A2 in either vector or SNAIL-overexpressing
cells, although a slight reduction in total glycoprotein levels were
observed (Supplementary Fig. S3B). In contrast, these receptors were
markedly under-glycosylated with 24 hours of tunicamycin treatment.
As cancer cell metastasis requires increased expression of tetra-
antennary complex type N-glycans (14–18), we examined whether
the transition to EMT was accompanied by increased expression of
these glycan structures. To this end, we profiled N-glycans released
frommembranes of control and SNAIL-overexpressingMCF10A cells
treated with and without fluvastatin (Supplementary Table S2). The
MCF10A glycome consists of 32% high mannose type N-glycans and
59% complex type N-glycans. The latter can be further subdivided
based on branching and fucosylation (F, Fuc) status at the core region
and the antennae (Fig. 3A). InMCF10A cells, complex typeN-glycans
were commonly expressed in the unfucosylated and singly fucosylated
(core) forms, with a small amount of doubly fucosylated (core and
antennae) structures (Fig. 3A).With induction of EMT, the expression
of 12 N-glycans structures were significantly upregulated, all of which
belonged to the complex type subgroup; 15 structures were down-
regulated, including all 9 of the doubly fucosylated complex structures
detected (Fig. 3B; Supplementary Table S2). We then examined
the effect of fluvastatin treatment on N-glycan profiles and found
that 6 of the 12 complex type N-glycans that were upregulated
following induction of EMT were specifically inhibited by fluvastatin
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treatment in SNAIL-overexpressing cells, but not in control cells
(Fig. 3C, black arrowheads). Of these, the singly fucosylated trian-
tennary (N2FM3þN3H3) and singly fucosylated tetra-antennary
(N2FM3þN4H4) structures, each representing approximately 10%
of the total surface glycome, were both upregulated in SNAIL-
overexpressing cells, and significantly reduced in response to fluvas-
tatin treatment (Fig. 3D and E).

Our results suggest that the elevated sensitivity of mesenchymal
breast cancer cells to fluvastatin is due to the dual effect of
fluvastatin on protein N-glycosylation: (i) decreasing the level
of N-glycosylation at the ER by inhibiting dolichol synthesis; and
(ii) decreasing the complex branching of N-glycans that occurs at
the Golgi. Of note, the second effect occurs on those N-glycans
that are transferred to proteins in the presence of fluvastatin, the

Figure 2.

Fluvastatin treatment blocks dolichol-dependent proteinN-glycosylationwith complex typeN-glycans.A,A simplified schematic of the dolichol-dependent protein
N-glycosylation process. GlcNAc, N-acetylglucosamine; Asn, asparagine. B, In HeLa cells with Dox-inducible FLAG-SLC3A2 expression, immunoblot for FLAG
indicates that fluvastatin treatment led to partial deglycosylation of SLC3A2 as indicated by the appearance of lower molecular weight bands. Complete
deglycosylation with PNGaseF treatment was used as a control. C, Relative levels of unoccupied Asn residues at glycosylation sites NXS/T(X„P) in SLC3A2 were
quantified by FLAG-IP, followed by LC/MS-MS. Fluvastatin treatment for up to 48 hours increased the levels of unoccupied Asn at residues 365 and 381, but not 424.
Three biological replicates were analyzed with two technical replicates each. ns, not significant; �, P < 0.05; �� , P < 0.01 (two-way ANOVA with a Dunnett posttest,
comparing each treatment column vs. control column). D, Schematic representation of complex typeN-glycans that decorate SLC3A2 on Asn residues 365, 381, and
424 that are represented in the followingpanels.E–G,Fluvastatin treatment for up to48hours decreases the levels of branched complex typeN-glycans, triantennary
(N3H3) and tetra-antennary (N4H4), and branch elongation (N5H5 and N6H6) at the indicated site in SLC3A2. Bars, meanþ SD, n¼ 3. ns, not significant; � , P < 0.05
(two-way ANOVA with a Dunnett posttest, comparing each treatment column vs. control column).
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mechanism of which remains to be explored. To test this model, we
evaluated whether fluvastatin at concentrations that partially inhib-
it both NXS/T(X„P) site occupancy and Golgi N-glycan branching,
may display synergy with loss of the branching enzymes MGAT1
or MGAT5. MGAT1 knockout blocks all branching, whereas
MGAT5 knockout eliminates the last branch to be added (Sup-

plementary Fig. S4A–S4C). Consistent with this hypothesis, the
IC50 for fluvastatin treatment was inversely proportional to levels
of complex-type branched N-glycans (MDA-MB-231 wild-type >
MGAT5 deficient > MGAT1 deficient cells; Supplementary
Fig. S4D). The order of interaction between fluvastatin treatment
and these Golgi enzymes is consistent with the known effects of

Figure 3.

Fluvastatin treatment decreases complex branchedN-glycans associatedwith EMT.A, Schematic representation of highmannose type and complex typeN-glycans,
the two major classes of N-glycans (top), and distribution of major classes of N-glycans in the total cell surface glycome in MCF10A cells quantified by LC/MS-MS
(bottom). B, Heatmap of the expression of complexN-glycans following SNAIL-induced EMT. Data presented are the mean of three biological replicates with one to
two technical replicates each. � , P < 0.0301 (unpaired, two-tailed t test with Benjamini–Hochberg FDR correction). C, Heatmap of the expression of complex
N-glycans following treatment with 20 mmol/L fluvastatin in vector cells (left column) and SNAIL-overexpressing cells (right column). Black arrowheads, glycan
species that are significantly upregulated in EMT (B) and downregulated by fluvastatin treatment in SNAIL-overexpressing cells (C, right column), but not affected by
fluvastatin treatment in control cells (C, left column). Data presented are the mean of three biological replicates with one to two technical replicates each. EtOH,
ethanol (treatment control). � ,P<0.0108 (unpaired, two-tailed t testwith Benjamini–Hochberg FDR correction).D andE, LC/MS-MSquantification of the fucosylated
triantennary (N3H3; D) and tetra-antennary (N4H4; E) N-glycan structures indicating that these N-glycans are upregulated in EMT, which is inhibited by 20 mmol/L
fluvastatin treatment for 48 hours. Complete data can be found in Supplementary Table S2. Bars, meanþ SD, n¼ 3. ns, not significant; � , P < 0.05 (one-way ANOVA
with a Bonferroni posttest, comparing selected pairs of columns).
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mutating these enzymes in cancer models (19, 20, 34). Taken
together, our data suggest that fluvastatin treatment impairs
the EMT-driven expression of complex type branched N-glycans
on multiple cell surface glycoproteins associated with EMT and
metastasis (16–18).

Postsurgical adjuvant fluvastatin treatment delays metastatic
outgrowth and prolongs survival

As the transition to a more mesenchymal state is associated with
cancer metastasis (35), we evaluated the efficacy of fluvastatin treat-
ment against a postsurgical metastatic breast cancer model in vivo. We

Figure 4.

Postsurgical adjuvant fluvastatin treatment delays metastasis and prolongs survival. A, Schematic of the mouse model and the time points where mice were
sacrificed. B, Fluvastatin treatment at 50 mg/kg/day orally significantly prolonged survival of mice with postsurgical metastatic breast cancer. � , P < 0.05 (log-rank
test, n ¼ 12). C–E, At the indicated time point, mice were sacrificed and lungs were resected for FFPE. Two sequential slices were obtained every 200 mm for three
depths containing all five lobes and stained for H&E or hEGFR. Metastatic colonies were identified by hEGFR staining and confirmed by H&E. At the time of surgery,
mouse lungswere clear ofmetastatic colonies or had very small lesions (C). At 8 to 9days postsurgery,mice receiving fluvastatin treatment had lessmetastatic tumor
load thanmice receiving PBS control (D). F50, 50mg/kg/day fluvastatin treatment group. At endpoint, fluvastatin treatment decreased the proportion of mice with
heavy (>50 colonies/slice) or intermediate metastatic burden (5 to 50 colonies/slice). The proportion of mice with light metastatic burden (<5 colonies/slice) were
increased (E). Each lung slice was independently reviewed by two personnel. Representative images are shown. Scale bars, 1 mm except in C inset where it is 100 mm
as indicated. F and G, Quantification of metastatic load by colony count (F) or by hEGFR positivity (G) both showed lowered metastatic load in fluvastatin-treated
mice.
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used the LM2–4 model of postsurgical advanced metastatic breast
cancer, derived from theMDA-MB-231 cell line, which spontaneously
metastasizes to themouse lung (21). After subcutaneous implantation,
we allowed LM2–4 xenografts to reach approximately 500 mm3, then
excised the primary tumors to mimic first-line surgical treatment
(Fig. 4A; Supplementary Fig. S5A; ref. 21). After surgery, mice were
randomly assigned to receive PBS (vehicle control) or 50 mg/kg
fluvastatin orally, daily (Fig. 4A). Adjuvant fluvastatin treatment
significantly prolonged overall survival by >30% in this mouse model
(Fig. 4B).

To evaluate the potential antimetastatic activity of fluvastatin, we
analyzed lung samples at three time points during the course of the
experiment: (i) at time of surgery; (ii) at 8 to 9 days postsurgery; and
(iii) at endpoint (Fig. 4A). Metastases to the mouse lung were
identified by lesions that stained positive for human EGFR (hEGFR)
and confirmed by H&E (Supplementary Fig. S5B). At time of surgery,
most mice (7/9) did not have any observable metastases, and 2 of 9
mice had very small lung lesions (Fig. 4C). At 8 to 9 days postsurgery,
adjuvant fluvastatin treatment effectively inhibited metastatic out-
growth from disseminated breast cancer cells (Fig. 4D). Finally, at
endpoint, fluvastatin treatment decreased the proportion of mice with
heavy (>50 colonies/slice) or medium (5–50 colonies/slice) metastatic
burden, while increasing the proportion of mice with light metastatic
burden (<5 colonies/slice; Fig. 4E–G). Consistently, autopsy at end-
point indicated that the majority of PBS-treated mice reached end-
point due to lung metastases, whereas fluvastatin-treated mice largely
reached endpoint from primary tumor regrowth (Supplementary
Fig. S5C). We have thus demonstrated, using an in vivo postsurgical
metastatic breast cancer model that closely follows the course of
human disease, that adjuvant fluvastatin use can delay the develop-
ment of metastases and prolong overall survival.

Discussion
Metastatic recurrence is the main cause of breast cancer deaths (1).

Since statins are already clinically approved, inexpensive, and have
excellent safety profiles that permit their long-term use, these drugs are
ideal candidates for repurposing as metastasis prevention agents.
Identifying the mechanism of the antimetastatic breast cancer activity
of statins, also provides an opportunity to identify novel actionable
biomarkers that distinguish patients who will benefit from statin
treatment. Here, we show that sensitivity to fluvastatin in the context
of breast cancer cell EMT is mediated by inhibition of protein N-
glycosylation, providing amechanistic explanation for previous obser-
vations showing statin treatment can blockN-glycosylation of specific
membrane glycoproteins such as P-gp (36), IGFR (37), EpoR (38), and
FLT3 (39). Surprisingly, we also show that fluvastatin exposure
impaired Golgi pathway biosynthesis of complex type tri- and tet-
ra-antennary N-glycans associated with breast cancer EMT and
metastasis (16–18, 40). The cooperative effects of NXS/T(X„P) site
number and Golgi-associatedN-glycan branching is important for cell
surface retention and signaling by growth factor receptors (EGF,
TGFb, FGF), and thereby EMT (16). Indeed, we observed cooperative
inhibition of fluvastatin and loss of N-glycan branching enzymes
MGAT1 or MGAT5 in MDA-MB-231 breast cancer cells. Adjuvant
use of fluvastatin delayed breast cancer metastasis and prolonged
survival by >30% in a postsurgical model of breast cancer metastasis,
supporting the immediate evaluation of fluvastatin in the adjuvant
breast cancer space, as well as further development of glycosylation
inhibitors to prevent metastatic recurrence in breast cancer (41).

Altered proteinN-glycosylation, notably the upregulation of tri- and
tetra-antennary complex type glycans, is pivotal to EMT (18, 42, 43)
and is a potent modulator of metastatic potential (14–18, 40). High
levels of tri- and tetra-antennary complex N-glycans are associated
with disease progression and poor prognosis in breast and colon cancer
patients (44, 45). Here, we demonstrate that EMT-associated upre-
gulation of complex N-glycans can be targeted by inhibiting the MVA
pathway using fluvastatin. The assembly of each N-glycan requires 8
dolichol molecules (46). However, dolichol cannot be efficiently
recycled (47) and accumulates with aging (48), indicating that cells
must continuously synthesize dolichol. Our results show that fluvas-
tatin treatment can exploit this metabolic vulnerability in metastatic
breast cancer cells, reducing protein N-glycosylation on glycoproteins
critical to metastasis.

Strong epidemiologic evidence has shown that the risk of postsur-
gical breast cancer recurrence is reduced by 30% to 60% inpatients who
are taking statins (2–5). Here, we used a mouse model of postsurgical
metastatic breast cancer that closely mimics first-line treatment and
disease progression (21), to test the efficacy of fluvastatin when used in
the adjuvant setting to prevent metastasis, where long-term use of this
safe and inexpensive drug could have considerable clinical benefit.
Adjuvant fluvastatin treatment effectively delayed metastasis and
prolonged survival by >30% at a daily dose of 50 mg/kg in the mouse,
equivalent to a well-tolerated daily dose of 4 mg/kg in human
patients (49). Our results support the immediate clinical evaluation
of fluvastatin at this well-tolerated dose in the adjuvant setting in
patients with breast cancer patients. Moreover, this work reinforces
that targeting aberrant tumor metabolism is a feasible strategy for the
development of novel and effective anticancer agents.
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1 CRPSXWDWLRQDO   SKDUPDFRJHQRPLF   VFUHHQ   LGHQWLILHV   GUXJV   WKDW   SKHQRFRS\   GLS\ULGDPROH   DQG  

2 SRWHQWLDWH   DQWL-EUHDVW   FDQFHU   DFWLYLW\   RI   VWDWLQV   

3 JeQQa  YaQ  LeeXZeQ 1,2 ,  WaiO  Ba-AOaZi 1,2 ,  EPiO\  BUaQchaUd 2 ,  JRVeSh  LRQgR 1,2 ,  JeQQifeU  SiOYeVWeU 3 ,  DaYid  W.              
4 CeVcRQ 2,3,4 ,   BeQMaPiQ   Haibe-KaiQV 1,2,5,6,§ ,   LiQda   Z.   PeQQ 1,2,§ ,   DeeQa   M.A.   GeQdRR 7,§  

5 1 DeSaUWPeQW  Rf  MedicaO  BiRSh\VicV,  UQiYeUViW\  Rf  TRURQWR,  101  CROOege  SWUeeW,  TRURQWR,  ON,  CaQada,  M5G               
6 1L7   
7 2 PUiQceVV  MaUgaUeW  CaQceU  CeQWUe,  UQiYeUViW\  HeaOWh  NeWZRUN,  101  CROOege  SWUeeW,  TRURQWR,  ON,  CaQada,              
� M5G   1L7  
� 3 The  CaPSbeOO  FaPiO\  IQVWiWXWe  fRU  BUeaVW  CaQceU  ReVeaUch  (CFIBCR),  620  UQiYeUViW\  AYeQXe,  TRURQWR,              

10 ON,   CaQada,   M5G   2C1   
11 4 DiYiViRQ  Rf  MedicaO  OQcRORg\  aQd  HePaWRORg\,  DeSaUWPeQW  Rf  MediciQe,  UQiYeUViW\  Rf  TRURQWR,  27  KiQg¶V               
12 CROOege   CiUcOe,   TRURQWR,   ON,   CaQada,   M5S   1A1   
13 5 DeSaUWPeQW  Rf  CRPSXWeU  ScieQce,  UQiYeUViW\  Rf  TRURQWR,  10  KiQg¶V  CROOege  RRad,  TRURQWR,  ON,  CaQada,               
14 M5S   3G4   
15 6 OQWaUiR   IQVWiWXWe   Rf   CaQceU   ReVeaUch,   661   UQiYeUViW\   AYeQXe,   SXiWe   510,   TRURQWR,   ON,   CaQada,   M5G   0A3  
16 7 CeQWUe  fRU  CRPSXWaWiRQaO  BiRORg\,  IQVWiWXWe  Rf  CaQceU  aQd  GeQRPic  ScieQceV,  UQiYeUViW\  Rf  BiUPiQghaP,              
17 BiUPiQghaP,   BiUPiQghaP   B15   2TT,   UQiWed   KiQgdRP   

1� §    CR-cRUUeVSRQdiQg   aXWhRUV  

1� AddUeVV  fRU  cRUUeVSRQdeQce:  RegaUdiQg  cRPSXWaWiRQaO  aVSecWV,  DU.  Haibe-KaiQV         
20 < BeQMaPiQ.Haibe-KaiQV@XhQUeVeaUch.ca >  aQd  DU.  GeQdRR  < d.geQdRR@bhaP.ac.XN >;  UegaUdiQg  VWaWiQ        
21 aVSecWV,   DU.   PeQQ   < LiQda.PeQQ@XhQUeVeaUch.ca >.   
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22 AbVWUacW  

23 SWaWiQV  aUe  a  faPiO\  Rf  FDA-aSSURYed  chROeVWeURO-ORZeUiQg  dUXgV  WhaW  iQhibiW  Whe  UaWe-OiPiWiQg  eQ]\Pe  Rf               

24 Whe  PeWabROic  PeYaORQaWe  SaWhZa\,  Zhich  haYe  beeQ  VhRZQ  WR  haYe  aQWi-caQceU  acWiYiW\.  AV  WheUaSeXWic               

25 efficac\  iQcUeaVeV  ZheQ  dUXgV  aUe  XVed  iQ  cRPbiQaWiRQ,  Ze  VRXghW  WR  ideQWif\  ageQWV,  OiNe  diS\UidaPROe,                

26 WhaW  SRWeQWiaWe  VWaWiQ-iQdXced  WXPRU  ceOO  deaWh .   AV  aQ  aQWiSOaWeOeW  ageQW  diS\UidaPROe  ZiOO  QRW  be  VXiWabOe                

27 fRU  aOO  caQceU  SaWieQWV.  ThXV,  Ze  deYeORSed  aQ  iQWegUaWiYe  ShaUPacRgeQRPicV  SiSeOiQe  WR  ideQWif\  ageQWV               

2� WhaW  ZeUe  ViPiOaU  WR  diS\UidaPROe  aW  Whe  OeYeO  Rf  dUXg  VWUXcWXUe,   LQ  YLWUR  VeQViWiYiW\  aQd  PROecXOaU                 

2� SeUWXUbaWiRQ.  TR  eQUich  fRU  cRPSRXQdV  e[SecWed  WR  WaUgeW  Whe  PeYaORQaWe  SaWhZa\,  Ze  WRRN  a               

30 SaWhZa\-ceQWUic  aSSURach  WRZaUdV  cRPSXWaWiRQaO  VeOecWiRQ,  Zhich  Ze  caOOed  PeYaORQaWe  dUXg  QeWZRUN            

31 fXViRQ  (MVA-DNF).  We  YaOidaWed  WZR  Rf  Whe  WRS  UaQNed  cRPSRXQdV,  QeOfiQaYiU  aQd  hRQRNiRO  aQd               

32 dePRQVWUaWed  WhaW,  OiNe  diS\UidaPROe,  Whe\  V\QeUgi]e  ZiWh  fOXYaVWaWiQ  WR  SRWeQWiaWe  WXPRXU  ceOO  deaWh  b\               

33 bORcNiQg  Whe  UeVWRUaWiYe  feedbacN  ORRS.  ThiV  iV  achieYed  b\  iQhibiWiQg  acWiYaWiRQ  Rf  Whe  Ne\  WUaQVcUiSWiRQ                

34 facWRU  WhaW  iQdXceV  PeYaORQaWe  SaWhZa\  geQe  WUaQVcUiSWiRQ,  VWeURO  UegXOaWRU\  eOePeQW-biQdiQg  SURWeiQ  2             

35 (SREBP2).  MechaQiVWicaOO\,  Whe  V\QeUgiVWic  UeVSRQVe  Rf  fOXYaVWaWiQ-QeOfiQaYiU  aQd  fOXYaVWaWiQ-hRQRNiRO  ZaV           

36 aVVRciaWed  ZiWh   ViPiOaU  WUaQVcUiSWRPic  aQd  SURWeRPic  SaWhZa\V,  iQdicaWiQg  a  ViPiOaU  PechaQiVP  Rf  acWiRQ              

37 beWZeeQ  QeOfiQaYiU  aQd  hRQRNiRO  ZheQ  cRPbiQed  ZiWh  fOXYaVWaWiQ.  FXUWheU  aQaO\ViV  ideQWified  Whe  caQRQicaO              

3� eSiWheOiaO-PeVeQch\PaO  WUaQViWiRQ  (EMT)  geQe,  E-cadheUiQ  aV  a  biRPaUNeU  Rf  WheVe  V\QeUgiVWic  UeVSRQVeV             

3� acURVV  a  OaUge  SaQeO  Rf  bUeaVW  caQceU  ceOO  OiQeV.  ThXV,   RXU  cRPSXWaWiRQaO  ShaUPacRgeQRPic  aSSURach  caQ                

40 ideQWif\   QRYeO   cRPSRXQdV   WhaW   SheQRcRS\   a   cRPSRXQd   Rf   iQWeUeVW   iQ   a   SaWhZa\-VSecific   PaQQeU.     

41 KH\  ZRUGV:  DUXg  cRPbiQaWiRQV;  caQceU  WheUaS\;  PeYaORQaWe  SaWhZa\;  dUXg  ViPiOaUiW\;  dUXg  SeUWXUbaWiRQV;             

42 ShaUPacRgeQRPicV;   bUeaVW   caQceU   
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43 6LJQLILFDQFH   6WDWHPHQW:  

44 We  SURYide  a  UaSid  aQd  cRVW-effecWiYe  VWUaWeg\  WR  e[SaQd  a  cOaVV  Rf  dUXgV  ZiWh  a  ViPiOaU  SheQRW\Se.  OXU                   

45 SaUeQW  cRPSRXQd,  diS\UidaPROe,  SRWeQWiaWed  VWaWiQ-iQdXced  WXPRXU  ceOO  deaWh  b\  bORcNiQg  Whe            

46 VWaWiQ-WUiggeUed  UeVWRUaWiYe  feedbacN  UeVSRQVe  WhaW  daPSeQV  VWaWiQV  SUR-aSRSWRWic  acWiYiW\.  TR  ideQWif\            

47 cRPSRXQdV  ZiWh  WhiV  acWiYiW\  Ze  SeUfRUPed  a  ShaUPacRgeQRPic  aQaO\ViV  WR  diVWiQgXiVh  ageQWV  ViPiOaU  WR               

4� diS\UidaPROe  iQ  WeUPV  Rf  VWUXcWXUe,  ceOO  VeQViWiYiW\  aQd  PROecXOaU  SeUWXUbaWiRQV.  AV  diS\UidaPROe  haV  PaQ\               

4� UeSRUWed  acWiYiWieV,  Ze  fRcXVed  RXU  PROecXOaU  SeUWXUbaWiRQ  aQaO\ViV  RQ  Whe  SaWhZa\  iQhibiWed  b\  VWaWiQV,               

50 Whe  PeWabROic  PeYaORQaWe  SaWhZa\.  OXU  VWUaWeg\  ZaV  VXcceVVfXO  aV  Ze  YaOidaWed  QeOfiQaYiU  aQd  hRQRNiRO               

51 aV  diS\UidaPROe-OiNe  cRPSRXQdV  aW  bRWh  Whe  SheQRW\Sic  aQd  PROecXOaU  OeYeOV.  OXU  deYeORSed  aSSURach              

52 VeWV   Whe   fUaPeZRUN   fRU   fXWXUe   SaWhZa\-ceQWUic   ideQWificaWiRQ   Rf   dUXg   cRPbiQaWiRQV.     
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53 InWUodXcWion  

54 TUiSOe-QegaWiYe  bUeaVW  caQceU  (TNBC)  iV  aQ  aggUeVViYe  VXbW\Se  Rf  bUeaVW  caQceU  (BC)  WhaW  haV  a  SRRUeU                 

55 SURgQRViV  aPRQgVW  Whe  PaMRU  bUeaVW  caQceU  VXbW\SeV 1 .  ThiV  SRRU  SURgQRViV  VWePV  fURP  RXU  OiPiWed               

56 XQdeUVWaQdiQg  Rf  Whe  XQdeUO\iQg  biRORg\,  Whe  OacN  Rf  WaUgeWed  WheUaSeXWicV,  aQd  Whe  aVVRciaWed  UiVN  Rf                

57 diVWaQW  UecXUUeQce  RccXUUiQg  SUedRPiQaQWO\  iQ  Whe  fiUVW  WZR  \eaUV  afWeU  diagQRViV 2 .  C\WRWR[ic  aQWhUac\cOiQe              

5� aQd  Wa[aQe-baVed  chePRWheUaS\  UegiPeQV  UePaiQ  Whe  SUiPaU\  RSWiRQ  fRU  WUeaWiQg  TNBC,  ZiWh  RWheU              

5� cOaVVeV  Rf  iQYeVWigaWiRQaO  ageQWV  iQ  YaUiRXV  VWageV  Rf  deYeORSPeQW.  TheUefRUe,  QRYeO  aQd  effecWiYe              

60 WheUaSeXWicV   aUe   XUgeQWO\   Qeeded   WR   cRPbaW   WhiV   difficXOW-WR-WUeaW   caQceU.     

61 AOWeUed  ceOOXOaU  PeWabROiVP  iV  a  haOOPaUN  Rf  caQceU 3,4  aQd  WaUgeWiQg  Ne\  PeWabROic  SaWhZa\V  caQ               

62 SURYide  QeZ  aQWi-caQceU  WheUaSeXWic  VWUaWegieV.  AbeUUaQW  acWiYaWiRQ  Rf  Whe  PeWabROic  PeYaORQaWe  (MVA)             

63 SaWhZa\  iV  a  haOOPaUN  Rf  PaQ\  caQceUV,  iQcOXdiQg  TNBC,  aV  Whe  eQd-SURdXcWV  iQcOXde  chROeVWeURO  aQd                

64 RWheU  QRQ-VWeURO  iVRSUeQRidV  eVVeQWiaO  fRU  ceOOXOaU  SUROifeUaWiRQ  aQd  VXUYiYaO 5±7 .  The  VWaWiQ  faPiO\  Rf              

65 FDA-aSSURYed  chROeVWeURO-ORZeUiQg  dUXgV  aUe  SRWeQW  iQhibiWRUV  Rf  Whe  UaWe-OiPiWiQg  eQ]\Pe  Rf  Whe  MVA              

66 SaWhZa\,  3-h\dUR[\-3-PeWh\OgOXWaU\O-CRA  UedXcWaVe  (HMGCR) 6 .  ESidePiRORgicaO  eYideQce  VhRZV  WhaW         

67 VWaWiQ-XVe  aV  a  chROeVWeURO  cRQWURO  ageQW  iV  aVVRciaWed  ZiWh  UedXced  caQceU  iQcideQce 8  aQd  UecXUUeQce 9±13 .               

6� SSecificaOO\,  iQ  BC,  a  30-60%  UedXcWiRQ  iQ  UecXUUeQce  iV  eYideQW  aPRQgVW  VWaWiQ  XVeUV,  aQd  decUeaVed  UiVN                 

6� iV  aVVRciaWed  ZiWh  iQcUeaVed  VWaWiQ  dXUaWiRQ 9,12,14,15 .  We  aQd  RWheUV  haYe  VhRZQ  SUecOiQicaOO\  WhaW  EVWURgeQ               

70 ReceSWRU  (ER)-QegaWiYe  BC  ceOO  OiQeV,  iQcOXdiQg  TNBC,  aUe  SUefeUeQWiaOO\  VeQViWiYe  WR  VWaWiQ-iQdXced             

71 aSRSWRViV 16,17 .  MRUeRYeU,  WhUee  SUeRSeUaWiYe  cOiQicaO  WUiaOV  iQYeVWigaWiQg  OiSRShiOic  VWaWiQV  (fOXYaVWaWiQ,           

72 aWRUYaVWaWiQ)  iQ  hXPaQ  BC,  VhRZed  VWaWiQ  XVe  ZaV  aVVRciaWed  ZiWh  UedXced  WXPRXU  ceOO  SUROifeUaWiRQ  aQd                

73 iQcUeaVed  aSRSWRViV  Rf  high-gUade  BCV 18,19 .  ThXV,  eYideQce  VXggeVWV  WhaW  VWaWiQV  haYe  SRWeQWiaO  XWiOiW\  iQ               

74 Whe   WUeaWPeQW   Rf   BC,   iQcOXdiQg   TNBC.    

75 DUXg  cRPbiQaWiRQV  WhaW  RYeUcRPe  UeViVWaQce  PechaQiVPV  aQd  Pa[iPi]e  efficac\  haYe  SRWeQWiaO            

76 adYaQWageV  aV  caQceU  WheUaS\.  BORcNiQg  Whe  MVA  SaWhZa\  ZiWh  VWaWiQV  WUiggeUV  a  UeVWRUaWiYe  feedbacN               

77 UeVSRQVe  WhaW  VigQificaQWO\  daPSeQV  Whe  SUR-aSRSWRWic  acWiYiW\  Rf  VWaWiQV 20,21 .  BUiefO\,  VWaWiQ-iQdXced            
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7� deSOeWiRQ  Rf  iQWUaceOOXOaU  VWeUROV,  WUiggeUV  Whe  iQacWiYe  c\WRSOaVPic,  SUecXUVRU  fRUP  Rf  Whe  WUaQVcUiSWiRQ              

7� facWRU  VWeURO  UegXOaWRU\  eOePeQW-biQdiQg  SURWeiQ  2  (SREBP2)  WR  be  SURceVVed  WR  Whe  acWiYe  PaWXUe  QXcOeaU                

�0 fRUP,  Zhich  iQdXceV  WUaQVcUiSWiRQ  Rf  MVA  geQeV,  iQcOXdiQg   HMGCR  aQd  Whe  XSVWUeaP  V\QWhaVe              

�1 ( HMGCS1 ) 22 .  We  haYe  VhRZQ  WhaW  iQhibiWiQg  SREBP2  XViQg  RNAi,  RU  bORcNiQg  SREBP2  SURceVViQg  XViQg               

�2 Whe   dUXg   diS\UidaPROe,   VigQificaQWO\   SRWeQWiaWeV   Whe   abiOiW\   Rf   VWaWiQV   WR   WUiggeU   WXPRU   ceOO   deaWh 21,23,24 .     

�3 DiS\UidaPROe  iV  aQ  FDA-aSSURYed  aQWiSOaWeOeW  ageQW  cRPPRQO\  XVed  fRU  VecRQdaU\  VWURNe            

�4 SUeYeQWiRQ,  aQd  ViQce  VWaWiQ-diS\UidaPROe  haV  beeQ  cR-SUeVcUibed  fRU  RWheU  iQdicaWiRQV,  iW  Pa\  be  VafeO\               

�5 XVed  iQ  Whe  WUeaWPeQW  Rf  caQceU 25 .  HRZeYeU,  Whe  e[acW  PechaQiVP  Rf  diS\UidaPROe  acWiRQ  UePaiQV  XQcOeaU                

�6 aV  iW  haV  beeQ  UeSRUWed  WR  UegXOaWe  VeYeUaO  biRORgicaO  SURceVVeV.  MRUeRYeU,  Whe  aQWiSOaWeOeW  acWiYiW\  Rf                

�7 diS\UidaPROe  Pa\  be  a  cRQWUaiQdicaWiRQ  fRU  VRPe  caQceU  SaWieQWV.  ThXV,  WR  e[SaQd  WhiV  diS\UidaPROe-OiNe               

�� cOaVV  Rf  cRPSRXQdV  WhaW  caQ  SRWeQWiaWe  Whe  SUR-aSRSWRWic  acWiYiW\  Rf  VWaWiQV,  Ze  ePSOR\ed  a               

�� SaWhZa\-ceQWUic  aSSURach  WR  deYeORS  a  cRPSXWaWiRQaO  ShaUPacRgeQRPicV  SiSeOiQe  WR  diVWiQgXiVh           

�0 cRPSRXQdV  WhaW  aUe  SUedicWed  WR  behaYe  ViPiOaUO\  WR  diS\UidaPROe  iQ  Whe  UegXOaWiRQ  Rf  MVA  SaWhZa\                

�1 geQeV.  UViQg  WhiV  VWUaWeg\,  Ze  ideQWified  VeYeUaO  SRWeQWiaO  diS\UidaPROe-OiNe  cRPSRXQdV  iQcOXdiQg            

�2 QeOfiQaYiU,  aQ  FDA-aSSURYed  aQWiUeWURYiUaO  dUXg  aQd  hRQRNiRO,  a  cRPSRXQd  iVROaWed  fURP   MagQROLa  VSS. ,              

�3 Zhich  V\QeUgiVe  ZiWh  VWaWiQV  WR  dUiYe  WXPRXU  ceOO  deaWh  b\  bORcNiQg  Whe  UeVWRUaWiYe  feedbacN  UeVSRQVe.                

�4 CRUUeOaWiRQ  aQaO\ViV  Rf  Whe  VWaWiQ-cRPSRXQd  cRPbiQaWiRQ  V\QeUg\  VcRUe,  ZiWh  baVaO  PRNA  e[SUeVViRQ             

�5 acURVV  a  OaUge  SaQeO  Rf  BC  ceOO  OiQeV,  ideQWified   CDH1  e[SUeVViRQ  aV  a  SUedicWiYe  biRPaUNeU  Rf  UeVSRQVe  WR                   

�6 WheVe  cRPbiQaWiRQ  WheUaSieV.  TaNeQ  WRgeWheU,  Ze  SURYide  a  QeZ  VWUaWeg\  WR  ideQWif\  cRPSRXQdV  WhaW               

�7 behaYe  fXQcWiRQaOO\  ViPiOaU  WR  diS\UidaPROe  iQ  aQ  MVA  SaWhZa\-VSecific  PaQQeU  aQd  VXggeVW  WhaW  WhiV               

�� aSSURach  ZiOO  haYe  bURad  XWiOiW\  fRU  cRPSRXQd  diVcRYeU\  acURVV  a  Zide  YaUieW\  Rf  dUXg/SaWhZa\               

�� iQWeUacWiRQV.    

100 ReVXlWV  

101 CRPSXWDWLRQDO   SKDUPDFRJHQRPLF   SLSHOLQH   LGHQWLILHV   GLS\ULGDPROH-OLNH   FRPSRXQGV   

102 We  deYeORSed  a  cRPSXWaWiRQaO  SiSeOiQe  WhaW  haUQeVVeV  high-WhURXghSXW  ShaUPacRgeQRPicV  aQaO\ViV  WR            

103 ideQWif\  diS\UidaPROe-OiNe  cRPSRXQdV  WhaW  V\QeUgiVe  ZiWh  VWaWiQV  b\  bORcNiQg  MVA  SaWhZa\  geQe             
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104 e[SUeVViRQ  WR  iQhibiW  caQceU  ceOO  YiabiOiW\  ( FLJXUH  1A  DQG  1B ).  The  LINCS-L1000  (L1000) 26  aQd  NCI-60 27                 

105 daWaVeWV  ZeUe  chRVeQ  fRU  WheVe  VWXdieV  aV  Whe\  cRQWaiQ  ceOOXOaU  dUXg-UeVSRQVe  daWa  aW  Whe  PROecXOaU  aQd                  

106 SUROifeUaWiYe  OeYeOV  acURVV  a  SaQeO  Rf  ceOO  OiQeV,  UeVSecWiYeO\.  FURP  WheVe  daWaVeWV  Ze  e[WUacWed  dUXg                 

107 VWUXcWXUe,  dUXg-iQdXced  geQe  SeUWXUbaWiRQ  daWa  (geQe  e[SUeVViRQ  chaQgeV  afWeU  dUXg  WUeaWPeQW)  aQd              

10� dUXg-ceOO  OiQe  VeQViWiYiW\  SURfiOeV  fRU  Whe  238  cRPSRXQdV  cRPPRQ  WR  bRWh  daWaVeWV.  TUeaWiQg  each  OeYeO  Rf                  

10� daWa  aV  a  VeSaUaWe  Oa\eU,  Ze  UeVWUicWed  Whe  dUXg-geQe  SeUWXUbaWiRQ  Oa\eU  fURP  Whe  L1000  daWaVeW  WR  RQO\                   

110 iQcOXde  Whe  Vi[  MVA  SaWhZa\  geQeV  SUeVeQW  iQ  Whe  L1000  OaQdPaUN  geQe  VeW,  WR  eQUich  fRU  cRPSRXQdV                   

111 WhaW  SheQRcRS\  Whe  MVA  SaWhZa\-VSecific  acWiYiW\  Rf  diS\UidaPROe  ( 6XSSOHPHQWDO  FLJXUH  1A  DQG  FLJXUH               

112 1B ).  WiWh  diS\UidaPROe  aV  Whe  UefeUeQce  iQSXW,  Ze  geQeUaWed  aQ  MVA  SaWhZa\-VSecific  DUXg  NeWZRUN                

113 FXViRQ  (MVA-DNF)  WhURXgh  Whe  iQWegUaWiRQ  Rf  WhUee  diVWiQcW  daWa  Oa\eUV:  dUXg  VWUXcWXUe,  MVA-VSecific  dUXg                

114 SeUWXUbaWiRQ  VigQaWXUeV,  aQd  dUXg-ceOO  OiQe  VeQViWiYiW\  SURfiOeV.  FRU  each  Rf  Whe  daWa  Oa\eUV  iQcRUSRUaWed  iQWR                 

115 MVA-DNF,  a  238[238  dUXg  affiQiW\  PaWUi[  ZaV  geQeUaWed,  iQdicaWiQg  dUXg  ViPiOaUiW\  fRU  a  VeOecWed  dUXg                 

116 agaiQVW  aOO  RWheU  dUXgV  (fXUWheU  deVcUibed  iQ  PeWhRdV).  BUiefO\,  Ze  fiUVW  cRPSXWed  ViPiOaUiW\  beWZeeQ  SaiUV                 

117 Rf  dUXg  VWUXcWXUeV  XViQg  Whe  TaQiPRWR  iQde[,  SUiRU  WR  geQeUaWiQg  Whe  VWUXcWXUe  affiQiW\  PaWUi[.  We  cRPSXWed                  

11� Whe  ViPiOaUiW\  fRU  eYeU\  SaiU  Rf  dUXg  VeQViWiYiW\  SURfiOeV  XViQg  Whe  SeaUVRQ  cRUUeOaWiRQ  cRefficieQW,  SUiRU  WR                  

11� geQeUaWiQg  aQ  affiQiW\  PaWUi[  fRU  Whe  dUXg  VeQViWiYiW\  Oa\eU.  TR  cUeaWe  aQ  affiQiW\  PaWUi[  fRU  Whe  MVA-VSecific                   

120 SeUWXUbaWiRQ  Oa\eU,  Ze  fiUVW  caOcXOaWed  Whe  SeaUVRQ  cRUUeOaWiRQ  cRefficieQW  RQ  Whe  dUXg  SeUWXUbaWiRQ               

121 VigQaWXUeV  WhaW  ZeUe  fiOWeUed  WR  iQcOXde  RQO\  MVA  geQeV  ( FLJXUH  1B ).  B\  iQWegUaWiQg  Whe  WhUee  affiQiW\                  

122 PaWUiceV  XViQg  ViPiOaUiW\  QeWZRUN  fXViRQ,  aQd  fiOWeUiQg  hiWV  XViQg  SeUPXWaWiRQ  WeVWiQg,  Ze  VXbVeTXeQWO\               

123 ideQWified  23  SRWeQWiaO  diS\UidaPROe-OiNe  cRPSRXQdV  WhaW  VcRUed  aV  VigQificaQW  (SeUPXWaWiRQ  WeVW  S-YaOXe              

124 <0.05)  ( FLJXUH  1B,  6XSSOHPHQWDU\  7DEOH  1,   aQd  fXUWheU  e[SOaiQed  iQ  PeWhRdV).  ReSUeVeQWed  aV  a                

125 QeWZRUN,   WheVe   hiWV   diVSOa\   VWURQg   cRQQecWiYiW\   WR   diS\UidaPROe   aV   ZeOO   aV   WR   each   RWheU.     

126 We  aVVeVVed  Whe  cRQWUibXWiRQ  Rf  Whe  diffeUeQW  daWa  Oa\eUV  (dUXg  VWUXcWXUe,  dUXg-geQe  SeUWXUbaWiRQ,               

127 aQd  dUXg-ceOO  OiQe  VeQViWiYiW\)  ZiWhiQ  Whe  MVA-DNF  fRU  each  Rf  WheVe  23  cRPSRXQdV  ( FLJXUH  1C ).  DUXg                  

12� SeUWXUbaWiRQ  SOa\ed  a  VigQificaQW  UROe  iQ  Whe  VeOecWiRQ  Rf  QRYeO  diS\UidaPROe-OiNe  cRPSRXQdV  cRPSaUed  WR                

12� dUXg  VeQViWiYiW\  aQd  dUXg  VWUXcWXUe.  ThiV  UefOecWV  XSRQ  Whe  VSecificiW\  Rf  Whe  MVA-DNF  WRZaUdV  Whe  MVA                  

130 SaWhZa\,  iQ  cRPSaUiVRQ  WR  a  µgORbaO¶  dUXg  Wa[RQRP\  WhaW  iV  QRW  MVA  SaWhZa\-ceQWUic.  FXUWheU  aVVeVVPeQW                 

131 Rf  Whe  Vi[  MVA-SaWhZa\  geQe  e[SUeVViRQ  chaQgeV  ZiWhiQ  Whe  dUXg  SeUWXUbaWiRQ  VigQaWXUeV  highOighWV               
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132 cRPSaUabOe  e[SUeVViRQ  SURfiOeV  beWZeeQ  diS\UidaPROe  aQd  Whe  QRYeO  diS\UidaPROe-OiNe  cRPSRXQdV           

133 ( 6XSSOHPHQWDU\   FLJXUH   1B ).     

134 TR  SUiRUiWi]e  aQd  fXUWheU  iQWeUURgaWe  Whe  ideQWified  diS\UidaPROe-OiNe  hiWV  Ze  aQQRWaWed  Whe  23              

135 cRPSRXQdV  b\  UeSRUWed  PechaQiVP  Rf  acWiRQ  aQd  SRWeQWiaO  cOiQicaO  XWiOiW\.  TZR  cRPSRXQdV  ZeUe  e[cOXded               

136 fURP  fXUWheU  aQaO\ViV  aV  Whe\  ZeUe  QRW  cOiQicaOO\  XVefXO:  chURPRP\ciQ  A3,  a  UeSRUWed  WR[iQ 28 ,  aQd  cadPiXP                 

137 chORUide,  aQ  eVWabOiVhed  caUciQRgeQ 29 .  The  UePaiQiQg  21  cRPSRXQdV  VegUegaWed  iQWR  WeQ  diVWiQcW             

13� caWegRUieV,  dePRQVWUaWiQg  WhaW  diS\UidaPROe-OiNe  hiWV  ideQWified  WhURXgh  RXU  ShaUPacRgeQRPicV  SiSeOiQe           

13� VSaQQed  a  diYeUVe  chePicaO  aQd  biRORgicaO  VSace  ( 6XSSOHPHQWDO  FLJXUH  1C,  6XSSOHPHQWDO  7DEOH  1 ).              

140 We  VRXghW  WR  YaOidaWe  Whe  fiYe  hiWV  WhaW  VcRUed  aV  PRVW  ViPiOaU  WR  diS\UidaPROe,  Zhich  beORQg  WR  fRXU                   

141 diffeUeQW  caWegRUieV:  RAF/MEK  iQhibiWRU  (VeOXPeWiQib);  aQWiUeWURYiUaO  (QeOfiQaYiU);  aQWhUac\cOiQe  (dR[RUXbiciQ,          

142 PiWR[aQWURQe);  aQd  QaWXUaO  SURdXcW  (hRQRNiRO).  The  UeOiabiOiW\  Rf  RXU  aSSURach  iV  eYideQced  b\  SUeYiRXV               

143 ZRUN  b\  RXU  Oab  aQd  RWheUV  WhaW  Whe  aQWhUac\cOiQe  dR[RUXbiciQ  SRWeQWiaWeV  ORYaVWaWiQ  iQ  RYaUiaQ  caQceU                

144 ceOOV 30  aQd  RAF/MEK  iQhibiWRUV  VXch  aV  PD98059  aQd  PRUe  UeceQWO\  VeOXPeWiQib  (AZD6244)  haYe  beeQ               

145 UeSRUWed  WR  V\QeUgiVe  ZiWh  VWaWiQV  WR  SRWeQWiaWe  caQceU  ceOO  deaWh 31,32 .  The  PROecXOaU  WaUgeWed  cRPSRXQd               

146 (VeOXPeWiQib)  aORQg  ZiWh  Whe  QRYeO  WhUee  cRPSRXQdV  ZeUe  adYaQced  fRU  fXUWheU  eYaOXaWiRQ  (QeOfiQaYiU,              

147 PiWR[aQWURQe   aQd   hRQRNiRO)   ( 6XSSOHPHQWDO   7DEOH   1 ).    

14� DLS\ULGDPROH-OLNH  FRPSRXQGV  LQGXFH  DSRSWRVLV  LQ  FRPELQDWLRQ  ZLWK  IOXYDVWDWLQ  DQG  EORFN  WKH            

14� VWHURO-UHJXODWHG   IHHGEDFN   ORRS   RI   WKH   M9A   SDWKZD\   

150 TR  iQYeVWigaWe  ZheWheU  Whe  diS\UidaPROe-OiNe  cRPSRXQdV  cRXOd  SRWeQWiaWe  fOXYaVWaWiQ-iQdXced  ceOO  deaWh            

151 ViPiOaU  WR  WhaW  Rf  diS\UidaPROe,  Ze  fiUVW  iQYeVWigaWed  VeQViWiYiW\  WR  iQcUeaViQg  VWaWiQ  e[SRVXUe  iQ  cRPbiQaWiRQ                

152 ZiWh  a  VXb-OeWhaO  cRQceQWUaWiRQ  Rf  Whe  QRYeO  diS\UidaPROe-OiNe  cRPSRXQdV  iQ  WZR  bUeaVW  caQceU  ceOO  OiQe                

153 PRdeOV  ZiWh  diffeUeQWiaO  VeQViWiYiW\  WR  fOXYaVWaWiQ  aV  a  ViQgOe  ageQW  ( 6XSSOHPHQWDO  FLJXUH  2 ) 16 .  AV  VeeQ                

154 ZiWh  diS\UidaPROe,  Ze  RbVeUYed  ViPiOaU  SRWeQWiaWiRQ  Rf  fOXYaVWaWiQ  (ORZeU  IC 50 )  ZheQ  cRPbiQed  ZiWh  a               

155 VXb-OeWhaO  cRQceQWUaWiRQ  Rf  VeOXPeWiQib,  QeOfiQaYiU,  RU  hRQRNiRO,  bXW  QRW  PiWR[aQWURQe  ( 6XSSOHPHQWDO            

156 FLJXUH  3  DQG  6XSSOHPHQWDO  FLJXUH  4 ).  TheUefRUe,  PiWR[aQWURQe  ZaV  QR  ORQgeU  SXUVXed  aV  a               

157 diS\UidaPROe-OiNe  cRPSRXQd.  TR  deWeUPiQe  Whe  QaWXUe  Rf  Whe  aQWi-SUROifeUaWiYe  acWiYiW\  Rf  Whe             

15� VWaWiQ-cRPSRXQd  cRPbiQaWiRQV,  Ze  eYaOXaWed  ceOO  deaWh  b\  fi[ed  SURSidiXP  iRdide  VWaiQiQg  aQd  PARP              

15� cOeaYage  ZiWh  VeOXPeWiQib,  QeOfiQaYiU,  RU  hRQRNiRO.  OXU  daWa  iQdicaWe  WhaW  aOO  WhUee  cRPSRXQdV,  aW               
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160 cRQceQWUaWiRQV  WhaW  haYe  PiQiPaO  effecWV  aV  ViQgOe  ageQWV,  SheQRcRS\  diS\UidaPROe  aQd  SRWeQWiaWe              

161 VWaWiQ-iQdXced   ceOO   deaWh   ( FLJXUH   2 ).     

162 MechaQiVWicaOO\,  VWaWiQV  iQdXce  a  feedbacN  UeVSRQVe  PediaWed  b\  SREBP2  WhaW  haV  beeQ  VhRZQ               

163 WR  daPSeQ  caQceU  ceOO  VeQViWiYiW\  WR  VWaWiQ  e[SRVXUe.  MRUeRYeU,  bORcNiQg  Whe  SREBP2-PediaWed  feedbacN               

164 UeVSRQVe  ZiWh  diS\UidaPROe  eQhaQceV  VWaWiQ-iQdXced  caQceU  ceOO  deaWh 21,23 .  We  haYe  VhRZQ  WhaW              

165 diS\UidaPROe  bORcNV  Whe  UegXOaWRU\  cOeaYage  aQd  WheUefRUe  acWiYaWiRQ  Rf  SREBP2,  decUeaViQg  PRNA              

166 e[SUeVViRQ  Rf  SREBP2-WaUgeW  geQeV  Rf  Whe  MVA  SaWhZa\.  AV  e[SecWed,  VWaWiQ  WUeaWPeQW  iQdXced  Whe                

167 e[SUeVViRQ  Rf  SREBP2-WaUgeW  geQeV,   INSIG1 ,  HMGCR  aQd   HMGCS1  afWeU  16  hU  Rf  WUeaWPeQW,  Zhich  ZaV                 

16� bORcNed  b\  Whe  cR-WUeaWPeQW  ZiWh  diS\UidaPROe  ( FLJXUH  3A,  6XSSOHPHQWDO  FLJXUH  5A ).  SiPiOaUO\,  QeOfiQaYiU               

16� aQd  hRQRNiRO  bRWh  SheQRcRS\  diS\UidaPROe  aQd  bORcN  Whe  VWaWiQ-iQdXced  e[SUeVViRQ  Rf  MVA  SaWhZa\               

170 geQeV  ( FLJXUH  3A,  6XSSOHPHQWDO  FLJXUH  5A ).  B\  cRQWUaVW,  cR-WUeaWPeQW  ZiWh  VeOXPeWiQib  did  QRW  bORcN                

171 Whe  fOXYaVWaWiQ-iQdXced  feedbacN  UeVSRQVe.  HRXVeNeeSiQg  geQe  RPL13A  ZaV  XVed  aV  a  UefeUeQce  geQe               

172 fRU  QRUPaOi]iQg  PRNA  beWZeeQ  VaPSOeV  aQd  ZaV  QRW  aOWeUed  iQ  Whe  SUeVeQce  Rf  Whe  cRPSRXQdV                 

173 ( 6XSSOHPHQWDO   FLJXUH   5B ).   

174 BecaXVe  SREBP2  iV  V\QWheVi]ed  aV  aQ  iQacWiYe  fXOO-OeQgWh  SUecXUVRU  WhaW  iV  acWiYaWed  WR  Whe                

175 PaWXUe  QXcOeaU  fRUP  XSRQ  SURWeRO\Wic  cOeaYage,  Ze  XVed  ZeVWeUQ  bORW  aQaO\ViV  WR  aVVeVV  Whe  SURWeiQ  OeYeOV                  

176 Rf  bRWh  fXOO-OeQgWh  aQd  PaWXUe  SREBP2.  NeOfiQaYiU  aQd  hRQRNiRO,  bXW  QRW  VeOXPeWiQib,  bORcNed               

177 fOXYaVWaWiQ-iQdXced  SREBP2  SURceVViQg  aQd  cOeaYage  ViPiOaU  WR  WhaW  Rf  diS\UidaPROe  ( FLJXUH  3B-C ).  ThiV               

17� VXggeVWV  WhaW  ZhiOe  VeOXPeWiQib  iV  a  VWURQg  SRWeQWiaWRU  Rf  VWaWiQ-iQdXced  ceOO  deaWh,  iW  dReV  QRW  PiPic  Whe                   

17� acWiRQ   Rf   diS\UidaPROe   b\   bORcNiQg   Whe   UeVWRUaWiYe   feedbacN   UeVSRQVe   ( FLJXUH   3,   6XSSOHPHQWDO   FLJXUH   5 ).     

  

1�0 NRYHO  VWDWLQ-FRPSRXQG  FRPELQDWLRQV  SKHQRFRS\  V\QHUJLVWLF  DFWLYLW\  RI  IOXYDVWDWLQ-GLS\ULGDPROH          

1�1 LQ   D   EUHDVW   FDQFHU   FHOO   OLQH   VFUHHQ   

1�2 TR  iQYeVWigaWe  ZheWheU  Whe  SRWeQWiaWiRQ  Rf  fOXYaVWaWiQ  b\  QeOfiQaYiU  aQd  hRQRNiRO  haV  bURad  aSSOicabiOiW\  aQd                 

1�3 e[aPiQe  Whe  deWeUPiQaQWV  Rf  V\QeUg\,  Ze  fXUWheU  eYaOXaWed  WheVe  VWaWiQ-cRPSRXQd  cRPbiQaWiRQV  acURVV  a               

1�4 OaUge  SaQeO  Rf  47  bUeaVW  caQceU  ceOO  OiQeV.  A  5-da\  c\WRWR[iciW\  aVVa\  (VXOfRUhRdaPiQe  B  aVVa\;  SRB)  iQ  a                    

1�5 6[10  dRVe  PaWUi[  ZaV  XVed  WR  aVVeVV  fOXYaVWaWiQ-cRPSRXQd  efficac\.  AV  e[SecWed,  diS\UidaPROe  WUeaWPeQW               

1�6 UeVXOWed  iQ  a  dRVe-deSeQdeQW  decUeaVe  iQ  fOXYaVWaWiQ  IC 50  YaOXe  ( 6XSSOHPHQWDO  FLJXUH  6A ).  SiPiOaUO\,               

1�7 QeOfiQaYiU  aQd  hRQRNiRO  WUeaWPeQW  aOVR  UeVXOWed  iQ  a  dRVe-deSeQdeQW  decUeaVe  iQ  fOXYaVWaWiQ  IC 50  YaOXeV                
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1�� ViPiOaU  WR  WhaW  Rf  diS\UidaPROe  ( 6XSSOHPHQWDO  FLJXUH  6A ).  ThiV  VXggeVWV  WhaW  RXU  cRPSXWaWiRQaO               

1�� ShaUPacRgeQRPic  SiSeOiQe  SUedicWV  cRPSRXQdV  WhaW  SRWeQWiaWe  VWaWiQ  acWiYiW\  ViPiOaUO\  WR  diS\UidaPROe             

1�0 acURVV   PXOWiSOe   VXbW\SeV   Rf   bUeaVW   caQceU   ceOO   OiQeV.     

1�1 Ne[W,  Ze  eYaOXaWed  VWaWiQ-cRPSRXQd  V\QeUg\  XViQg  Whe  BOiVV  IQde[  PRdeO  deUiYed  XViQg              

1�2 S\QeUg\FiQdeU 33  acURVV  Whe  SaQeO  Rf  bUeaVW  caQceU  ceOO  OiQeV.  LiNe  Whe  dRVe-deSeQdeQW  VeQViWiYiW\  daWa,  Ze                 

1�3 RbVeUYed  WhaW  Whe  WUeQd  iQ  V\QeUg\  beWZeeQ  fOXYaVWaWiQ-diS\UidaPROe  acURVV  Whe  47  bUeaVW  caQceU  ceOO  OiQeV                 

1�4 ZaV  aOVR  VeeQ  ZiWh  fOXYaVWaWiQ-QeOfiQaYiU  aQd  fOXYaVWaWiQ-hRQRNiRO  ( FLJXUH  4A ).  SiQce  Ze  had  SUeYiRXVO\               

1�5 ideQWified  WhaW  Whe  baVaO  VXbW\Se  Rf  bUeaVW  caQceU  ceOO  OiQeV  ZeUe  PRUe  VeQViWiYe  WR  ViQgOe  ageQW                  

1�6 fOXYaVWaWiQ 16 ,  Ze  eYaOXaWed  ZheWheU  baVaO  bUeaVW  caQceU  ceOO  OiQeV  ZeUe  ViPiOaUO\  PRUe  VeQViWiYe  WR  Whe                 

1�7 fOXYaVWaWiQ-cRPSRXQd  cRPbiQaWiRQV.  UViQg  Whe  SCMOD2  VXbW\SiQg  VchePe,  Ze  eYaOXaWed  Whe  baVaO,             

1�� HER2  aQd  OXPiQaO  B  VWaWXV  Rf  each  ceOO  OiQe  aQd  deWeUPiQed  V\QeUg\  iV  iQdeSeQdeQW  Rf  BC  VXbW\Se                   

1�� ( 6XSSOHPHQWDO  FLJXUH  6B ).  ThiV  VXggeVWV  WheVe  VWaWiQ-cRPSRXQd  cRPbiQaWiRQV  caQ  be  aSSOied  WR              

200 PXOWiSOe  bUeaVW  caQceU  VXbW\SeV  aV  WheUaSeXWic  RSWiRQV,  hRZeYeU  a  biRPaUNeU  WR  diVWiQgXiVh  WhRVe  ZiWh                

201 high-VeQViWiYiW\   UePaiQed   XQcOeaU.   

202 BecaXVe  Whe  V\QeUg\  SURfiOeV  acURVV  Whe  WhUee  fOXYaVWaWiQ-cRPSRXQd  cRPbiQaWiRQV  ZeUe            

203 VigQificaQWO\  ViPiOaU  (FOXYa-NFV  YV  FOXYa-DP,   R s =0.55,  S-YaOXe=7.1e-05 ;  FOXYa-HNK  YV  FOXYa-DP,   R s =0.62,             

204 S-YaOXe=5.5e-06 ;  FOXYa-NFV  YV  FOXYa-HNK,   R s =0.82,  S-YaOXe  <  2.2e-16 ),  Ze  Qe[W  iQWeUURgaWed  ZheWheU              

205 baVeOiQe  geQe  aQd/RU  SURWeiQ  e[SUeVViRQ  SURfiOeV  acURVV  Whe  ceOO  OiQeV  fRU  each  Rf  Whe  VWaWiQ-cRPSRXQd                 

206 cRPbiQaWiRQV  ZaV  aVVRciaWed  ZiWh  high-VeQViWiYiW\  aQd  Whe  V\QeUgiVWic  UeVSRQVe.  TR  fXUWheU  iQWeUURgaWe  Whe               

207 ViPiOaUiW\  beWZeeQ  Whe  VWaWiQ-cRPSRXQd  cRPbiQaWiRQV,  Ze  cRUUeOaWed  Whe  RNA-VeT  aQd  UeYeUVe  ShaVe             

20� SURWeiQ  aUUa\  (RPPA)  SURfiOeV  Rf  Whe  47  bUeaVW  caQceU  ceOO  OiQeV 34  ZiWh  WheiU  V\QeUg\  VcRUeV  fRU  each  Rf  Whe                     

20� VWaWiQ-cRPSRXQd  cRPbiQaWiRQV.  TheVe  UeSUeVeQW  Whe  WUaQVcUiSWRPic  aQd  SURWeRPic  VWaWe  aVVRciaWiRQV  ZiWh             

210 V\QeUg\  fRU  each  cRPbiQaWiRQ.  We  WheQ  eYaOXaWed  Whe  cRUUeOaWiRQ  beWZeeQ  WheVe  aVVRciaWiRQV  acURVV  Whe                

211 diffeUeQW  cRPbiQaWiRQV  (FOXYa-DP  YV  FOXYa-NFV;  FOXYa-DP  YV  FOXYa-HNK;  FOXYa-NFV  YV  FOXYa-HNK)             

212 ( FLJXUH  4B )  aQd  ideQWified  a  high  SRViWiYe  cRUUeOaWiRQ  beWZeeQ  Whe  cRPbiQaWiRQV  RQ  Whe  baViV  Rf  ViPiOaU                  

213 WUaQVcUiSWRPic  aVVRciaWiRQV  (FOXYa-NFV  YV  FOXYa-DP,   R s =0.73,  S-YaOXe  <  2.2e-16 ;  FOXYa-HNK  YV  FOXYa-DP,              

214 R s =0.77,  S-YaOXe  <  2.2e-16 ;  FOXYa-NFV  YV  FOXYa-HNK,   R s =0.87,  S-YaOXe  <  2.2e-16 ).  ThiV  high  SRViWiYe                

215 cRUUeOaWiRQ  ZaV  aOVR  VeeQ  beWZeeQ  WheVe  cRPbiQaWiRQV  XViQg  SURWeRPic  (RPPA)  aQd  V\QeUg\  daWa               
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216 ( 6XSSOHPHQWDO  FLJXUH  6C )  VXggeVWiQg  WhaW  ViPiOaU  SaWhZa\V  ZeUe  aVVRciaWed  ZiWh  Whe  V\QeUgiVWic              

217 UeVSRQVe   WR   Whe   WhUee   VWaWiQ-cRPSRXQd   cRPbiQaWiRQV.     

21� TR  cRPSaUe  Whe  RYeUOaS  iQ  SaWhZa\V  aVVRciaWed  ZiWh  VeQViWiYiW\  WR  fOXYaVWaWiQ  aORQe,  aQd  V\QeUg\                

21� beWZeeQ  Whe  fOXYaVWaWiQ-cRPSRXQd  cRPbiQaWiRQV,  a  GeQe  SeW  EQUichPeQW  AQaO\ViV  (GSEA)  XViQg  Whe              

220 HaOOPaUN  GeQe  SeW  CROOecWiRQ  ZaV  SeUfRUPed 35 .  TheVe  UeVXOWV  VhRZed  WhaW  eQUiched  SaWhZa\V  ZeUe               

221 highO\  ViPiOaU  aPRQgVW  fOXYaVWaWiQ  aORQe  aQd  Whe  fOXYaVWaWiQ-cRPSRXQd  cRPbiQaWiRQV  ZiWh  RQe  Rf  Whe               

222 higheVW  VcRUiQg  eQUiched  SaWhZa\V  beiQg  eSiWheOiaO-PeVeQch\PaO  WUaQViWiRQ  (EMT)  ( FLJXUH  4C ).  TR  fXUWheU              

223 VXSSRUW  WhiV  fiQdiQg  aQd  becaXVe  Rf  Whe  ORZ  agUeePeQW  aPRQgVW  EMT  geQe  VeWV,  Ze  aOVR  eYaOXaWed  fRXU                   

224 addiWiRQaO  GSEA  EMT  SaWhZa\V  aQd  RbVeUYed  ViPiOaU  WUeQdV  beWZeeQ  fOXYaVWaWiQ  aORQe  aQd  Whe               

225 fOXYaVWaWiQ-cRPSRXQd  cRPbiQaWiRQV  fRU  each  Rf  Whe  EMT  geQe  VeWV  ( 6XSSOHPHQWDO  FLJXUH  6D ).  AV  Ze                

226 aQd  RWheUV  haYe  SXbOiVhed  WhaW  PeVeQch\PaO-eQUiched  caQceU  ceOO  OiQeV  aUe  PRUe  VeQViWiYe  WR  VWaWiQ                

227 PRQRWheUaS\ 36,37 ,  WhiV  daWa  VXggeVWV  WhaW  fOXYaVWaWiQ  iV  Whe  SUiPaU\  dUiYeU  Rf  UeVSRQVe  WR  WheVe                

22� VWaWiQ-cRPSRXQd  cRPbiQaWiRQV.  ThiV  iV  cRQViVWeQW  ZiWh  fOXYaVWaWiQ  iQhibiWiQg  Whe  MVA  SaWhZa\,  WUiggeUiQg              

22� Whe  SREBP-PediaWed  feedbacN  UeVSRQVe,  Zhich  iQ  WXUQ  iV  iQhibiWed  b\  Whe  VecRQd  cRPSRXQd               

230 (diS\UidaPROe,   QeOfiQaYiU   RU   hRQRNiRO)   iQ   WheVe   fOXYaVWaWiQ-cRPSRXQd   cRPbiQaWiRQV.     

231 We  WheQ  e[aPiQed  Whe  iQdiYidXaO  geQeV  ZiWhiQ  each  Rf  Whe  GSEA  EMT  SaWhZa\V  WR  ideQWif\  a                  

232 biRPaUNeU  Rf  Whe  V\QeUgiVWic  UeVSRQVe  WR  Whe  VWaWiQ-cRPSRXQd  cRPbiQaWiRQV.  WiWhiQ  Whe  EMT  fieOd,  geQe                

233 VeW  VigQaWXUeV  haYe  ORZ  agUeePeQW  ( 6XSSOHPHQWDO  FLJXUH  7 ).  PUeYiRXVO\  RXU  Oab  SXbOiVhed  a  biQaU\                

234 cOaVVifieU  Rf  fiYe  EMT  geQeV  WR  SUedicW  iQcUeaVed  VeQViWiYiW\  WR  VWaWiQV  acURVV  631  ceOO  OiQeV  UeSUeVeQWiQg                  

235 PXOWiSOe  caQceU  W\SeV 36 .  We  eYaOXaWed  ZheWheU  WhiV  biQaU\  fiYe-geQe  cOaVVifieU  cRXOd  aOVR  SUedicW  V\QeUg\                

236 beWZeeQ  Whe  diffeUeQW  fOXYaVWaWiQ-cRPSRXQd  cRPbiQaWiRQV.  The  fiYe-geQe  EMT  cOaVVifieU  cRXOd  SUedicW             

237 VeQViWiYiW\  WR  fOXYaVWaWiQ  aORQe  acURVV  Whe  SaQeO  Rf  bUeaVW  caQceU  ceOO  OiQeV  ( 6XSSOHPHQWDO  FLJXUH  8A ),  bXW                  

23� faiOed  WR  SUedicW  V\QeUg\  WR  Whe  fOXYaVWaWiQ-cRPSRXQd  cRPbiQaWiRQV  ( 6XSSOHPHQWDO  FLJXUH  8B ).  We  Qe[W               

23� iQWeUURgaWed  each  Rf  Whe  fiYe  geQeV  iQdiYidXaOO\.  IQWeUeVWiQgO\,  ORZ  geQe  e[SUeVViRQ  aQd  SURWeiQ  OeYeOV  Rf                 

240 E-cadheUiQ  ( CDH1 ),  a  caQRQicaO  eSiWheOiaO  VWaWe  PaUNeU,  QRW  RQO\  SUedicWed  VeQViWiYiW\  WR  fOXYaVWaWiQ  bXW                

241 aOVR  dePRQVWUaWed  V\QeUg\  acURVV  aOO  WhUee  fOXYaVWaWiQ-cRPSRXQd  cRPbiQaWiRQV  ( FLJXUH  5A-B  DQG             

242 6XSSOHPHQWDO  FLJXUH  8C ).  TR  YaOidaWe  RXU  fiQdiQgV,  Ze  SURbed  fRU  baVaO  E-cadheUiQ  SURWeiQ  e[SUeVViRQ                

243 acURVV  a  SaQeO  Rf  QiQe  bUeaVW  caQceU  ceOO  OiQeV  aQd  VhRZed  WhaW  V\QeUg\  WR  Whe  QRYeO  VWaWiQ-cRPSRXQd                   

244 cRPbiQaWiRQV  iV  SRViWiYeO\  aVVRciaWed  ZiWh  ORZ  E-cadheUiQ  SURWeiQ  e[SUeVViRQ  ( FLJXUH  5C-D ).  OYeUaOO,  WhiV               

10   



Yan   LeeuZen    eW   al   

245 daWa  YaOidaWeV  WhaW  RXU  MVA-DNF  ShaUPacRgeQRPicV  VWUaWeg\  caQ  VXcceVVfXOO\  diVWiQgXiVh  cRPSRXQdV             

246 WhaW,   OiNe-diS\UidaPROe,   caQ   V\QeUgi]e   ZiWh   VWaWiQV   WR   WUiggeU   BC   WXPRXU   ceOO   deaWh.   

  

247 DiVcXVVion   

24� B\  bORcNiQg  Whe  VWaWiQ-iQdXced  UeVWRUaWiYe  feedbacN  UeVSRQVe,  diS\UidaPROe  SRWeQWiaWeV  VWaWiQ  efficac\  WR              

24� dUiYe  WXPRXU  ceOO  deaWh 21,23 .  HRZeYeU,  aV  Whe  SOaWeOeW-aggUegaWiRQ  acWiYiW\  Rf  diS\UidaPROe  Pa\  SUecOXde  iWV                

250 XVe  iQ  VRPe  caQceU  SaWieQWV,  RXU  gRaO  ZaV  WR  e[SaQd  WhiV  cOaVV  Rf  ageQWV  WhaW  SRWeQWiaWe  Whe  SUR-aSRSWRWic                    

251 acWiYiW\  Rf  VWaWiQV.  TR  WhiV  eQd,  Ze  deYeORSed  a  QRYeO  cRPSXWaWiRQaO  ShaUPacRgeQRPicV  SiSeOiQe  WhaW                

252 diVWiQgXiVhed  cRPSRXQdV  WhaW  aUe  ViPiOaU  WR  diS\UidaPROe  aW  Whe  OeYeO  Rf  VWUXcWXUe,  MVA  SaWhZa\  geQe                

253 e[SUeVViRQ  SeUWXUbaWiRQ,  aQd  aQWi-SUROifeUaWiYe  acWiYiW\.  We  ideQWified  23  SRWeQWiaO  diS\UidaPROe-OiNe            

254 cRPSRXQdV  aQd  WheQ  eYaOXaWed  VeYeUaO  Rf  Whe  WRS  hiWV  fRU  WheiU  abiOiW\  WR  SheQRcRS\  diS\UidaPROe.  B\  WhiV                   

255 aSSURach,  Ze  YaOidaWed  WhaW  QeOfiQaYiU  aQd  hRQRNiRO  VeQViWi]e  bUeaVW  caQceU  ceOO  OiQeV  WR  VWaWiQ-iQdXced  ceOO                 

256 deaWh  b\  bORcNiQg  Whe  VWaWiQ-iQdXced  UeVWRUaWiYe  feedbacN  ORRS.  AQaO\ViV  Rf  baVaO  RNA  aQd  SURWeiQ                

257 e[SUeVViRQ  ideQWified  Whe  caQRQicaO  EMT  geQe   CDH1  (E-cadheUiQ)  aV  a  biRPaUNeU  Rf  Whe  V\QeUgiVWic                

25� UeVSRQVe  WR  bRWh  VWaWiQ-QeOfiQaYiU  aQd  VWaWiQ-hRQRNiRO  WUeaWPeQW.  ThXV,  deVSiWe  Whe  SRO\ShaUPacRORg\  Rf              

25� diS\UidaPROe,  Whe  cRPSXWaWiRQaO  ShaUPacRgeQRPicV  VcUeeQ  deVcUibed  heUe  VXcceVVfXOO\  ideQWified           

260 V\QeUgiVWic   VWaWiQ-cRPSRXQd   dUXg   cRPbiQaWiRQV   aV   QRYeO   aQWi-bUeaVW   caQceU   WheUaSieV.  

261 B\  iQWegUaWiQg  a  cRPSXWaWiRQaO  ShaUPacRgeQRPicV  SiSeOiQe  aQd  ceOOXOaU  YaOidaWiRQ,  Ze  SURYide  a              

262 QRYeO,  UaSid,  bURadO\-adaSWabOe,  aQd  iQe[SeQViYe  VWUaWeg\  WR  diVWiQgXiVh  cRPSRXQdV  ZiWh  ViPiOaU  biRORgicaO              

263 acWiYiWieV.  We  VhRZ  heUe  WhaW  WhiV  aSSURach  RYeUcRPeV  a  PaMRU  SURbOeP  aVVRciaWed  ZiWh  ZRUNiQg  ZiWh                 

264 dUXgV,  VXch  aV  diS\UidaPROe,  WhaW  SRVVeVV  a  cRPSOe[  SRO\ShaUPacRORg\.  DiS\UidaPROe  ZaV  RUigiQaOO\              

265 ideQWified  fRU  iWV  aQWi-SOaWeOeW  aggUegaWiRQ  acWiYiW\,  bXW  iWV  PechaQiVP  Rf  acWiRQ  VSaQV  a  Zide  YaUieW\  Rf                  

266 fXQcWiRQV.  SeYeUaO  acWiYiWieV  Rf  diS\UidaPROe  haYe  beeQ  deVcUibed  iQcOXdiQg  aQ  iQhibiWRU  Rf              

267 ShRVShRdieVWeUaVeV 38 ,  QXcOeRVide  WUaQVSRUW 39  aQd  gOXcRVe  XSWaNe 40 .  B\  UeVWUicWiQg  Whe  geQe  SeUWXUbaWiRQ             

26� Oa\eU  Rf  RXU  ShaUPacRgeQRPicV  SiSeOiQe  WR  MVA-SaWhZa\  geQeV,  Ze  VXcceVVfXOO\  ciUcXPYeQWed  PaQ\  Rf               

26� WheVe  YaUied  fXQcWiRQV  aQd  fRcXVed  VSecificaOO\  RQ  ideQWif\iQg  diS\UidaPROe-OiNe  dUXgV  ZhRVe  PechaQiVPV              
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270 ceQWUe  RQ  Whe  PeYaORQaWe  SaWhZa\.  ThiV  highOighWV  WhaW  Whe  cRPSXWaWiRQaO  ShaUPacRgeQRPicV  SiSeOiQe             

271 deVcUibed   heUe   iV   OiNeO\   WXQabOe   WR   dUXg-VSecific   VWUXcWXUaO   feaWXUeV,   acWiYiWieV   aQd   VigQaOiQg   SaWhZa\V.     

272 The  QeZ  VWaWiQ-VeQViWi]iQg  ageQWV  ideQWified  heUe  XViQg  MVA-DNF  iQcOXde  QeOfiQaYiU  aQd  hRQRNiRO,             

273 Zhich  OiNe  diS\UidaPROe,  iQhibiW  VWaWiQ-iQdXced  SREBP2  cOeaYage  aQd  acWiYaWiRQ 21,23 .  TR  daWe,  a  QXPbeU  Rf               

274 SREBP2  iQhibiWRUV  haYe  beeQ  ideQWified  WhaW  bORcN  SREBP2  SURceVViQg  fURP  iWV  SUecXUVRU  WR  PaWXUe  fRUP,                

275 iQcOXdiQg  faWRVWaWiQ,  beWXOiQ,  aQd  [aQWhRhXPaO  (ER-GROgi  WUaQVORcaWiRQ),  PF-429242  (ViWe-1  SURWeaVe  (S1P)            

276 cOeaYage),  aQd  QeOfiQaYiU  aQd  1,10-SheQaQWhUROiQe  (ViWe-2  SURWeaVe  (S2P)  cOeaYage).  AddiWiRQaO  SREBP2            

277 iQhibiWRUV  iQcOXde  BF175  aQd  WRcRWUieQROV  WhaW  WaUgeW  SREBP2  WUaQVcUiSWiRQaO  acWiYiW\  aQd  SURWeiQ  VWabiOiW\,              

27� UeVSecWiYeO\.  HRZeYeU,  RWheU  WhaQ  QeOfiQaYiU,  WheVe  ageQWV  aUe  eiWheU  XQdeU  deYeORSPeQW  fRU  cOiQicaO              

27� aSSOicaWiRQ  RU  aUe  RQO\  XVed  fRU  UeVeaUch  SXUSRVeV.  The  S2P  SURWeaVe  iQhibiWRU  QeOfiQaYiU  (PaUNeWed  aV                

2�0 ViUaceSW)  ZaV  aSSURYed  fRU  XVe  iQ  1997  aV  aQ  aQWiYiUaO  fRU  Whe  WUeaWPeQW  Rf  HIV,  aQd  iV  XQdeU  eYaOXaWiRQ  fRU                     

2�1 iWV  XWiOiW\  aV  aQ  aQWi-caQceU  ageQW 41±46 .  ThiV  fXUWheU  UeiQfRUceV  WhaW  Whe  QRYeO  cRPbiQaWiRQ  Rf  VWaWiQ-QeOfiQaYiU                

2�2 iV  iPPediaWeO\  acWiRQabOe  aQd  VhRXOd  be  eYaOXaWed  ZiWhRXW  deOa\.  We  VXggeVW  Whe  fOXYaVWaWiQ-QeOfiQaYiU              

2�3 cRPbiQaWiRQ  iV  SUefeUed  cRPSaUed  WR  RWheU  VWaWiQV,  aV  diVWiQcW  c\WRchURPe  P450  eQ]\PeV  aUe  XVed  WR                

2�4 SURceVV   WheVe   ageQWV,   WheUeb\   SUeYeQWiQg   adYeUVe   dUXg-dUXg   iQWeUacWiRQV    47 .   

2�5 TR  Whe  beVW  Rf  RXU  NQRZOedge,  WhiV  iV  Whe  fiUVW  VWXd\  WR  UeSRUW  hRQRNiRO  WR  V\QeUgi]e  ZiWh  VWaWiQV  iQ                    

2�6 Whe  cRQWe[W  Rf  caQceU.  HRQRNiRO  iV  a  QaWXUaO  SURdXcW  cRPPRQO\  XVed  iQ  WUadiWiRQaO  PediciQe  aQd  haV  a                  

2�7 QXPbeU  Rf  UeSRUWed  PechaQiVPV  Rf  acWiRQ.  HRZ  hRQRNiRO  iQhibiWV  SREBP2  UePaiQV  XQNQRZQ,  bXW  WhiV  iV                

2�� Whe  fiUVW  VWXd\  WR  iQWeUURgaWe  iWV  acWiYiW\  iQ  SREBP2  WUaQVORcaWiRQ  aQd  geQe  e[SUeVViRQ  aORQe  aQd  iQ                 

2�� cRPbiQaWiRQ  ZiWh  VWaWiQV.  AV  hRQRNiRO  aQd  iWV  deUiYaWiYeV  aUe  SUeVeQWO\  XQdeU  deYeORSPeQW,  RXU  fiQdiQgV  Rf                

2�0 WhiV  QeZ  PechaQiVP  fRU  hRQRNiRO  caQ  be  iQcRUSRUaWed  iQWR  fXWXUe  aQaO\ViV  Rf  hRQRNiRO¶V  VWUXcWXUe-acWiYiW\               

2�1 UeOaWiRQVhiSV.  TZR  addiWiRQaO  SUedicWed  diS\UidaPROe-OiNe  cRPSRXQdV  WeVWed  iQ  WhiV  VWXd\  iQcOXde            

2�2 VeOXPeWiQib  aQd  PiWR[aQWURQe;  Whe  fRUPeU  ZaV  RbVeUYed  WR  VeQViWi]e  bUeaVW  caQceU  ceOOV  WR  VWaWiQ-iQdXced               

2�3 aSRSWRViV,  bXW  Whe  OaWWeU  did  QRW.  SeOXPeWiQib  fXQcWiRQV  WhURXgh  aQ  SREBP2-iQdeSeQdeQW  PechaQiVP,             

2�4 Zhich  VXggeVWV  WhaW  QRW  RQO\  iV  Whe  ideQWificaWiRQ  Rf  feedbacN-deSeQdeQW  PechaQiVPV  beQeficiaO  fRU  caQceU               

2�5 WUeaWPeQW,  bXW  WhaW  addiWiRQaO  feedbacN-iQdeSeQdeQW  cOaVVeV  Rf  VWaWiQ-VeQViWi]eUV  caQ  be  ideQWified.  ThiV  iV              
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2�6 SaUWicXOaUO\  UeOeYaQW,  aV  VRPe  PXOWiSOe  P\eORPa  aQd  SURVWaWe  caQceU  ceOO  OiQeV  haYe  beeQ  VhRZQ  WR  OacN                  

2�7 Whe   feedbacN   UeVSRQVe 20,21,48 .   

2�� The  daWa  SUeVeQWed  heUe  haYe  iPSRUWaQW  cOiQicaO  iPSOicaWiRQV  fRU  VWaWiQV  aV  aQWi-caQceU  ageQWV.               

2�� DeVSiWe  eQcRXUagiQg  SRViWiYe  UeVXOWV  fURP  ZiQdRZ-Rf-RSSRUWXQiW\  cOiQicaO  WUiaOV  iQ  bUeaVW  caQceU  XViQg              

300 VWaWiQV  aV  a  ViQgOe-ageQW,  a  PRdeVW  effecW  ZaV  RbVeUYed  ZiWh  VRPe  bXW  QRW  aOO  SaWieQWV 18,19 .  AccRUdiQgO\,                  

301 diVcRYeU\  Rf  QRYeO  WheUaSeXWic  cRPbiQaWiRQV  iV  QeceVVaU\  WR  achieYe  VigQificaQW  cOiQicaO  iPSacW.  SiQce               

302 QeOfiQaYiU  iV  SRiVed  fRU  UeSXUSRViQg,  aQd  VWaWiQV  haYe  dePRQVWUaWed  aQWi-caQceU  acWiYiW\  iQ  eaUO\-ShaVe               

303 cOiQicaO  WUiaOV 18,19,49±54 ,  cOiQicaO  VWXdieV  WR  fXUWheU  eYaOXaWe  Whe  WheUaSeXWic  beQefiW  Rf  WhiV  cRPbiQaWiRQ  cRXOd                

304 SURceed  VZifWO\.  FXUWheUPRUe,  aQaO\VeV  Rf  geQe  aQd  SURWeiQ  e[SUeVViRQ  daWa  acURVV  RXU  OaUge  cROOecWiRQ  Rf                 

305 bUeaVW  caQceU  ceOO  OiQeV  ideQWified  a  PeVeQch\PaO-eQUiched  geQe  e[SUeVViRQ  SURfiOe  aV  highO\  SUedicWiYe  Rf                

306 VeQViWiYiW\  WR  aOO  WhUee  VWaWiQ-cRPSRXQd  (diS\UidaPROe,  QeOfiQaYiU  RU  hRQRNiRO)  cRPbiQaWiRQV.  We  fXUWheU              

307 VhRZed  WhaW   CDH1  e[SUeVViRQ  OeYeOV  VeUYed  aV  a  biRPaUNeU  Rf  V\QeUgiVWic  UeVSRQVe.  ThiV  UeiQfRUceV  Whe                 

30� diS\UidaPROe-OiNe  behaYiRXU  Rf  QeOfiQaYiU  aQd  hRQRNiRO,  ideQWified  b\  RXU  ShaUPacRgeQRPicV  SiSeOiQe,  aQd              

30� cUeaWeV  RSSRUWXQiWieV  fRU  biRPaUNeU-gXided  cOiQicaO  VWXdieV  ( FLJXUH  5E ).  We  aOVR  RbVeUYed  WhiV  V\QeUgiVWic               

310 UeVSRQVe  WR  Whe  cRPbiQaWiRQ  WheUaSieV  acURVV  PXOWiSOe  VXbW\SeV  Rf  bUeaVW  caQceU.  PUeYiRXVO\  Ze  had                

311 ideQWified  Whe  baVaO-OiNe  bUeaVW  caQceU  VXbW\Se  aV  PRUe  VeQViWiYe  WR  VWaWiQV  aORQe;  heUe,  Ze  haYe                 

312 e[SaQded  Whe  VcRSe  Rf  VWaWiQ  WUeaWPeQW  WR  eQcRPSaVV  Whe  ZideU  bUeaVW  caQceU  SRSXOaWiRQ  Zhich  caQ  be                  

313 diVWiQgXiVhed   RQ   Whe   baViV   Rf    CDH1    e[SUeVViRQ.   

314 CROOecWiYeO\,  RXU  cRPSXWaWiRQaO  ShaUPacRgeQRPicV  SiSeOiQe  XQdeUVcRUeV  Whe  abiOiW\  WR  ideQWif\            

315 cRPSRXQdV  WhaW  SheQRcRS\  RXU  SaUeQW  cRPSRXQd  Rf  iQWeUeVW  (diS\UidaPROe),  iPSRUWaQWO\,  iQ  a              

316 SaWhZa\-VSecific  PaQQeU  (PeYaORQaWe).  OXU  VWXd\  aOVR  SURYideV  a  VWURQg  SUecOiQicaO  UaWiRQaOe  WR  ZaUUaQW               

317 fXUWheU  iQYeVWigaWiRQ  Rf  Whe  fOXYaVWaWiQ-QeOfiQaYiU  cRPbiQaWiRQ,  aV  ZeOO  aV  Whe  XWiOiW\  Rf   CDH1  aV  a  biRPaUNeU                  

31� Rf  UeVSRQVe.  The  aYaiOabiOiW\  Rf  WheVe  aSSURYed,  ZeOO-WROeUaWed  dUXgV  aV  ZeOO  aV  ViPSOe  PeWhRdV  fRU                 

31� aVVeVViQg   CDH1  e[SUeVViRQ  cRXOd  eQabOe  UaSid  WUaQVOaWiRQ  Rf  WheVe  fiQdiQgV  WR  iPSURYe  bUeaVW  caQceU                

320 RXWcRPeV.     
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321 MeWhodV   

322 OXU  aQaO\ViV  deVigQ  eQcRPSaVVeV  bRWh  cRPSXWaWiRQaO  ideQWificaWiRQ  aQd  UefiQePeQW  Rf  diS\UidaPROe-OiNe             

323 cRPSRXQdV,   aV   ZeOO   aV   e[SeUiPeQWaO   YaOidaWiRQ   Rf   Whe   PRVW   SURPiViQg   caQdidaWeV.     

324 M9A-VSHFLILF   DUXJ   NHWZRUN   FXVLRQ   (M9A-DNF).     

325 We  deYeORSed  a  cRPSXWaWiRQaO  ShaUPacRgeQRPic  SiSeOiQe  (MVA-DNF)  WhaW  faciOiWaWeV  ideQWificaWiRQ  Rf             

326 aQaORgXeV  WR  diS\UidaPROe,  b\  eOXcidaWiQg  dUXg-dUXg  UeOaWiRQVhiSV  VSecific  WR  Whe  PeYaORQaWe  (MVA)              

327 SaWhZa\.  MVA-DNF  bUiefO\  e[WeQdV  XSRQ  VRPe  SUiQciSOeV  Rf  Whe  dUXg  QeWZRUN  fXViRQ  aOgRUiWhP  Ze  had                 

32� deVcUibed  SUeYiRXVO\ 55 ,  b\  XWiOi]iQg  Whe  ViPiOaUiW\  QeWZRUN  fXViRQ  aOgRUiWhP  acURVV  WhUee  dUXg  Wa[RQRPieV               

32� (dUXg  VWUXcWXUeV,  dUXg  SeUWXUbaWiRQ,  aQd  dUXg  VeQViWiYiW\).  DUXg  VWUXcWXUe  aQQRWaWiRQV  aQd  dUXg              

330 SeUWXUbaWiRQ  VigQaWXUeV  aUe  RbWaiQed  fURP  Whe  LINCS-L1000  daWaVeW 26 ,  aQd  dUXg  VeQViWiYiW\  VigQaWXUeV  aUe               

331 RbWaiQed  fURP  Whe  NCI-60  dUXg  SaQeO 27 .  DUXg  VWUXcWXUe  aQQRWaWiRQV  ZeUe  cRQYeUWed  iQWR  dUXg  ViPiOaUiW\                

332 PaWUiceV  b\  caOcXOaWiQg  WaQiPRWR  ViPiOaUiW\  PeaVXUeV 56   aQd  e[WeQded  cRQQecWiYiW\  fiQgeUSUiQWV 57   acURVV  aOO              

333 cRPSRXQdV,  aV  deVcUibed  SUeYiRXVO\ 55 .  We  e[WUacWed  caOcXOaWed  Z-VcRUeV  fURP  dUXg-dRVe  UeVSRQVe             

334 cXUYeV  fRU  Whe  NCI-60  dUXg  VeQViWiYiW\  SURfiOeV,  aQd  cRPSXWed  PeaUVRQ  cRUUeOaWiRQ  acURVV  WheVe  SURfiOeV  WR                 

335 geQeUaWe  a  dUXg  ViPiOaUiW\  PaWUi[  baVed  RQ  VeQViWiYiW\ 27 .  We  XVed  RXU  PhaUPacRG[  SacNage  (YeUViRQ                

336 1.6.1)  WR  cRPSXWe  dUXg  SeUWXUbaWiRQ  VigQaWXUeV  fRU  Whe  L1000  daWaVeW  XViQg  a  OiQeaU  UegUeVViRQ  PRdeO,  aV                  

337 deVcUibed  SUeYiRXVO\ 58 .  The  UegUeVViRQ  PRdeO  adMXVWV  fRU  ceOO  VSecific  diffeUeQceV,  baWch  effecWV  aQd               

33� e[SeUiPeQW  dXUaWiRQ,  WR  geQeUaWe  a  VigQaWXUe  fRU  Whe  effecW  Rf  dUXg  cRQceQWUaWiRQ  RQ  Whe  WUaQVcUiSWiRQaO                 

33� VWaWe  Rf  a  ceOO.  ThiV  faciOiWaWeV  ideQWificaWiRQ  Rf  geQe  e[SUeVViRQ  Zhich  haV  beeQ  VigQificaQWO\  SeUWXUbed  dXe                  

340 WR  dUXg  WUeaWPeQW.  TheVe  VigQaWXUeV  iQdicaWe  WUaQVcUiSWiRQaO  chaQgeV  WhaW  aUe  iQdXced  b\  cRPSRXQdV  RQ                

341 caQceU  ceOO  OiQeV.  We  fXUWheU  UefiQed  Whe  dUXg  SeUWXUbaWiRQ  SURfiOeV  WR  a  VeW  Rf  Vi[  MVA-SaWhZa\  geQeV                   

342 ( 6XSSOHPHQWDU\  FLJXUH  1A )  WhaW  had  beeQ  RbWaiQed  fURP  Whe  OiWeUaWXUe  aV  ZeOO  aV  UeSRViWRUieV  Rf                 

343 SaWhZa\-VSecific  geQe  VeWV  iQcOXdiQg  MSigDB 59 ,  HXPaQC\c 60  aQd  KEGG 61,62 .  TheVe  geQe  VeWV  iQcOXde              

344 µPeYaORQaWe  SaWhZa\¶  aQd  µVXSeUSaWhZa\  Rf  geUaQ\OgeUaQ\OdiShRVShaWe  biRV\QWheViV  I  (Yia  PeYaORQaWe)¶            

345 fURP  Whe  HXPaQC\c 63 ,  aQd  µKegg  TeUSeQRid  BacNbRQe  BiRV\QWheViV¶  fURP  KEGG 61,62 .  The  fiOWeUed              
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346 dUXg-iQdXced  geQe  SeUWXUbaWiRQ  VigQaWXUeV  ZeUe  VXbVeTXeQWO\  XVed  WR  geQeUaWe  a  dUXg  SeUWXUbaWiRQ              

347 ViPiOaUiW\  PaWUi[  WhaW  eOXcidaWeV  dUXg-dUXg  UeOaWiRQVhiSV  baVed  RQ  cRPPRQ  WUaQVcUiSWiRQaO  chaQgeV  acURVV              

34� Whe  Vi[  MVA-SaWhZa\  geQeV.  We  caOcXOaWed  ViPiOaUiW\  beWZeeQ  eVWiPaWed  VWaQdaUdi]ed  cRefficieQWV  Rf  dUXg               

34� SeUWXUbaWiRQ  VigQaWXUeV  XViQg  Whe  PeaUVRQ  cRUUeOaWiRQ  cRefficieQW.  FiQaOO\,  Ze  XVed  Whe  ViPiOaUiW\  QeWZRUN               

350 fXViRQ  aOgRUiWhP 64   WR  iQWegUaWe  Whe  affiQiW\  PaWUiceV  fRU  dUXg  VWUXcWXUe,  dUXg  VeQViWiYiW\,  aQd  MVA-SaWhZa\                

351 VSecific  dUXg  SeUWXUbaWiRQ  SURfiOeV,  WR  geQeUaWe  aQ  MVA-SaWhZa\  VSecific  dUXg  Wa[RQRP\  (MVA-DNF)              

352 VSaQQiQg   238   cRPSRXQdV.   

353 IGHQWLILFDWLRQ   RI   DQDORJXHV   WR   GLS\ULGDPROH   

354 We  iQWeUURgaWed  Whe  MVA-DNF  Wa[RQRP\  XViQg  a  YaUieW\  Rf  aSSURacheV  WR  ideQWif\  a  caQdidaWe  VeW  Rf                  

355 diS\UidaPROe-OiNe  cRPSRXQdV.  UViQg  MVA-DNF  ViPiOaUiW\  VcRUeV,  Ze  fiUVW  geQeUaWed  a  UaQNiQg  Rf  aOO               

356 cRPSRXQdV  cORVeVW  WR  diS\UidaPROe.  We  WheQ  cRQdXcWed  a  SeUPXWaWiRQ  WeVW,  WR  aVVeVV  Whe  VWaWiVWicaO                

357 UeOaWiRQVhiS  Rf  each  UaQNed  dUXg  agaiQVW  diS\UidaPROe.  BUiefO\,  dUXg  fXViRQ  QeWZRUNV  ZeUe  geQeUaWed  999                

35� WiPeV  acURVV  SeUWXUbaWiRQ,  VeQViWiYiW\,  aQd  dUXg  VWUXcWXUe  SURfiOeV,  each  WiPe  XViQg  a  UaQdRP  VeW  Rf  Vi[                  

35� geQeV  WR  geQeUaWe  a  µSaWhZa\-ceQWUic¶  dUXg  SeUWXUbaWiRQ  ViPiOaUiW\  PaWUi[.  Z-VcRUeV  aQd  S-YaOXeV  ZeUe              

360 caOcXOaWed  WR  deWeUPiQe  Whe  VWaWiVWicaO  UeOeYaQce  Rf  a  giYeQ  diS\UidaPROe-OiNe  aQaORg  iQ  MVA-DNF,               

361 cRPSaUed  WR  Whe  UaQdRPO\  geQeUaWed  QeWZRUNV.  FURP  WhiV,  Ze  fXUWheU  UaQNed  a  OiVW  Rf  diS\UidaPROe-OiNe                 

362 caQdidaWe  cRPSRXQdV  b\  WheiU  VWaWiVWicaO  VigQificaQce  ZiWhiQ  MVA-DNF  (S-YaOXe<0.05),  UeVXOWiQg  iQ             

363 ideQWificaWiRQ   Rf   23   caQdidaWe   diS\UidaPROe   aQaORgV.   

364 FRU  each  Rf  Whe  diS\UidaPROe  aQaORgXeV  Ze  ideQWified,  Ze  cRQdXcWed  a  ViPiOaU  aVVeVVPeQW  Rf                

365 VigQificaQce  WR  ideQWif\  Whe  UeOaWiRQVhiSV  Rf  WheVe  cRPSRXQdV  WR  diS\UidaPROe  aQd  WR  WhePVeOYeV.  A                

366 QeWZRUN  Rf  diS\UidaPROe-OiNe  aQaORgXeV  ZaV  UeQdeUed  XViQg  Whe  iGUaSh  R  SacNage 65 .  UViQg  MVA-DNF               

367 ViPiOaUiW\  VcRUeV,  Ze  fXUWheU  aVVeVVed  Whe  cRQWUibXWiRQ  Rf  each  Rf  Whe  dUXg  Oa\eUV  (VWUXcWXUe,  VeQViWiYiW\  aQd                  

36� SeUWXUbaWiRQ)   WRZaUdV   Whe   ideQWificaWiRQ   Rf   diS\UidaPROe-OiNe   cRPSRXQdV.     

36� We  aVVeVVed  Whe  UegXOaWiRQ  Rf  geQe  e[SUeVViRQ  fRU  geQeV  iQYROYed  iQ  Whe  PeYaORQaWe  SaWhZa\                

370 acURVV  aOO  Rf  Whe  WRS-VeOecWed  diS\UidaPROe  aQaORgXeV,  b\  aQaO\]iQg  Whe  dUXg-iQdXced  WUaQVcUiSWiRQaO              
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371 SURfiOeV  (deVcUibed  abRYe)  Rf  Whe  VeOecWed  aQaORgXeV.  TR  fXUWheU  SUiRUiWi]e  Whe  diS\UidaPROe  aQaORgXeV,  Whe                

372 caQdidaWe  cRPSRXQdV  ZeUe  caWegRUi]ed,  aQd  cRPSRXQdV  WhaW  ZeUe  NQRZQ  WR[iQV  RU  caUciQRgeQV  ZeUe               

373 e[cOXded  fURP  Whe  aQaO\ViV  ( 6XSSOHPHQWDO  7DEOH  1,  6XSSOHPHQWDO  FLJXUH  1C ).  TRS  hiWV  fURP  Whe  OaUgeVW                 

374 caWegRUieV   ZeUe   VeOecWed   fRU   fXUWheU   YaOidaWiRQ.     

375   CHOO   FXOWXUH   DQG   FRPSRXQGV   

376 AOO  ceOO  OiQeV  ZeUe  cXOWXUed  aV  deVcUibed  SUeYiRXVO\ 16,23 .  BUiefO\,  MDA-MB-231  aQd  HCC1937  ceOOV  ZeUe                

377 cXOWXUed  iQ  DXObeccR¶V  MRdified  EagOe¶V  MediXP  (DMEM)  aQd  RRVZeOO  PaUN  MePRUiaO  IQVWiWXWe  PediXP               

37� (RPMI),  UeVSecWiYeO\.  AOO  Pedia  ZaV  VXSSOePeQWed  ZiWh  10%  feWaO  bRYiQe  VeUXP  (FBS),  100  XQiWV/PL                

37� SeQiciOOiQ  aQd  100  ȝg/PL  VWUeSWRP\ciQ.  CeOO  OiQeV  ZeUe  URXWiQeO\  cRQfiUPed  WR  be  P\cRSOaVPa-fUee  XViQg                

3�0 Whe  M\cRAOeUW  M\cRSOaVPa  DeWecWiRQ  KiW  (LRQ]a),  aQd  WheiU  aXWheQWiciW\  ZaV  YeUified  b\  VhRUW-WaQdeP               

3�1 UeSeaW  (STR)  SURfiOiQg  aW  The  CeQWUe  fRU  ASSOied  GeQRPicV  (TRURQWR,  ON,  CaQada).  FOXYaVWaWiQ  (US                

3�2 BiRORgicaO  F5277-76)  ZaV  diVVROYed  iQ  eWhaQRO  aQd  diS\UidaPROe  (SigPa),  QeOfiQaYiU  (SigPa),  hRQRNiRO              

3�3 (SigPa),   PiWR[aQWURQe   (SigPa)   aQd   VeOXPeWiQib   (SeOOecNcheP)   ZeUe   diVVROYed   iQ   DMSO.   

    

3�4 BUHDVW   FDQFHU   FHOO   OLQHV   SDQHO   

3�5 The  bUeaVW  caQceU  ceOO  OiQe 34  SaQeO  ZaV  a  geQeURXV  gifW  fURP  DU.  BeQMaPiQ  NeeO.  RNAVeT  TXaQWificaWiRQ                  

3�6 ZaV  dRQe  XViQg  KaOOiVWR  SiSeOiQe 66  XViQg  hXPaQ  WUaQVcUiSWRPe  UefeUeQce  hg38.geQcRdeV23 67 .  RPPA             

3�7 SURceVVed  daWa  ZaV  dRZQORaded  fURP  MaUcRWWe  eW  aO.  2016 34 .  SCMOD2 68  bUeaVW  caQceU  VXbW\SeV  Rf  WheVe                 

3�� ceOO   OiQeV   ZeUe   RbWaiQed   XViQg   Whe   geQefX   R   SacNage 69 .   

  

3�� BUHDVW   FHOO-OLQH   FRPELQDWLRQ   YLDELOLW\   VFUHHQ   

3�0 We  XVed  Whe  VXOfRUhRdaPiQe  B  cRORUiPeWUic  (SRB)  SUROifeUaWiRQ  aVVa\ 70  iQ  96-ZeOO  SOaWeV  WR  deWeUPiQe  Whe                 

3�1 dRVe-UeVSRQVe  cXUYeV.  TR  WeVW  Whe  cRPbiQaWiRQV  iQ  Whe  SaQeO  Rf  BC  ceOO  OiQeV  (See  BUeaVW  caQceU  ceOO  OiQeV                    

3�2 SaQeO),  Whe  fOXYaVWaWiQ/diS\UidaPROe,  fOXYaVWaWiQ/QeOfiQaYiU  aQd  fOXYaVWaWiQ/hRQRNiRO  dUXg  cRPbiQaWiRQV  ZeUe           

3�3 WeVWed  iQ  a  6[10  dRVe  PaWUi[  fRUPaW  cRYeUiQg  a  UaQge  Rf  decUeaViQg  cRQceQWUaWiRQV  Rf  each  dUXg  (higheVW                   

3�4 dUXg  dRVe  ZaV  20  ȝM  fOXYaVWaWiQ,  20  ȝM  diS\UidaPROe,  10  ȝM  QeOfiQaYiU  aQd  20  ȝM  hRQRNiRO),  aORQg  ZiWh                    
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3�5 aOO  WheiU  SaiUZiVe  cRPbiQaWiRQV,  aV  ZeOO  aV  Whe  QegaWiYe  cRQWURO  (EWOH  aQd  DMSO).  We  VXbWUacWed  Whe                 

3�6 aYeUage  ShRVShaWe-bXffeU  VaOiQe  (PBS)  ZeOOV  YaOXe  fURP  aOO  ZeOOV  aQd  cRPSXWed  Whe  VWaQdaUd  deYiaWiRQ               

3�7 aQd  cRefficieQW  fRU  each  UeSOicaWe.  AOO  iQdiYidXaOO\  WUeaWed  ZeOO  YaOXeV  ZeUe  QRUPaOi]ed  WR  Whe  cRQWURO  ZeOO                 

3�� YaOXeV.  We  XVed  PUiVP  (Y8.2.0,  GUaShPad  SRfWZaUe)  WR  cRPSXWe  dRVe-UeVSRQVe  cXUYeV  ZiWh  a  bRWWRP               

3�� cRQVWUaiQW   eTXaO   WR   0.     

400 CHOO   YLDELOLW\   DVVD\V  

401 3-(4,5-diPeWh\OWhia]RO-2-\O)-2,5-diSheQ\OWeWUa]ROiXP  bURPide  (MTT)  aVVa\V  ZeUe  SeUfRUPed  aV  SUeYiRXVO\         

402 deVcUibed 20 .  BUiefO\,  BC  ceOOV  ZeUe  Veeded  iQ  750-15,000  ceOOV/ZeOO  iQ  96-ZeOO  SOaWeV  RYeUQighW,  WheQ               

403 WUeaWed  iQ  WUiSOicaWe  ZiWh  0-400  ȝM  fOXYaVWaWiQ  fRU  72  hRXUV.  HaOf-Pa[iPaO  iQhibiWRU\  cRQceQWUaWiRQV  (IC 50 )               

404 YaOXeV  ZeUe  cRPSXWed  fURP  dRVe-UeVSRQVe  cXUYeV  XViQg  PUiVP  (Y8.2.0,  GUaShPad  SRfWZaUe)  ZiWh  a              

405 bRWWRP   cRQVWUaiQW   eTXaO   WR   0.     

406 CHOO   GHDWK   DVVD\V  

407 CeOOV  ZeUe  Veeded  aW  2.5[10 5   ceOOV/SOaWeV  aQd  WUeaWed  Whe  Qe[W  da\  aV  iQdicaWed.  AfWeU  72  hRXUV,  ceOOV  ZeUe                   

40� fi[ed  iQ  70%  eWhaQRO  fRU  >24  h,  VWaiQed  ZiWh  SURSidiXP  iRdide  aQd  aQaO\]ed  b\  fORZ  c\WRPeWU\  fRU  Whe                   

40� VXb-diSORid   (%   SUe-G1)   DNA   SRSXOaWiRQ   aV   a   PeaVXUe   Rf   ceOO   deaWh   aV   SUeYiRXVO\   deVcUibed 20 .   

410 IPPXQREORWWLQJ  

411 CeOO  O\VaWeV  ZeUe  SUeSaUed  b\  ZaVhiQg  ceOOV  WZice  ZiWh  cROd  PBS  aQd  O\ViQg  ceOOV  iQ  RIPA  bXffeU  (50  PM                    

412 TUiV-HCO  SH  8.0,  150  PM  NaCO,  0.5%  VRdiXP  deR[\chROaWe,  1%  NP-40,  0.1%  SDS,  1  PM  EDTA,  SURWeaVe                  

413 iQhibiWRUV)  RQ  ice  fRU  30  PiQ.  L\VaWeV  ZeUe  cOeaUed  b\  ceQWUifXgaWiRQ  aQd  SURWeiQ  cRQceQWUaWiRQV  ZeUe                

414 deWeUPiQed  XViQg  Whe  PieUce  660  QP  PURWeiQ  AVVa\  KiW  (TheUPR  FiVheU  ScieQWific).  ETXaO  aPRXQWV  Rf                

415 SURWeiQ  ZeUe  diOXWed  iQ  LaePPOi  VaPSOe  bXffeU,  bRiOed  fRU  5  PiQ  aQd  UeVROYed  b\  SDS-SRO\acU\OaPide  geO                 

416 eOecWURShRUeViV.  The  UeVROYed  SURWeiQV  ZeUe  WheQ  WUaQVfeUUed  RQWR  QiWURceOOXORVe  PePbUaQeV.  MePbUaQeV            

417 ZeUe  WheQ  bORcNed  fRU  1  hU  iQ  5%  PiON  iQ  WUiV-bXffeUed  VaOiQe/0.1  %  TZeeQ-20  (TBS-T)  aW  URRP                  
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41� WePSeUaWXUe,  WheQ  SURbed  ZiWh  Whe  fROORZiQg  SUiPaU\  aQWibRdieV  iQ  5%  PiON/TBS-T  RYeUQighW  aW  4  ℃:                 

41� SREBP-2  (1:250,  BD  BiRVcieQceV,  557037),  S44/42  MAPK  (ERK1/2)  (1:1000,  CeOO  SigQaOiQg  TechQRORg\,              

420 4695),  PARP  (1:1000,  CeOO  SigQaOiQg  TechQRORg\,  9542L),  ܤ-TXbXOiQ  (1:3000,  CaObiRcheP,  CP06)  aQd              

421 E-cadheUiQ  (1:1000,  CeOO  SigQaOiQg  TechQRORg\,  3195).  PUiPaU\  aQWibRdieV  ZeUe  deWecWed  XViQg             

422 IRD\e-cRQMXgaWed  VecRQdaU\  aQWibRdieV  aQd  Whe  Od\VVe\  COaVVic  IPagiQg  S\VWeP  (LI-COR  BiRVcieQceV).             

423 DeQViWRPeWUic   aQaO\ViV   ZaV   SeUfRUPed   XViQg   IPageJ   1.47Y   VRfWZaUe.   

    

424 5NA   H[SUHVVLRQ   DQDO\VHV   

425 TRWaO  RNA  ZaV  haUYeVWed  fURP  VXb-cRQfOXeQW  ceOOV  XViQg  TRI]RO  ReageQW  (IQYiWURgeQ).  cDNA  ZaV               

426 V\QWheVi]ed  fURP  500  Qg  RNA  XViQg  SXSeUScUiSW  III  (IQYiWURgeQ).  QXaQWiWaWiYe  UeYeUVe  WUaQVcUiSWiRQ  PCR               

427 (TRT-PCR)  ZaV  SeUfRUPed  XViQg  Whe  ABI  PUiVP  7900HT  VeTXeQce  deWecWiRQ  V\VWeP  aQd  TaTMaQ  SURbeV               

42� (ASSOied  BiRV\VWePV)  fRU   HMGCR  (HV00168352),   HMGCS1  (HV00266810),   INSIG1  (HV01650979)  aQd            

42� RPL13A    (HV01578913).   

  

430 DUXJ   FRPELQDWLRQV   V\QHUJ\   DQDO\VLV   

431 ViabiOiW\  VcRUeV  ZeUe  caOcXOaWed  XViQg  VWaQdaUd  SiSeOiQeV  fURP  PhaUPacRG[  R  SacNage 58  aQd  V\QeUg\               

432 VcRUeV  UeSUeVeQWed  b\  BOiVV  IQde[  ZeUe  caOcXOaWed  XViQg  S\QeUg\FiQdeU  R  SacNage 33 .  PeaUVRQ  cRUUeOaWiRQ               

433 cRefficieQW  ZaV  XVed  WR  PeaVXUe  Whe  aVVRciaWiRQV  beWZeeQ  Whe  WUaQVcUiSWRPic  aQd  SURWeRPic  VWaWeV  Rf  ceOO                 

434 OiQeV  aQd  Whe  cRUUeVSRQdiQg  V\QeUg\  VcRUeV  fRU  each  Rf  Whe  cRPbiQaWiRQV.  The  WUaQVcUiSWRPic  aVVRciaWiRQV                

435 ZeUe  WheQ  XVed  WR  UaQN  geQeV  fRU  GSEA 71 .  The  HaOOPaUN  geQe  VeW  cROOecWiRQ 35  ZaV  dRZQORaded  fURP                  

436 MSigDB 72 .  The  PiaQR  R  SacNage  ZaV  XVed  WR  UXQ  GSEA  aQaO\ViV 73 .  OWheU  EMT  UeOaWed  SaWhZa\V,  QaPeO\                  

437 ³GO  PRViWiYe  RegXOaWiRQ  Rf  ESiWheOiaO  TR  MeVeQch\PaO  TUaQViWiRQ´ 74 ,  ³GO  ESiWheOiaO  TR  MeVeQch\PaO              

43� TUaQViWiRQ´ 74 ,  ³SARRIO  ESiWheOiaO  MeVeQch\PaO  TUaQViWiRQ  DN´ 75 ,  aQd  ³SARRIO  ESiWheOiaO  MeVeQch\PaO            

43� TUaQViWiRQ   US´ 75 ,   ZeUe   aOVR   dRZQORaded   fURP   MSigDB   fRU   aQaO\ViV.     

18   



Yan   LeeuZen    eW   al  

440 DDWD   AFFHVV  

441 The  cRde  aQd  aVVRciaWed  WXWRUiaO  deVcUibiQg  hRZ  WR  UXQ  Whe  aQaO\ViV  SiSeOiQe  aUe  SXbOicO\  aYaiOabOe  RQ                 

442 GiWhXb  aW:  hWWSV://giWhXb.cRP/DGeQdRR/MVA_DNF.  AOO  VRfWZaUe  deSeQdeQcieV  aUe  aYaiOabOe  RQ          

443 BiRcRQdXcWRU  (BiRC)  RU  Whe  CRPSUeheQViYe  ReSRViWRU\  R  AUchiYe  NeWZRUN  (CRAN),  aQd  haYe  beeQ  OiVWed               

444 WhURXghRXW   Whe   PeWhRdV   aV   aSSOicabOe.     

445 AXWKRUV'   FRQWULEXWLRQV  

446 E[SeUiPeQWaO   DeVigQ:   LZP,   DG,   BHK,   JVL,   JS,   DWC   

447 AcTXiViWiRQ   Rf   daWa:   JVL,   EB,   JL,   JS   

44� E[SeUiPeQWaO   aQaO\ViV   aQd   iQWeUSUeWaWiRQ:   JVL,   LZP,   BHK,   DG,   WB,   DWC   

44� CRQceSWiRQ   aQd   deVigQ   Rf   Whe   SaWhZa\-ceQWUic   MVA-DNF   &   SeUPXWaWiRQ   SiSeOiQe:   DG,   LZP,   BHK,   JVL,   JL  

450 DeYeORSPeQW   Rf   cRPSXWaWiRQaO   PeWhRdRORg\:   BHK,   DG,   WB   

451 BiRiQfRUPaWicV   daWa   aQaO\ViV   aQd   iQWeUSUeWaWiRQ:   DG,   WB,   BHK   

452 CRde   DeYeORSPeQW:   DG,   WB   

453 WUiWiQg,   UeYieZ,   aQd/RU   UeYiViRQ   Rf   Whe   PaQXVcUiSW:   JVL,   LZP,   DWC,   WB,   BHK,   DG   

454 SWXd\   VXSeUYiViRQ:   LZP   aQd   BHK   

455 ASSURYed   Whe   PaQXVcUiSW:   aOO   aXWhRUV 

456 CRQIOLFW   RI   IQWHUHVW   6WDWHPHQW  

457 DWC  VeUYeV  aV  a  cRQVXOWaQW  fRU  AgeQdia,  D\QaPR  TheUaSeXWicV,  AVWUaZeQeca,  E[acW  ScieQceV,  GSK,              

45� MeUcN,  NRYaUWiV,  Pfi]eU,  PXPa,  RRche;  UeceiYeV  UeVeaUch  VXSSRUW  (WR  iQVWiWXWiRQ)  fURP  GSK,  MeUcN  aQd               

45� Pfi]eU  aQd  RRche-GeQeQWech,  aQd  hROdV  iQWeOOecWXaO  SURSeUW\  aV  cR-iQYeQWRU  RQ  a  SaWeQW  UeOaWed  WR               

460 biRPaUNeUV   fRU   TTK   iQhibiWRUV.   AOO   RWheU   aXWhRUV   decOaUe   WhaW   Whe\   haYe   QR   cRQfOicWV   Rf   iQWeUeVW.   
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461 AFNQRZOHGJHPHQWV  

462 ThiV  VWXd\  ZaV  cRQdXcWed  ZiWh  Whe  VXSSRUW  Rf  Whe  TeUU\  FR[  ReVeaUch  IQVWiWXWe-NeZ  FURQWieUV  PURgUaP                

463 PURMecW  GUaQW  (1064;  LZP,  BHK,  WB  aQd  DWC),  Whe  CaQada  ReVeaUch  ChaiUV  PURgUaP  (WR  LZP;                

464 950-229872)  aQd  CaQadiaQ  IQVWiWXWeV  Rf  HeaOWh  ReVeaUch  (WR  LZP;  MOP-142263).  ThiV  ZRUN  ZaV  aOVR               

465 VXSSRUWed  b\  Whe  Office  Rf  Whe  AVViVWaQW  SecUeWaU\  Rf  DefeQVe  Rf  HeaOWh  AffaiUV,  WhURXgh  Whe  BUeaVW  CaQceU                  

466 ReVeaUch  PURgUaP  XQdeU  AZaUd  NR.  W81XWH-16-1-0068  (WR  LZP  aQd  DWC).  OSiQiRQV,  iQWeUSUeWaWiRQV,             

467 cRQcOXViRQV  aQd  UecRPPeQdaWiRQV  aUe  WhRVe  Rf  Whe  aXWhRU  aQd  aUe  QRW  QeceVVaUiO\  eQdRUVed  b\  Whe                

46� DeSaUWPeQW  Rf  DefeQVe.   The  aXWhRUV  WhaQN  aOO  PePbeUV  Rf  Whe  PeQQ  Oab  fRU  heOSfXO  VXggeVWiRQV  aQd                 

46� cUiWicaO   feedbacN.   
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470 FLJXUH   LHJHQGV  

471 FLJ.  1.  A  VFKHPDWLF  RI  WKH  PHYDORQDWH  (M9A)  SDWKZD\  DQG  RYHUYLHZ  RI  WKH  FRPSXWDWLRQDO               

472 SKDUPDFRJHQRPLFV  ZRUNIORZ.  (A)   IQ  UeVSRQVe  WR  fOXYaVWaWiQ  WUeaWPeQW  (OabeOOed  ZiWh  1),  MVA  SaWhZa\              

473 eQd-SURdXcW  OeYeOV  decUeaVe,  WUiggeUiQg  aQ  SREBP-PediaWed  feedbacN  UeVSRQVe  WhaW  acWiYaWeV  MVA            

474 SaWhZa\-aVVRciaWed  geQe  e[SUeVViRQ  WR  UeVWRUe  chROeVWeURO  aQd  RWheU  QRQ-VWeURO  eQd-SURdXcW  OeYeOV.            

475 DiS\UidaPROe  (DP)  (OabeOOed  ZiWh  2)  bORcNV  Whe  SREBP-PediaWed  feedbacN  UeVSRQVe,  WheUeb\  SRWeQWiaWiQg             

476 fOXYaVWaWiQ-iQdXced  caQceU  ceOO  deaWh.   (B)   AQ  RYeUYieZ  Rf  Whe  cRPSXWaWiRQaO  ShaUPacRgeQRPicV  ZRUNfORZ,             

477 MVA-DNF,  XVed  WR  ideQWif\  Whe  WRS  23  ³diS\UidaPROe-OiNe´  caQdidaWeV  aQd  YiVXaOi]ed  aV  a  cRPSRXQd               

47� QeWZRUN.  MVA-DNF  cRPbiQeV  dUXg  VWUXcWXUe,  dUXg  VeQViWiYiW\,  aQd  dUXg-iQdXced  geQe  SeUWXUbaWiRQ            

47� daWaVeWV  UeVWUicWed  WR  Vi[  MVA  SaWhZa\-VSecific  geQeV.  PeUPXWaWiRQ  VSecificiW\  WeVWiQg  ZaV  SeUfRUPed  WR              

4�0 VeOecW  cRPSRXQdV  WhaW  haYe  a  degUee  Rf  VSecificiW\  WR  Whe  PeYaORQaWe  SaWhZa\  aQd  diS\UidaPROe.               

4�1 SWaWiVWicaO  VigQificaQce  Rf  cRPSRXQdV  ViPiOaU  WR  diS\UidaPROe  ZaV  aVVeVVed  b\  cRPSaUiQg  WR  999  QeWZRUNV               

4�2 geQeUaWed  fURP  UaQdRP  VeOecWiRQ  Rf  Vi[  geQeV  ZiWhiQ  Whe  dUXg  SeUWXUbaWiRQ  Oa\eU.  A  QeWZRUN  UeSUeVeQWaWiRQ                

4�3 Rf  diS\UidaPROe  aQd  WRS  23  VWaWiVWicaOO\-VigQificaQW  (S-YaOXe  <0.05)  ³diS\UidaPROe-OiNe´  cRPSRXQdV  aUe            

4�4 VhRZQ.  Each  QRde  UeSUeVeQWV  a  cRPSRXQd  aQd  edgeV  cRQQecW  cRPSRXQdV  baVed  RQ  VWaWiVWicaO              

4�5 VigQificaQce  Rf  S-YaOXe  <0.01.  DaUNeU  bOXe  QRdeV  aQd  RUaQge  edgeV  UeSUeVeQW  Whe  cRPSRXQdV  cRQQecWed               

4�6 WR  diS\UidaPROe,  aQd  edge  WhicNQeVV  UeSUeVeQWV  Whe  aVVRciaWed  S-YaOXe  beWZeeQ  Whe  cRPSRXQdV.   (C)              

4�7 RadaU  SORW  Rf  Whe  WRS  23  diS\UidaPROe-OiNe  cRPSRXQdV  (S-YaOXe  <0.05),  ZheUe  Whe  cRQWUibXWiRQ  Rf  each                

4�� iQdiYidXaO  Oa\eU  Rf  Whe  MVA-DNF  (dUXg  VWUXcWXUe,  VeQViWiYiW\,  aQd  SeUWXUbaWiRQ)  iV  deSicWed.  PeUceQW              

4�� cRQWUibXWiRQ   Rf   each   Oa\eU   iV   VhRZQ   fURP   Whe   ceQWeU   (0%)   WR   Whe   RXWeU   edgeV   (100%).   

4�0 FLJ.  61,  UHODWHG  WR  FLJ.  1.  AGGLWLRQDO  LQIRUPDWLRQ  UHJDUGLQJ  GUXJ-LQGXFHG  JHQRW\SH  FKDQJHV  DQG              

4�1 FDWHJRUL]DWLRQ  RI  WRS  23  GLS\ULGDPROH-OLNH  FRPSRXQGV.  (A)   SiPSOified  VchePaWic  Rf  Whe  MVA  SaWhZa\,              

4�2 highOighWiQg  Whe  Vi[  MVA-SaWhZa\  geQeV  (iQ  Ued)  iQ  Whe  L1000  daWabaVe  XVed  WR  UeVWUicW  Whe  dUXg-iQdXced                 

4�3 geQe  SeUWXUbaWiRQ  Oa\eU  Rf  Whe  MVA-DNF  PeWhRd.   (B)   DUXg  SeUWXUbaWiRQ  VigQaWXUeV  fRU  diS\UidaPROe  aQd               

4�4 diS\UidaPROe-OiNe  cRPSRXQdV,  SORWWed  fRU  geQeV  SeUWaiQiQg  WR  Whe  MVA  SaWhZa\.  SiPiOaUiW\  beWZeeQ             
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4�5 cRPSRXQdV  baVed  RQ  WheiU  RYeUaOO  e[SUeVViRQ  SURfiOeV  iV  UeQdeUed  iQ  Whe  deQdURgUaP.  DiS\UidaPROe-  aQd                

4�6 fOXYaVWaWiQ-iQdXced  chaQgeV  VhRZQ  RQ  Whe  bRWWRP  aV  UefeUeQce.   (C)  CaWegRUi]aWiRQ  Rf  Whe  WRS  21                

4�7 diS\UidaPROe-OiNe   cRPSRXQdV   e[cOXdiQg   WR[iQV   aQd   caUciQRgeQic   cRPSRXQdV.     

  

4�� FLJ.  62.  M9A-DNF  GUXJ-GRVH  UHVSRQVH  FXUYHV  IRU  MDA-MB-231  DQG  HCC1937  EUHDVW  FDQFHU  FHOO               

4�� OLQHV  WR  LGHQWLI\  D  VXE-OHWKDO  GRVH  RI  WRS  GLS\ULGDPROH-OLNH  FRPSRXQGV.  (A)  MDA-MB-231  aQd   (B)                

500 HCC1937  ceOOV  ZeUe  WUeaWed  ZiWh  a  UaQge  Rf  dRVeV  fRU  72  hRXUV,  aQd  ceOO  YiabiOiW\  ZaV  deWeUPiQed  XViQg                    

501 aQ  MTT  aVVa\.  The  dUXg  dRVe-UeVSRQVe  cXUYeV  aUe  SORWWed  ZiWh  a  daVhed  OiQe  aW  80%  MTT  acWiYiW\                   

502 iQdicaWiQg  a  VXb-OeWhaO  dUXg  dRVe.  DaWa  fRU  aQ  aYeUage  Rf  WhUee  WechQicaO  UeSOicaWeV  aUe  SORWWed;  daWa  UefOecW                   

503 Whe  UeVXOWV  Rf  a  ViQgOe  biRORgicaO  e[SeUiPeQW.   (C)   TabOe  Rf  VXb-OeWhaO  dUXg  dRVe  aQd  iQWeUSROaWed  %  MTT                   

504 acWiYiW\   fRU   bRWh   MDA-MB-231   aQd   HCC1937.   

  

505 FLJ.  63.   M9A-DNF  GUXJ-GRVH  UHVSRQVH  FXUYHV,  IOXYDVWDWLQ  IC �0  DQG  VROYHQW  FRQWURO  YDOXHV  IRU               

506 MDA-MB-231  FHOOV.  MDA-MB-231  ceOOV  ZeUe  WUeaWed  ZiWh  a  UaQge  Rf  fOXYaVWaWiQ  dRVeV  aORQe  RU  iQ                 

507 cRPbiQaWiRQ  ZiWh  a  VXb-OeWhaO  dRVe  Rf  diS\UidaPROe  (5  ȝM),  VeOXPeWiQib  (0.4  ȝM),  QeOfiQaYiU  (3  ȝM),                 

50� PiWR[aQWURQe  (0.01  ȝM)  RU  hRQRNiRO  (12  ȝM)  fRU  72  hRXUV,  aQd  ceOO  YiabiOiW\  ZaV  deWeUPiQed  XViQg  aQ  MTT                    

50� aVVa\.  The  dUXg  dRVe-UeVSRQVe  cXUYeV,  fOXYaVWaWiQ  IC 50  YaOXeV  aQd  cRQWURO  YaOXeV  aUe  SORWWed.  EUURU  baUV                 

510 UeSUeVeQW   Whe   PeaQ   +/-   SD,   Q   =   3-5,   *S   <0.05,   **S   <0.01   (SWXdeQW    W    WeVW,   XQSaiUed,   WZR-WaiOed).     

  

511 FLJ.  64.   M9A-DNF  GUXJ-GRVH  UHVSRQVH  FXUYHV,  IOXYDVWDWLQ  IC �0  DQG  VROYHQW  FRQWURO  YDOXHV  IRU               

512 HCC1937  FHOOV.   HCC1937  ceOOV  ZeUe  WUeaWed  ZiWh  a  UaQge  Rf  fOXYaVWaWiQ  dRVeV  aORQe  RU  iQ  cRPbiQaWiRQ                  

513 ZiWh  a  VXb-OeWhaO  dRVe  Rf  diS\UidaPROe  (5  ȝM),  VeOXPeWiQib  (1  ȝM),  QeOfiQaYiU  (3  ȝM),  PiWR[aQWURQe  (0.001                  

514 ȝM)  RU  hRQRNiRO  (10  ȝM)  fRU  72  hRXUV,  aQd  ceOO  YiabiOiW\  ZaV  deWeUPiQed  XViQg  aQ  MTT  aVVa\.  The  dUXg                     

515 dRVe-UeVSRQVe  cXUYeV,  fOXYaVWaWiQ  IC 50  YaOXeV  aQd  cRQWURO  YaOXeV  aUe  SORWWed.  EUURU  baUV  UeSUeVeQW  Whe                

516 PeaQ   +/-   SD,   Q   =   3-6,   *S   <0.05,   **S   <0.01,   ***S   <0.001   (SWXdeQW    W    WeVW,   XQSaiUed,   WZR-WaiOed).     
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517 FLJ.  2.  DLS\ULGDPROH-OLNH  FRPSRXQGV  SRWHQWLDWH  IOXYDVWDWLQ-LQGXFHG  FHOO  GHDWK.  (A)  MDA-MB-231           

51� aQd  HCC1937  ceOOV  ZeUe  WUeaWed  ZiWh  VROYeQW  cRQWUROV  RU  fOXYaVWaWiQ  +/-  diS\UidaPROe  (DP),  QeOfiQaYiU               

51� (NFV),  hRQRNiRO  (HNK)  RU  VeOXPeWiQib  (SeOX)  fRU  72  hRXUV,  fi[ed  iQ  eWhaQRO  aQd  aVVa\ed  fRU  DNA                 

520 fUagPeQWaWiRQ  (%  SUe-G1  SRSXOaWiRQ)  aV  a  PaUNeU  Rf  ceOO  deaWh  b\  SURSidiXP  iRdide  VWaiQiQg.  EUURU  baUV                 

521 UeSUeVeQW  Whe  PeaQ  +/-  SD,  Q  =  3-4,  *S  <  0.05,  **S  <  0.01,  ****S  <  0.0001  (RQe-Za\  ANOVA  ZiWh                     

522 BRQfeUURQi¶V  PXOWiSOe  cRPSaUiVRQV  WeVW,  ZheUe  each  WUeaWPeQW  ZaV  cRPSaUed  WR  Whe  VROYeQW  cRQWURO).   (B)               

523 CeOOV  ZeUe  WUeaWed  aV  iQ  (A),   SURWeiQ  iVROaWed  aQd  iPPXQRbORWWiQg  ZaV  SeUfRUPed  WR  aVVa\  fRU  PARP                 

524 cOeaYage.   (F)  UeSUeVeQWV  fXOO-OeQgWh  PARP  aQd  (C)  UeSUeVeQWV  cOeaYed  PARP.   (C)   PARP  cOeaYage              

525 (cOeaYed/fXOO-OeQgWh)  VhRZQ  iQ  (B)  ZaV  TXaQWified  b\  deQViWRPeWU\  aQd  QRUPaOi]ed  WR  TXbXOiQ  e[SUeVViRQ.              

526 EUURU  baUV  UeSUeVeQW  Whe  PeaQ  +/-  SD,  Q  =  3-5,  *S  <  0.05,  **S<0.005,  ***S<0.001,  ****S<0.0001  (RQe-Za\                  

527 ANOVA  ZiWh  BRQfeUURQi¶V  PXOWiSOe  cRPSaUiVRQV  WeVW,  ZheUe  each  gURXS  ZaV  cRPSaUed  WR  Whe  VROYeQW               

52� cRQWURO   ZiWhiQ   each   e[SeUiPeQW).   

52� FLJ.  3.  NHOILQDYLU  DQG  HRQRNLRO  EORFN  IOXYDVWDWLQ-LQGXFHG  65EBP  DFWLYDWLRQ.  (A)  MDA-MB-231  aQd             

530 HCC1937  ceOOV  ZeUe  e[SRVed  WR  VROYeQW  cRQWUROV,  fOXYaVWaWiQ  (FOX)  +/-  diS\UidaPROe  (DP),  QeOfiQaYiU  (NFV),               

531 hRQRNiRO  (HNK)  RU  VeOXPeWiQib  (SeOX)  fRU  16  hRXUV,  aQd  RNA  ZaV  iVROaWed  WR  aVVa\   INSIG1   e[SUeVViRQ  b\                  

532 TRT-PCR.  PRNA  e[SUeVViRQ  daWa  aUe  QRUPaOi]ed  WR   RPL13A   e[SUeVViRQ.  EUURU  baUV  UeSUeVeQW  Whe  PeaQ               

533 +/-  SD,  Q  =  3-4,  *S  <  0.05,  **S<0.005,  ***S<0.001,  ****S<0.0001  (RQe-Za\  ANOVA  ZiWh  BRQfeUURQi¶V                

534 PXOWiSOe  cRPSaUiVRQV  WeVW,  ZheUe  each  gURXS  ZaV  cRPSaUed  WR  Whe  VROYeQW  cRQWURO  gURXS  ZiWhiQ  each                

535 e[SeUiPeQW).   (B)  MDA-MB-231  aQd  HCC1937  ceOOV  ZeUe  WUeaWed  ZiWh  fOXYaVWaWiQ  +/-  diS\UidaPROe,             

536 QeOfiQaYiU,  hRQRNiRO  RU  VeOXPeWiQib  fRU  12  hRXUV,  aQd  SURWeiQ  ZaV  haUYeVWed  WR  aVVa\  fRU  SREBP2                

537 e[SUeVViRQ  aQd  cOeaYage  (acWiYaWiRQ)  b\  iPPXQRbORWWiQg.  (P)  UeSUeVeQWV  SUecXUVRU,  fXOO-OeQgWh  SREBP2            

53� aQd  (M)  UeSUeVeQWV  PaWXUe,  cOeaYed  SREBP2.   (C)  SREBP2  cOeaYage  (cOeaYed/fXOO-OeQgWh)  ZaV  TXaQWified             

53� b\  deQViWRPeWU\  aQd  QRUPaOi]ed  WR  WRWaO  ERK  e[SUeVViRQ.  EUURU  baUV  UeSUeVeQW  Whe  PeaQ  +/-  SD,  Q  =  3-8,                   

540 *S  <  0.05,  **S<0.005,  ***S<0.001,  ****S<0.0001  (RQe-Za\  ANOVA  ZiWh  BRQfeUURQi¶V  PXOWiSOe  cRPSaUiVRQV             

541 WeVW,   ZheUe   each   gURXS   ZaV   cRPSaUed   WR   Whe   VROYeQW   cRQWUROV   gURXS   ZiWhiQ   iWV   e[SeUiPeQW).   
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542 FLJ.  65,  UHODWHG  WR  FLJ  3.  NHOILQDYLU  DQG  HRQRNLRO  EORFN  IOXYDVWDWLQ-LQGXFHG  65EBP  DFWLYDWLRQ  RI               

543 65EBP2  IHHGEDFN  JHQHV.  (A)   MDA-MB-231  ceOOV  ZeUe  WUeaWed  ZiWh  fOXYaVWaWiQ  +/-  diS\UidaPROe,             

544 QeOfiQaYiU,  hRQRNiRO  RU  VeOXPeWiQib  fRU  16  hRXUV,  aQd  RNA  ZaV  iVROaWed  WR  aVVa\  fRU   HMGCR  aQd   HMGCS1                  

545 e[SUeVViRQ  b\  TRT-PCR.  PRNA  e[SUeVViRQ  daWa  aUe  QRUPaOi]ed  WR   RPL13A   e[SUeVViRQ.   (B)  RPL13A  CW               

546 PeaQ  YaOXeV  SORWWed  aV  a  cRQWURO.  EUURU  baUV  UeSUeVeQW  Whe  PeaQ  +/-  SD,  Q  =  3-4,  *S  <  0.05,  **S<0.005,                     

547 ***S<0.001,  ****S<0.0001  (RQe-Za\  ANOVA  ZiWh  BRQfeUURQi¶V  PXOWiSOe  cRPSaUiVRQV  WeVW,  ZheUe  each            

54� gURXS   ZaV   cRPSaUed   WR   Whe   VROYeQW   cRQWUROV   gURXS).     

54� FLJ.  66,  UHODWHG  WR  FLJ  4.  HLJK-WKURXJKSXW  FRPSRXQG  FRPELQDWLRQ  VFUHHQ.  (A)   HeaWPaS  Rf              

550 LRg 10 (FOXYaVWaWiQ  IC 50 )  YaOXeV  fRU  a  high-WhURXghSXW  cRPSRXQd  V\QeUg\  VcUeeQ  agaiQVW  47  BC  ceOO  OiQeV               

551 YiVXaOi]iQg  Whe  15 th  WR  85 th  SeUceQWiOe.  BC  ceOO  OiQeV  ZeUe  WUeaWed  ZiWh  a  dRVe  PaWUi[  Rf  fOXYaVWaWiQ  (0-20  ȝM)                    

552 +/-  diS\UidaPROe  (DP)  (0-20  ȝM),  QeOfiQaYiU  (NFV)  (0-10  ȝM)  RU  hRQRNiRO  (HNK)  (0-20  ȝM).  AfWeU  5  da\V  Rf                   

553 dUXg  WUeaWPeQW,  ceOO  YiabiOiW\  ZaV  aVVeVVed  b\  SRB  aVVa\.  SCMOD2  ceOO  OiQe  VXbW\SiQg  ZaV  aVVigQed  WR                 

554 Whe  BC  ceOO  OiQe  SaQeO.  DaWa  SUeVeQWed  aUe  Whe  aYeUage  Rf  2  biRORgicaO  UeSOicaWeV  (fOXYaVWaWiQ  +/-                 

555 diS\UidaPROe  (DP))  RU  Whe  PeaQ  Rf  3-6  biRORgicaO  UeSOicaWeV  (fOXYaVWaWiQ  +/-  QeOfiQaYiU  (NFV)  aQd  fOXYaVWaWiQ                

556 +/-  hRQRNiRO  (HNK)).   (B)   CRPSaUiVRQ  Rf  V\QeUg\  VcRUeV  VWUaWified  b\  BC  VXbW\SeV  acURVV  Whe  cRPbiQaWiRQV                

557 XViQg  ZiOcR[RQ  SaiUed  UaQN  WeVW.  Red  daVh  OiQe  aW  V\QeUg\  WhUeVhROd  ZheUe  >0  iQdicaWeV  ORZeU  V\QeUg\  aQd                  

55� <0  iQdicaWeV  higheU  V\QeUg\.   (C)  AVVRciaWiRQV  Rf  SURWeRPic  VWaWeV 34  ZiWh  V\QeUg\  VcRUeV  acURVV  Whe               

55� fOXYaVWaWiQ-cRPSRXQd  cRPbiQaWiRQV.  SiPiOaUiW\  Rf  SURWeRPic  VWaWeV  aVVRciaWiRQV  ZeUe  cRPSaUed  acURVV           

560 Whe  cRPbiQaWiRQV  (FOXYa-DP  YV  FOXYa-NFV;  FOXYa-DP  YV  FOXYa-HNK;  FOXYa-NFV  YV  FOXYa-HNK)  XViQg             

561 PeaUVRQ  cRUUeOaWiRQ  cRefficieQW.  TRS  fiYe  baVaOO\-e[SUeVVed  SURWeiQV  aVVRciaWed  ZiWh  V\QeUg\  iQ  eiWheU             

562 diUecWiRQ  aUe  aQQRWaWed  iQ  Ued.   (D)  GeQe  VeW  eQUichPeQW  aQaO\ViV  XViQg  fiYe  EMT  geQe  VeW  cROOecWiRQV  aQd                  

563 geQeV  UaQNed  b\  baVaO  PRNA  cRUUeOaWed  WR  Whe  fOXYaVWaWiQ  IC 50  (FOXYa)  YaOXe  RU  V\QeUg\  VcRUe  (FOXYa-DP,                 

564 FOXYa-NFV  aQd  FOXYa-HNK).  DRW  Vi]e  iQdicaWeV  Whe  diffeUeQce  iQ  eQUichPeQW  VcRUeV  (ES)  Rf  Whe  SaWhZa\V.                

565 BacNgURXQd  VhadiQg  iQdicaWeV  Whe  FDR.  X  iQdicaWeV  SaWhZa\  aQd  dUXg  cRPbiQaWiRQV  WhaW  ZeUe  QRW               

566 VigQificaQWO\   eQUiched   (FDR   >   0.05).   

24  



Yan   LeeuZen    eW   al   

567 FLJ.  4.  CRPSRXQG  FRPELQDWLRQ  V\QHUJ\  DQDO\VLV.  (A)  HeaWPaS  Rf  V\QeUg\  VcRUeV  (BOiVV  IQde[  PRdeO)                

56� fRU  fOXYaVWaWiQ  (FOXYa)  +  diS\UidaPROe  (DP),  QeOfiQaYiU  (NFV)  RU  hRQRNiRO  (HNK)  iQ  a  SaQeO  Rf  47  bUeaVW                   

56� caQceU  ceOOV  OiQeV.  OUdeUed  b\  V\QeUg\  VcRUe  Rf  FOXYa-DP,  fURP  gUeaWeVW  (<0)  WR  OeaVW  V\QeUg\  (>0).  BUeaVW                   

570 caQceU  VXbW\Se  Rf  each  ceOO  OiQe  iV  VhRZQ  aQd  iV  baVed  RQ  Whe  SCMOD2  VXbW\SiQg  VchePe. (B)  BaVaO                    

571 PRNA  e[SUeVViRQ 34  aVVRciaWiRQV  ZiWh  V\QeUg\  VcRUeV  fRU  each  dUXg  cRPbiQaWiRQ  (e.g.  FOXYa-NFV  YV.               

572 FOXYa-DP,  FOXYa-HNK  YV.  FOXYa-DP,  aQd  FOXYa-NFV  YV.  FOXYa-HNK).  AVVRciaWiRQV  ZeUe  caOcXOaWed  XViQg              

573 PeaUVRQ  cRUUeOaWiRQ  cRefficieQW.  TRS  fiYe  baVaOO\-e[SUeVVed  geQeV  aVVRciaWed  ZiWh  V\QeUg\  iQ  eiWheU              

574 diUecWiRQ  aUe  aQQRWaWed  iQ  Ued.   (C)   GeQe  VeW  eQUichPeQW  aQaO\ViV  (GSEA)  XViQg  Whe  HaOOPaUN  geQe  VeW                  

575 cROOecWiRQ,  ZheUe  geQeV  ZeUe  UaQNed  accRUdiQg  WR  WheiU  cRUUeOaWiRQ  WR  Whe  fOXYaVWaWiQ  IC 50  (FOXYa)  YaOXe  RU                  

576 WR  Whe  V\QeUg\  VcRUe  (FOXYa-DP,  FOXYa-NFV  aQd  FOXYa-HNK).  DRW  SORW  ZaV  UeVWUicWed  WR  SaWhZa\V  eQUiched                 

577 iQ  WZR  RXW  Rf  Whe  fRXU  gURXSV.  DRW  Vi]e  iQdicaWeV  Whe  diffeUeQce  iQ  eQUichPeQW  VcRUeV  (ES)  Rf  Whe  SaWhZa\V.                     

57� BacNgURXQd  VhadiQg  iQdicaWeV  Whe  FDR.  X  iQdicaWeV  SaWhZa\  aQd  dUXg  cRPbiQaWiRQV  WhaW  ZeUe  QRW                

57� VigQificaQWO\   eQUiched   (FDR   >   0.05).   

  

5�0 FLJ.  67,  UHODWHG  WR  FLJ  4.  OYHUODSSLQJ  JHQHV  ZLWKLQ  WKH  EM7  JHQH  VHWV.  (A)  USVeW  SORW  WR  YiVXaOi]e  Whe                     

5�1 agUeePeQW   beWZeeQ   YX    eW   aO.    (2018) 36    fiYe-geQe   cOaVVifieU   aQd   fiYe   addiWiRQaO   EMT   geQe   VeWV.    

  

5�2 FLJ.  68,  UHODWHG  WR  FLJ  5.  EM7  JHQH  H[SUHVVLRQ  DV  D  ELRPDUNHU  RI  VHQVLWLYLW\  WR  IOXYDVWDWLQ  DQG                   

5�3 V\QHUJLVWLF  UHVSRQVH  WR  IOXYDVWDWLQ-FRPSRXQG  FRPELQDWLRQV.  (A)  FiYe-geQe  fOXYaVWaWiQ  VeQViWiYiW\           

5�4 geQe  cOaVVifieU 36  SUedicWV  VeQViWiYiW\  WR  fOXYaVWaWiQ  aORQe,  bXW   (B)  dReV  QRW  SUedicW  V\QeUg\  WR  FOXYa-DP,                 

5�5 FOXYa-NFV  RU  FOXYa-HNK.   (C)  BaVaO  ViPeQWiQ  (VIM),  N-CadheUiQ  (CDH2),  ZEB1  aQd  fibURQecWiQ  (FN1)               

5�6 PRNA   e[SUeVViRQ   dR   QRW   SUedicW   V\QeUg\   WR   Whe   dUXg   cRPbiQaWiRQV.     

  

5�7 FLJ.  5.  BDVDO  E-FDGKHULQ  SUHGLFWV  V\QHUJLVWLF  UHVSRQVH  WR  IOXYDVWDWLQ-FRPSRXQG  FRPELQDWLRQV.  (A)             

5�� BaVaO  E-cadheUiQ  PRNA  e[SUeVViRQ  beWZeeQ  ceOO  OiQeV  SUedicWed  WR  be  V\QeUgiVWic  RU  QRW  WR  each  dUXg                  

5�� cRPbiQaWiRQ.  S\QeUg\  ZaV  defiQed  b\  BOiVV  IQde[  aQd  VigQificaQce  ZaV  PeaVXUed  b\  ZiOcR[RQ  UaQN  VXP                 

5�0 WeVW.   (B)   BaVaO  E-cadheUiQ  PRNA  e[SUeVViRQ  beWZeeQ  ceOO  OiQeV  SUedicWed  WR  be  UeVSRQdeQW  RU  QRW  WR                  
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5�1 fOXYaVWaWiQ.  SeQViWiYiW\  ZaV  defiQed  b\  IC 50  aQd  VigQificaQce  ZaV  PeaVXUed  b\  ZiOcR[RQ  UaQN  VXP  WeVW.   (C)                 

5�2 PURWeiQ  O\VaWeV  ZeUe  iVROaWed  fURP  a  SaQeO  Rf  bUeaVW  caQceU  ceOO  OiQeV  WR  aVVa\  fRU  baVaO  E-cadheUiQ                  

5�3 e[SUeVViRQ  b\  iPPXQRbORWWiQg.   (D)  DeQViWRPeWU\  YaOXeV  Rf  QRUPaOi]ed  E-cadheUiQ  e[SUeVViRQ  SORWWed  aV  a              

5�4 heaWPaS.  E-cadheUiQ  e[SUeVViRQ  ZaV  TXaQWified  b\  deQViWRPeWU\  aQd  QRUPaOi]ed  iQdiYidXaOO\  WR  TXbXOiQ             

5�5 e[SUeVViRQ.   (E)   SchePaWic  diagUaP  deWaiOiQg  Whe  SRWeQWiaO  fRU  fOXYaVWaWiQ  (OabeOOed  ZiWh  1)  aQd  QeOfiQaYiU               

5�6 (OabeOOed  ZiWh  2)  WR  bORcN  Whe  SREBP2-PediaWed  feedbacN  UeVSRQVe  aQd  V\QeUgi]e  WR  SRWeQWiaWe              

5�7 fOXYaVWaWiQ-iQdXced   ceOO   deaWh.     

5�� 7DEOH   LHJHQGV  

5�� SXSSOePeQWaU\  TabOe  1  -  RaQNed  MVA-DNF  cRPSRXQdV.  Z-VcRUe  aQd  S-YaOXeV  aUe  iQdicaWed.             

600 CRPSRXQdV   aUe   RUdeUed   b\   S-YaOXe.     
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SUPP FIGURE 3 (MDA-MB-231)
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NELFINAVIR -3.28 5.18E-04 + + Antiretroviral

MITOXANTRONE -3.20 6.82E-04 + + + Anthracycline
DOXORUBICIN -3.03 1.22E-03 + + + Anthracycline
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SULFATHIAZOLE -2.89 1.90E-03 + Antibiotic
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Dipyridamole, an antiplatelet drug, has been shown to synergize with sta-

tins to induce cancer cell-specific apoptosis. However, given the polyphar-

macology of dipyridamole, the mechanism by which it potentiates statin-

induced apoptosis remains unclear. Here, we applied a pharmacological

approach to identify the activity of dipyridamole specific to its synergistic

anticancer interaction with statins. We evaluated compounds that pheno-

copy the individual activities of dipyridamole and assessed whether they

could potentiate statin-induced cell death. Notably, we identified that a

phosphodiesterase (PDE) inhibitor, cilostazol, and other compounds that

increase intracellular cyclic adenosine monophosphate (cAMP) levels poten-

tiate statin-induced apoptosis in acute myeloid leukemia and multiple mye-

loma cells. Additionally, we demonstrated that both dipyridamole and

cilostazol further inhibit statin-induced activation of sterol regulatory ele-

ment-binding protein 2, a known modulator of statin sensitivity, in a

cAMP-independent manner. Taken together, our data support that PDE

inhibitors such as dipyridamole and cilostazol can potentiate statin-induced

apoptosis via a dual mechanism. Given that several PDE inhibitors are

clinically approved for various indications, they are immediately available

for testing in combination with statins for the treatment of hematological

malignancies.

1. Introduction

The synthesis of cholesterol and other isoprenoids via

the mevalonate (MVA) pathway is tightly regulated to

maintain homeostasis. In many cancer cells, an increased

dependency on isoprenoid biosynthesis for growth and

survival confers sensitivity to the statin family of drugs,

which inhibits the rate-limiting enzyme of the MVA

pathway, HMG-CoA reductase (HMGCR) [1].

However, in normal cells and many cancer cells, treat-

ment with statins activates the transcription factor sterol

regulatory element-binding protein 2 (SREBP2), which

functions to upregulate genes involved in MVA metabo-

lism to restore homeostasis. Activation of this feedback

response has been associated with statin resistance in

cancer cells [2–4]. In contrast, subsets of cancer cells that

do not induce this feedback loop following statin treat-

ment readily undergo apoptosis [2,4].

Abbreviations

AML, acute myeloid leukemia; ANOVA, analysis of variance; cAMP, cyclic adenosine monophosphate; cGMP, cyclic guanosine

monophosphate; GGPP, geranylgeranyl pyrophosphate; HMG-CoA, 3-hydroxy-3-methylglutaryl coenzyme A; HMGCR, HMG-CoA reductase;

MM, multiple myeloma; MVA, mevalonate; PDE, phosphodiesterase; PKA, protein kinase A; qRT–PCR, quantitative reverse transcription–

PCR; SD, standard deviation; sgRNAs, small guide RNAs; SREBP, sterol regulatory element-binding protein.
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We previously demonstrated that inhibition of this

feedback response via RNAi-mediated knockdown of

SREBP2 potentiates statin-induced cell death in lung

and breast cancer cell lines [5]. Moreover, through a

drug screening approach, our laboratory identified that

the drug dipyridamole, an antiplatelet agent approved

for secondary stroke prevention, can synergize with

statins to induce apoptosis in acute myeloid leukemia

(AML) and multiple myeloma (MM) cells [6]. We fur-

ther demonstrated that dipyridamole inhibits statin-in-

duced SREBP2 cleavage and activation, thus

abrogating the restorative feedback loop of the MVA

pathway (Fig. 1) [6]. Since these initial observations in

AML and MM, dipyridamole has been shown to inhi-

bit statin-induced SREBP2 activation and potentiate

statin-induced cell death in breast [3] and prostate [4]

cancer; however, the mechanism by which dipyri-

damole inhibits SREBP2 and potentiates statin-in-

duced cancer cell death remains poorly characterized.

In this manuscript, we present data to suggest that

the synergistic anticancer interaction between statins

and dipyridamole is twofold. In part, the ability of

dipyridamole to function as a phosphodiesterase (PDE)

inhibitor and increase cyclic adenosine monophosphate

(cAMP) levels sensitizes cancer cells to statin-induced

apoptosis. Additionally, dipyridamole and another

cAMP-hydrolyzing PDE inhibitor, cilostazol, are able

to inhibit statin-induced SREBP2 activity, and thus

potentiate the proapoptotic activity of statins through a

second, cAMP-independent mechanism. Collectively,

these data warrant further investigation into the combi-

nation of a statin and cAMP-hydrolyzing PDE inhibi-

tor for the treatment of hematological malignancies.

2. Materials and methods

2.1. Cell culture and compounds

KMS11, LP1, OCI-AML-2, and OCI-AML-3 cell lines

were cultured as described previously [6]. S49 wild-type

(CCLZR352) and kin- (CCLZR347) cells were pur-

chased from the University of California, San Francisco

(UCSF) Cell Culture Facility and were cultured in Dul-

becco’s modified Eagle medium supplemented with

10% heat-inactivated horse serum, 100 units�mL�1

penicillin, and 100 lg�mL�1 streptomycin. Cell lines

were routinely confirmed to be mycoplasma-free using

the MycoAlert Mycoplasma Detection Kit (Lonza, Mis-

sissauga, Canada). Atorvastatin calcium (21CEC Phar-

maceuticals Ltd., Markham, Canada) and fluvastatin

sodium (US Biological, Burlington, Canada) were dis-

solved in ethanol. Dipyridamole (Sigma, Oakville,

Canada), cilostazol (Tocris Bioscience, Burlington,

Canada), S-(4-nitrobenzyl)-6-thioinosine (NBMPR)

(Tocris Bioscience), 4-{[30,40-(methylenedioxy)benzyl]

amino}-6-methoxyquinazoline (MBMQ) (Calbiochem,

Oakville, Canada), fasentin (Sigma), and forskolin

(Sigma) were dissolved in DMSO. Mevalonate and

dibutyryl-cAMP (db-cAMP) were purchased from

Sigma and dissolved in water. Geranylgeranyl

pyrophosphate (GGPP) (methanol : ammonia solution)

was purchased from Sigma.

2.2. Cell viability assays

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide (MTT) assays were performed as previously

described [7]. Briefly, cells were seeded at 15 000–
20 000 cells/well in 96-well plates and treated as indicated

for 48 h. Percent cell viability was calculated relative to

cells treated with solvent control(s). Fluvastatin dose–re-
sponse curves were plotted, and area under the dose–re-
sponse curve (AUC) values were computed using

GRAPHPAD PRISM v6 software (San Diego, CA, USA).

2.3. Cell death assays

Cells were seeded at 750 000 cells/well in 6-well plates

and treated as indicated for 48 h. For propidium

Fig. 1. Dipyridamole inhibits the sterol-regulated feedback loop of the

MVA pathway. Schematic representation of the MVA pathway.

Statins inhibit the rate-limiting enzyme of the pathway, HMGCR,

which catalyzes the conversion of HMG-CoA to MVA. MVA is

subsequently used to synthesize various metabolites that are

important for cell growth and survival, including GGPP and cholesterol.

Statin-mediated cholesterol depletion induces the cleavage and

activation of SREBP2, which in turn induces the transcription of genes

involved in MVA metabolism to restore homeostasis. We previously

identified that the drug dipyridamole can inhibit statin-induced

SREBP2 activation; however, the mechanism by which dipyridamole

inhibits SREBP2 cleavage remains poorly understood.
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iodide (PI) staining, cells were fixed in 70% ethanol

for at least 24 h, stained with PI, and analyzed by flow

cytometry for the % pre-G1 DNA population as a

measure of cell death, as previously described [2]. For

Annexin V staining, cells were processed and stained

using the Annexin V-FITC Apoptosis Kit (BioVision

Inc., Burlington, Canada) as per the manufacturer’s

protocol, or washed and stained as indicated in

Annexin V Binding Buffer (BD Biosciences, Missis-

sauga, Canada). Apoptosis assays using primary AML

cells were performed as described previously [6].

Patient samples were obtained with informed consent

under a protocol approved by the University Health

Network Research Ethics Board in accordance with

the Declaration of Helsinki.

2.4. CCLE data mining

RNA sequencing data for the selected AML and MM

human cell lines from the Cancer Cell Line Encyclope-

dia (CCLE) [8] were analyzed using the UCSC Xena

Functional Genomics Explorer (https://xenabrowser.

net/) [9].

2.5. CRISPR/Cas9-mediated gene knockout

Independent small guide RNAs (sgRNAs) that target

PRKACA were cloned into lentiCRISPR v2 (Addgene

plasmid #52961, Watertown, MA, USA). A sgRNA

targeting a random locus on chromosome 10 was used

as a negative control. HEK-293Tv cells were co-trans-

fected with the sgRNA constructs, pMD2.G and

psPAX2 using calcium-phosphate. LP1 cells were

transduced with the lentiviral supernatants in the pres-

ence of 8 lg�mL�1 polybrene, after which they were

selected with 1 lg�mL�1 puromycin. The sequences for

the sgRNAs were obtained from Ref. [10] and are as

follows:

gC10 Random: AAACATGTATAACCCTGCGC

gPRKACA #1: ACGAATCAAGACCCTCGGCA

gPRKACA #2: AGATGTTCTCACACCTACGG

2.6. Immunoblotting

For proteins other than HMGCR, immunoblotting

was performed as previously described [4], using the

following primary antibodies: SREBP2 (1 : 250; BD

Biosciences, 557037), Actin (1 : 3000; Sigma, A2066),

PKA C-a (1 : 1000; Cell Signaling Technology,

#4782), a-Tubulin (1 : 3000; Calbiochem, CP06), and

Ku80 (1 : 3000; Cell Signaling Technology, #2180).

For HMGCR immunoblots, cells were seeded at

750 000 cells/well in 6-well plates and treated as indi-

cated for 24 h. Whole cell lysates were prepared by

washing cells twice with cold PBS and lysing cells in

~ 80 lL of buffer (20 mM Tris pH 7.5, 150 mM NaCl,

1 mM EDTA, 1 mM EGTA, 0.5% Triton X-100, pro-

tease inhibitors) on ice for 30 min. Lysates were

cleared by centrifugation and protein concentrations

determined using the Pierce 660 nm Protein Assay Kit

(Thermo Fisher Scientific). Dithiothreitol (DTT) was

added to a final concentration of 1 M. 4x Laemmli

sample buffer was then added to the DTT-containing

lysates at room temperature. Samples were not boiled

to limit aggregation of membrane proteins. Blots were

probed with primary antibodies against HMGCR (A9)

(1 : 1000; prepared in-house) and actin.

2.7. Quantitative RT–PCR

Total RNA was isolated using TRIzol Reagent (Invit-

rogen, Mississauga, Canada). cDNA was synthesized

from 500 ng RNA using SuperScript III (Invitrogen),

or RNA was directly used for RT–PCR analysis using

the iTaq Universal Probe One-Step Kit (Bio-Rad, Mis-

sissauga, Canada), according to the manufacturer’s

instructions. Quantitative reverse transcription–PCR
(qRT–PCR) was performed using TaqMan probes

(Applied Biosystems, Mississauga, Canada) for the

following genes: HMGCR (Hs00168352), HMGCS1

(Hs00266810), INSIG1 (Hs01650979), and GAPDH

(Hs99999905).

2.8. Intracellular cAMP quantification

Intracellular levels of cAMP were measured using the

Cyclic AMP Chemiluminescent Immunoassay Kit (Cell

Technology, Hayward, CA, USA) as per the manufac-

turer’s protocol. Briefly, 1.5 9 106 cells/well (6-well

plate) were incubated with the compounds as indi-

cated, washed with PBS, and lysed in 150 µL of the

provided lysis buffer.

3. Results

3.1. The cAMP-hydrolyzing PDE3 inhibitor

cilostazol phenocopies dipyridamole to

potentiate statin-induced cancer cell death

Dipyridamole has been reported to have multiple tar-

gets and can function as an inhibitor of nucleoside

transport [11], glucose uptake [12], and PDEs [13]

(Fig. 2A). To test which, if any, of these reported

functions of dipyridamole are important for
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potentiating statin-induced cancer cell death, we

assayed additional compounds with similar activities

for their ability to phenocopy dipyridamole. For these

experiments, we evaluated the following compounds:

NBMPR [equilibrative nucleoside transporter 1

(ENT1) inhibitor], fasentin [glucose transporter 1

(GLUT1) inhibitor], MBMQ (PDE5 inhibitor), and

cilostazol (PDE3 inhibitor). AML (OCI-AML-2, OCI-

AML-3) and MM (KMS11) cells were treated with

each compound alone or in combination with atorvas-

tatin. The concentrations of each compound were cho-

sen such that they had minimal single-agent effects on

cell viability (< 20%), but were still within the range

known to inhibit the target under investigation [14–
20]. Of the four compounds evaluated, only the combi-

nation of atorvastatin and cilostazol was observed to

decrease AML and MM cell viability in all three cell

lines (Fig. 2B). We further demonstrated that these

effects were on-target and not specific to atorvastatin,

as a similar decrease in cell viability was observed

when cilostazol was combined with fluvastatin, another

statin drug (Fig. S1). Moreover, the addition of exoge-

nous MVA or GGPP was able to fully rescue the

decrease in cell viability caused by the statin–cilostazol
combination (Fig. S1), further supporting that these

effects were due to MVA pathway inhibition.

3.2. Compounds that increase cAMP levels

phenocopy dipyridamole to potentiate statin-

induced apoptosis

PDEs catalyze the hydrolysis of cAMP and cyclic gua-

nosine monophosphate (cGMP) (Fig. 2A), thereby reg-

ulating the intracellular concentrations of these

secondary messengers. There are 11 PDE proteins that

can be expressed in mammalian cells, which differ in

their cellular functions, structures, expression patterns,

and affinities for cAMP and cGMP [21,22]. Dipyri-

damole is known to inhibit multiple cAMP- and

cGMP-hydrolyzing PDEs with varying affinities

[13,22]. In contrast, cilostazol is reported to be a speci-

fic inhibitor of PDE3, which is a cAMP-hydrolyzing

PDE [13,21]. Given our observation that the statin–
cilostazol combination was uniquely able to decrease

the viability of AML and MM cells, we hypothesized

that inhibition of cAMP hydrolysis by dipyridamole

may be responsible, at least in part, for its ability to

synergize with statins to induce cancer cell death.

Indeed, dipyridamole treatment, at the concentration

used throughout this study (5 lM), resulted in a 2.5-

fold increase in intracellular cAMP levels (Fig. S2).

To evaluate whether the PDEs targeted by dipyri-

damole and cilostazol are expressed in AML and MM

cells, we mined the Cancer Cell Line Encyclopedia

(CCLE) database [8]. Indeed, multiple PDEs, including

isoforms of PDE3, PDE5, PDE6, PDE7, and PDE8,

are highly and consistently expressed in a panel of

AML and MM cell lines, including previously charac-

terized statin-sensitive (e.g., KMS11, OCI-AML-3) and

insensitive (e.g., LP1) cell lines (Fig. 3A) [6,23,24]. We

subsequently evaluated the ability of an adenylate

cyclase activator (forskolin) and cell-permeable analog

of cAMP (db-cAMP) to potentiate statin-induced

apoptosis in AML cells. The combination of fluvas-

tatin and dipyridamole, cilostazol, forskolin, or db-

cAMP significantly induced apoptosis in OCI-AML-2

and OCI-AML-3 cells, whereas no significant apopto-

sis was observed in response to treatment with each

cAMP-modulating compound on its own (Fig. 3B). To

determine whether primary cells were similarly sensi-

tive to the combination of a statin and PDE inhibitor,

we treated primary AML cells with fluvastatin and/or

cilostazol for 48 h, after which apoptosis was quanti-

fied by Annexin V staining using flow cytometry.

Indeed, the fluvastatin–cilostazol combination signifi-

cantly induced apoptosis in these cells (Fig. 3C). This

is consistent with our previous report that the statin–
dipyridamole combination can induce apoptosis in pri-

mary AML cells [6]. Notably, we evaluated the statin–
cilostazol combination in primary cells from three of

the same patients as in our previous report with

dipyridamole, and observed concordant results [6].

Collectively, these data suggest that elevating intracel-

lular levels of cAMP may be an effective way to

Fig. 2. The cAMP-hydrolyzing PDE3 inhibitor cilostazol phenocopies dipyridamole to potentiate statin-induced cancer cell death. (A)

Schematic representation of the reported targets of dipyridamole and additional compounds that target these proteins. ENT, equilibrative

nucleoside transporter; GLUT, glucose transporter; PDE, phosphodiesterase; PKA, protein kinase A. (B) OCI-AML-2, OCI-AML-3, and KMS11

cells were treated with atorvastatin (4, 2 and 4 µM for OCI-AML-2, OCI-AML-3, and KMS11 cells, respectively) � a glucose uptake inhibitor

(fasentin; 12.5, 6.3, and 12.5 µM for OCI-AML-2, OCI-AML-3, and KMS11 cells, respectively), ENT inhibitor (NBMPR; 20 µM), cGMP-

hydrolyzing PDE5 inhibitor (MBMQ; 10 µM), or cAMP-hydrolyzing PDE3 inhibitor (cilostazol; 25, 12.5, and 25 µM for OCI-AML-2, OCI-AML-3,

and KMS11 cells, respectively). After 48 h, cell viability was evaluated by MTT assays. Data are represented as the mean + SD. *P < 0.05

(one-way ANOVA with Tukey’s multiple comparisons test, where the indicated groups were compared to the other groups of that cell line).
#P < 0.05 (one-way ANOVA with Tukey’s multiple comparisons test, comparing the two indicated groups).
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sensitize hematological cancer cells to statin-induced

apoptosis.

3.3. Compounds that increase cAMP levels

differentially modulate sterol metabolism

We previously demonstrated that dipyridamole inhibits

statin-induced SREBP2 cleavage and activation, which

sensitizes cancer cells to statin-induced apoptosis [4,6].

To test whether compounds that increase cAMP levels

similarly inhibit the induction of sterol metabolism

gene expression in response to statin treatment, we

treated LP1 cells with fluvastatin as a single agent or

in combination with a PDE inhibitor (dipyridamole or

cilostazol), forskolin or db-cAMP, and then evaluated

the expression of three SREBP2 target genes by qRT–
PCR: HMGCR, HMG-CoA synthase 1 (HMGCS1),

and insulin-induced gene 1 (INSIG1). We chose LP1

A B

C

Fig. 3. Compounds that increase cAMP levels phenocopy dipyridamole to potentiate statin-induced apoptosis. (A) RNA expression of the

different PDEs in a panel of human AML and MM cell lines. Data were mined from the CCLE database. (B) OCI-AML-2 and OCI-AML-3

cells were treated with fluvastatin (4 µM for OCI-AML-2 and 2 µM for OCI-AML-3) � a PDE3 inhibitor (cilostazol; 20 µM), an adenylate

cyclase activator (forskolin; 10 µM) or db-cAMP (0.1 mM). After 48 h, cells were labeled with FITC-conjugated Annexin V and apoptotic cells

were quantified by flow cytometry. *P < 0.05 (one-way ANOVA with Dunnett’s multiple comparisons test, where the indicated groups were

compared to the solvent controls group of that cell line). Data are represented as the mean + SD. (C) Primary AML cells were cultured in

the presence of solvent controls, 5 µM fluvastatin, 20 µM cilostazol, or the combination. After 48 h, cells were labeled with FITC-conjugated

Annexin V and analyzed by flow cytometry. Data from four independent AML patient samples are represented as box plots with whiskers

depicting the maximum and minimum values. *P < 0.05 (one-way ANOVA with Dunnett’s multiple comparisons test, where the indicated

group was compared to the solvent controls group).
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cells for these experiments because we previously

demonstrated that this cell line robustly activates

SREBP2 in response to statin exposure, and cotreat-

ment with dipyridamole sensitizes them to statin-in-

duced apoptosis [6]. As expected, treatment of LP1

cells with fluvastatin resulted in the induction of all

three sterol-regulated genes, a response which was

completely blocked by dipyridamole cotreatment

(Fig. 4A). Cilostazol similarly inhibited fluvastatin-in-

duced expression of these SREBP2 target genes

(Fig. 4A). In contrast, forskolin and db-cAMP had

weaker, if any, effects on the expression of these

sterol-regulated genes in this cell line, and yet both

compounds potentiated statin-induced apoptosis

(Figs 3B and 4A, Fig. S3). Concordantly, only dipyri-

damole and cilostazol decreased statin-induced

HMGCR protein expression (Fig. 4B), which was

associated with the inhibition of SREBP2 cleavage fol-

lowing statin treatment (Fig. 4C).

cAMP can regulate several effectors, the most well

studied of which is cAMP-dependent protein kinase A

(PKA). PKA phosphorylates a multitude of proteins

with diverse roles in signal transduction, metabolism,

ion transport, and transcription regulation [25]. In par-

ticular, PKA has been shown to phosphorylate and

negatively regulate SREBP1 (the master transcriptional

regulator of fatty acid biosynthesis) in vitro at a resi-

due that is conserved between SREBP1 and SREBP2

[26]. However, given our observation that db-cAMP

did not inhibit statin-induced SREBP2 target gene

expression (Fig. 4A), we reasoned that the effects of

dipyridamole and cilostazol on SREBP2 were likely

independent of cAMP/PKA signaling. To validate this

model, we knocked out the alpha catalytic subunit of

PKA (PKA Ca, encoded by PRKACA) in LP1 cells

and evaluated the subsequent effects on dipyridamole

and cilostazol activity. Consistent with a cAMP/PKA-

independent mechanism, both dipyridamole and

cilostazol retained their ability to inhibit SREBP2 and

potentiate statin-induced cell death in PKA-depleted

LP1 cells (Figs S4 and S5).

To further confirm the above observation, we evalu-

ated dipyridamole and cilostazol activity in isogenic

wild-type and PKA-null (kin-) S49 cells [27]. S49 kin-

cells have no detectable PKA activity due to improper

cis-autophosphorylation at serine 338 during transla-

tion, which renders the catalytic subunit of PKA insol-

uble [28]. Indeed, dipyridamole and cilostazol

potentiated statin-induced cell death in both S49 wild-

type and kin- cells (Fig. S4).

Taken together, these data suggest that compounds

that increase cAMP levels, including PDE inhibitors

and forskolin, can sensitize hematological cancer cells

to statin-induced apoptosis. Furthermore, PDE inhibi-

tors such as dipyridamole and cilostazol further pos-

sess cAMP/PKA-independent activity against statin-

induced SREBP2 activation (Fig. 5).

4. Discussion

Our laboratory previously reported a novel role for

the drug dipyridamole as an inhibitor of the SREBP

family of transcription factors [4,6]. As a result, dipyri-

damole can sensitize certain cancer cells to statin-in-

duced apoptosis (Fig. 1) [4,6]. However, given the

polypharmacology of dipyridamole, the mechanism by

which it inhibits the SREBP proteins and synergizes

with statins remains to be fully understood. As a step

toward elucidating this mechanism, we evaluated indi-

vidual compounds that phenocopied the different

known functions of dipyridamole for their ability to

sensitize AML and MM cell lines to statin-induced cell

death. Through this approach, we were able to dissect

the polypharmacology of dipyridamole and implicate

its role as a cAMP-hydrolyzing PDE inhibitor in

potentiating statin-induced apoptosis.

Our study revealed that cAMP-hydrolyzing PDE

inhibitors, including dipyridamole and cilostazol, sensi-

tize hematological cancer cells to statin-induced apop-

tosis via a dual mechanism (Fig. 5). By inhibiting PDE

activity, dipyridamole and cilostazol increase intracel-

lular cAMP levels (Fig. S2) [18]. We demonstrated

Fig. 4. Compounds that increase cAMP levels differentially modulate sterol metabolism. (A) LP1 cells were treated with 4 lM

fluvastatin � 5 lM dipyridamole, 20 lM cilostazol, 10 lM forskolin, or 0.1 mM db-cAMP for 16 h, and RNA was isolated to assay for

HMGCR, HMGCS1 and INSIG1 expression by qRT–PCR. mRNA expression data are normalized to GAPDH expression. Data are

represented as the mean + SD. *P < 0.05 (one-way ANOVA with Tukey’s multiple comparisons test, where the indicated groups were

compared to the solvent controls group), #P < 0.05 (one-way ANOVA with Tukey’s multiple comparisons test, comparing the two indicated

groups). (B) LP1 cells were treated with 4 lM fluvastatin � 5 lM dipyridamole, 20 lM cilostazol, 10 lM forskolin, or 0.1 mM db-cAMP for

24 h, and protein was isolated to assay for HMGCR expression by immunoblotting. 1 = HMGCR oligomer, 2 = HMGCR monomer.

Immunoblots are representative of three independent experiments. (C) LP1 cells were treated with 4 lM fluvastatin � 5 lM dipyridamole or

20 lM cilostazol for 8 h, and protein was isolated to assay for SREBP2 cleavage (activation) by immunoblotting. F, full-length SREBP2; C,

cleaved SREBP2. Immunoblots are representative of three independent experiments.
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that other compounds that increase cAMP levels,

including forskolin, similarly sensitize cancer cells to

statin-induced cell death. Importantly, cotreatment

with a statin and cAMP-modulating agent was effec-

tive at potentiating cell death in both statin-sensitive

(e.g., KMS11, OCI-AML-3) and statin-insensitive

(e.g., LP1) cell lines (Fig. 3B, Figs S1, S3,and S4D).

Our data are consistent with a previous report, where

the combination of lovastatin and db-cAMP was

shown to enhance differentiation and cytotoxicity in

A
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embryonal carcinoma and neuroblastoma cell lines

[29]. However, the critical cAMP-regulated effector

that modulates statin sensitivity in cancer cells remains

to be identified. In the present study, we found that

dipyridamole and cilostazol potentiate statin-induced

cell death in a PKA-independent manner (Fig. S4). In

addition to PKA, cAMP also regulates specific ion

channels and the EPAC (exchange protein directly

activated by cAMP) proteins, which are cAMP-depen-

dent guanine nucleotide exchange factors for the RAP

GTPases [30]. Future work is required to delineate the

mechanism by which elevated cAMP levels sensitize

cancer cells to statin-induced apoptosis.

We further demonstrated that the PDE inhibitors

dipyridamole and cilostazol inhibit the SREBP2-regu-

lated feedback mechanism of the MVA pathway via

an additional, cAMP-independent mechanism (Fig. 4).

Interestingly, cilostazol has previously been reported

to inhibit insulin-induced expression of SREBP1 [31],

but the potential involvement of cAMP signaling was

not explored. Data in the literature are conflicting as

to the effects of PDE inhibitors on lipid metabolism.

A recent study demonstrated that combined inhibition

of PDE4 and PDE8 in Leydig cells promotes SREBP2

signaling, cholesterol metabolism, and steroidogenesis

[32]. In contrast, data from a randomized controlled

trial in patients with type 2 diabetes revealed that

cilostazol treatment significantly lowered serum triglyc-

eride and low-density lipoprotein (LDL) cholesterol

levels [33]. The data we present here clearly show that

dipyridamole (a pan-PDE inhibitor) and cilostazol (a

PDE3 inhibitor) can abrogate SREBP2 cleavage and

activation in AML and MM cells exposed to a statin.

It is therefore possible that different PDEs play unique

roles in regulating SREBP2 signaling and sterol meta-

bolism and that PDE-mediated regulation of SREBP2

is tissue type- and context-dependent. In the context of

cancer, dipyridamole has been shown to inhibit statin-

induced SREBP2 cleavage and activation in AML,

MM, breast cancer, and prostate cancer cells [3,4,6],

suggesting similar regulation in many different cell

types. A rigorous analysis of the effects of different

PDE inhibitors on lipid metabolism and investigation

into the mechanism(s) by which these clinically

approved drugs act to modulate cancer cell metabo-

lism should be a focus of future studies. Interestingly,

unlike many other PDE inhibitors, dipyridamole and

cilostazol also inhibit adenosine uptake [11,34]. While

we did not observe enhanced cell death when the ade-

nosine reuptake inhibitor NBMPR was combined with

a statin (Fig. 2B), it remains possible that dipyri-

damole and cilostazol inhibit sterol metabolism via a

PDE-independent mechanism or through simultaneous

modulation of multiple targets.

The data presented here may have important clini-

cal implications, as many cAMP-hydrolyzing PDE

inhibitors are approved for several nononcology indi-

cations [21]. For example, cilostazol (marketed as Ple-

tal) is currently approved and widely used to treat

intermittent claudication. The overexpression of sev-

eral PDEs has been observed in solid and hematolog-

ical tumors, and the possibility of cAMP-hydrolyzing

PDE inhibition as an anticancer strategy has been

preclinically explored alone or in combination with

chemo- and targeted molecular therapies [35–40]. In

hematological malignancies, primary chronic lympho-

cytic leukemia patient samples were found to have

PDE7B overexpression and noted to be sensitive to

PDE7 inhibition in a cAMP-dependent manner [38].

Another study found a strong synergistic combinato-

rial effect between adenosine A2A receptor agonists

and cAMP-hydrolyzing PDE inhibitors in MM and

diffuse large B-cell lymphoma cell lines and primary

patient samples [41]. Given that a number of PDE

inhibitors are poised for repurposing and that statins

have demonstrated anticancer activity in early-phase

clinical trials [42–49], further studies are needed to

evaluate the therapeutic benefit of a statin-PDE inhi-

bitor combination for the treatment of cancer. As the

combination of cilostazol and statins has already

been evaluated clinically in healthy subjects [50,51]

and in patients with cardiovascular indications [52,53]

without added adverse effects, there is the possibility

of fast-tracking these agents to phase II trials in

AML and MM.

Fig. 5. Proposed model for how cAMP-hydrolyzing PDE inhibitors

potentiate statin-induced cancer cell death. Compounds that

increase intracellular cAMP levels, including PDE inhibitors (e.g.,

dipyridamole, cilostazol) and forskolin, can sensitize cancer cells to

statin-induced apoptosis. Dipyridamole and cilostazol also inhibit

statin-induced activation of SREBP2 through a cAMP-independent

mechanism, which abrogates the restorative feedback loop of the

MVA pathway and further sensitizes cancer cells to statin-induced

apoptosis.
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5. Conclusion

In summary, we propose a working model whereby

cAMP-hydrolyzing PDE inhibitors, such as dipyri-

damole and cilostazol, increase cAMP levels and inhibit

SREBP2 activation via independent mechanisms, both

of which converge to potentiate statin-induced apoptosis

in hematological cancer cells (Fig. 5). Given that statins

and a number of PDE inhibitors are already approved

for various nononcology indications, future studies are

needed to thoroughly evaluate the potential therapeutic

benefit of these agents for the treatment of hematologi-

cal malignancies. Moreover, our experimental approach

to dissect the polypharmacology of dipyridamole is one

that may be useful when interrogating novel functions

of other repurposed drugs.
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OCI-AML-3 cells were treated as indicated with flu-

vastatin (2 µM for KMS11 and 0.5 µM for OCI-

AML-3 cells), cilostazol (12.5 µM), mevalonate (0.2

mM) and/or GGPP (2 µM). After 48 hr, cell viability

was evaluated by MTT assays. Data are represented as

the mean + SD. *p < 0.05 (one-way ANOVA with

Tukey’s multiple comparisons test, where the indicated

groups were compared to the other groups of that cell

line).

Fig. S2. Dipyridamole treatment increases intracellular

cAMP. OCI-AML-3 cells were treated with 2 lM flu-

vastatin � 5 lM dipyridamole for 15 min and intracel-

lular cAMP levels were quantified. Data are

represented as the mean + SD. *p < 0.05 (one-way

ANOVA with Dunnett’s multiple comparisons test,

where the indicated groups were compared to the sol-

vent controls group).

Fig. S3. Forskolin and db-cAMP sensitize LP1 cells to

fluvastatin-induced apoptosis. LP1 cells were treated

with 4 lM fluvastatin � 10 lM forskolin or 0.1 mM

db-cAMP for 48 hr, after which apoptotic cells (dou-

ble Annexin V-positive and 7AAD-positive cells) were

quantified by flow cytometry. Data are represented as

the mean + SD. *p < 0.05 (one-way ANOVA with

Dunnett’s multiple comparisons test, where the indi-

cated groups were compared to the solvent controls

group).

Fig. S4. Potentiation of statin-induced cancer cell

death by dipyridamole and cilostazol is independent of

PKA. (A) Immunoblot for PKA C-a expression in

LP1 cells expressing Cas9 and a sgRNA to a random

locus on chromosome 10 (gC10 Random) or one of

two different locations within PRKACA (representa-

tive of three independent experiments). (B) LP1 gC10

Random and gPRKACA sublines were treated with a

range of fluvastatin concentrations (0-24 µM) � 5 µM

dipyridamole or 10 µM cilostazol. After 48 hr, cell via-

bility was evaluated by MTT assays. The area under

each fluvastatin dose-response curve is plotted. Data

are represented as the mean + SD. *p < 0.05 (one-way

ANOVA with Dunnett’s multiple comparisons test,

where the indicated groups were compared to the flu-

vastatin alone group of that subline). (C) Immunoblot

for PKA C-a expression in S49 wildtype (WT) or kin-

(PKA-null) cells (representative of three independent

experiments). (D) S49 WT and kin- cells were treated

with 5 lM fluvastatin � 2.5 lM dipyridamole or 5

lM cilostazol for 48 hr, fixed in ethanol and assayed

for DNA fragmentation (% pre-G1 population) as a

marker of cell death by propidium iodide staining.

Data are represented as the mean + SD. *p < 0.05

(one-way ANOVA with Dunnett’s multiple compar-

isons test, where the indicated groups were compared

to the solvent controls group of that cell line).

Fig. S5. Dipyridamole and cilostazol inhibit the sterol-

regulated feedback loop of the MVA pathway inde-

pendent of PKA. (A) LP1 gPRKACA sublines were

treated with 4 lM fluvastatin � 5 lM dipyridamole or

20 lM cilostazol for 16 hr, and RNA was isolated to

assay for HMGCS1 expression by qRT-PCR. mRNA

expression data are normalized to GAPDH expression.

Data are represented as the mean + SD. *p < 0.05

(one-way ANOVA with Sidak’s multiple comparisons

test, where the indicated groups were compared to the

solvent controls group of that subline). (B) LP1 gC10

Random or gPRKACA #1 cells were treated with 4

lM fluvastatin � 5 lM dipyridamole or 20 lM
cilostazol for 8 hr, and protein was isolated to assay

for SREBP2 cleavage (activation) by immunoblotting.

F = full-length SREBP2, C = cleaved SREBP2. Immu-

noblots are representative of three independent experi-

ments.
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Statins as Anticancer Agents in the Era of Precision
Medicine A  C

Joseph Longo1,2, Jenna E. van Leeuwen1,2, Mohamad Elbaz1, Emily Branchard1, and Linda Z. Penn1,2

ABSTRACT
◥

Statins are widely prescribed cholesterol-lowering drugs that
inhibit HMG-CoA reductase (HMGCR), the rate-limiting enzyme
of the mevalonate metabolic pathway. Multiple lines of evidence
indicate that certain cancers depend on themevalonate pathway for
growth and survival, and, therefore, are vulnerable to statin therapy.

However, these immediately available, well-tolerated, and inexpen-
sive drugs have yet to be successfully repurposed and integrated into
cancer patient care. In this review, we highlight recent advances and
outline important considerations for advancing statins to clinical
trials in oncology.

Introduction
Since their approval by the FDA in the late 1980s, statins have

revolutionized the clinical management of high cholesterol. Statins are
specific inhibitors of the mevalonate pathway, which is responsible
for the de novo synthesis of cholesterol and nonsterol isoprenoids
(Fig. 1). Specifically, statins inhibit the conversion of HMG-CoA to
mevalonate by inhibiting the rate-limiting enzyme of the mevalonate
pathway, HMG-CoA reductase (HMGCR). In addition to its impor-
tant roles in normal physiology, the mevalonate pathway supports
tumorigenesis and is known to be deregulated in human cancers (1–4).
As such, there is significant interest in repurposing statins as anti-
cancer agents. Statins have been shown to induce potent tumor-
specific apoptosis (5–7). Moreover, many retrospective studies have
reported that statin use is associated with reduced cancer risk (8–11),
lower cancer grade and stage at diagnosis (12, 13), and reduced
recurrence and/or cancer-specificmortality (14–18). Given that statins
are FDA-approved, well-tolerated, and are available as generic drugs,
they offer an immediate, safe, and inexpensive opportunity to improve
cancer patient care and treatment outcomes.

Despite these promising observations, statins have yet to be repur-
posed and integrated into cancer patient care. Emerging evidence
suggests that certainmolecular subtypes of cancer aremore susceptible
to statin therapy than others, highlighting the importance of predictive
biomarkers for patient stratification. Moreover, recent clinical trials
have provided important insights into how to realistically use these
agents in an oncology setting. In this review, we highlight the gaps in
knowledge that have precluded the repurposing of statins as anticancer
agents, as well as recent advances that will help inform future clinical
trial design.

Statin Mechanism of Action
Statins compete with HMG-CoA for binding to the active site of

HMGCR, thereby reducing mevalonate synthesis. As a consequence,
statins deplete intracellular cholesterol, which triggers a homeostatic
feedback mechanism governed by the sterol regulatory element-
binding protein (SREBP) family of transcription factors (Fig. 1).
Activation of the SREBPs results in the increased expression of
mevalonate pathway and sterol metabolism genes, including HMGCR
and the low-density lipoprotein (LDL) receptor (LDLR). Increased
membrane expression of LDLR leads to enhanced LDL cholesterol
(LDL-C) uptake from the bloodstream, thus effectively lowering serum
cholesterol levels. As a result, statins are commonly prescribed to
reduce the risk of cardiovascular disease or improve survival in patients
with cardiovascular disease.

Cholesterol has also been shown to play multifaceted roles in
tumorigenesis (reviewed in refs. 1, 19). In specific contexts, statins
have been shown to elicit their anticancer effects through the depletion
of cholesterol. For example, one study demonstrated that simvastatin
decreases the cholesterol content of lipid rafts in prostate cancer cells,
which hinders AKT signaling and induces apoptosis (20).Moreover, in
a subset of medulloblastoma driven by aberrant Hedgehog signaling,
the depletion of cholesterol impairs signal transduction and inhibits
cancer cell growth (21). However, in the majority of other reports,
exogenous cholesterol is unable to rescue statin-induced apoptosis,
highlighting a role for other end products of the mevalonate pathway
in cancer cell survival.

In addition to cholesterol, statins also reduce the synthesis of
nonsterol isoprenoids, including geranylgeranyl pyrophosphate
(GGPP; Fig. 1). Several studies have shown that statin-induced
apoptosis can be consistently and fully rescued by exogenous meva-
lonate or mevalonate-derived GGPP (22–25). These studies not
only support that statin-induced apoptosis is an on-target effect, but
also reveal that certain cancers rely on GGPP synthesis for survival.
GGPP can serve as a substrate for protein prenylation, or as a precursor
for the synthesis of other metabolites, such as coenzyme Q (CoQ)
and dolichols (1). In recent years, it has become apparent that
different cancer cell types have a dependency on distinct fates of
GGPP (22–24, 26, 27). In acute myeloid leukemia and multiple
myeloma cells, statin-induced apoptosis can be phenocopied by
prenylation inhibitors, which suggests that these cancers rely onGGPP
synthesis, at least in part, for protein prenylation (22, 23, 28). How-
ever, in other cancers where statin-induced cell death can be rescued
by exogenous GGPP, statin sensitivity can be uncoupled from effects
on protein prenylation (24). Indeed, recent studies have shown that
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certain tumors rely on the mevalonate pathway for the synthesis
GGPP-derived CoQ (26, 27). In these cells, statin treatment leads to
oxidative stress and apoptosis (26, 27), which can be rescued by
exogenous CoQ (26).

Despite numerous studies implicating the direct, intratumoral
inhibition of HMGCR as the mechanism by which statins elicit their
anticancer effects, systemic contributions are also likely. It is important
to note that, unlike in humans, statin treatment does not reduce serum
cholesterol levels in mice (20, 29). While reducing circulating choles-
terol levels may add to the benefit of statin therapy in patients with
cancer, evidence from preclinical studies support a direct mechanism.
Thus, in this review, we focus primarily on the direct effects of statins
on cancer cells.

Identifying Statin Vulnerable Tumors
While many epidemiologic studies report positive associations

between statin use and cancer patient outcomes, the extent to which
statin use confers a benefit is variable between studies (14–18). Several
factors might explain this heterogeneity, including interpatient differ-
ences in the type of statin, dose, and duration of statin use (discussed
further in the next section). Furthermore, it is possible that not all
patients with cancer benefit equally from statin therapy. Consistent
with this hypothesis, highly heterogeneous responses to statin expo-
sureacrosspanelsof cancercell lineshavebeenreported (23,24, 30–32),
and biomarkers of statin sensitivity have recently been described
(Fig. 2). Hence, different tumor subtypes are not equally vulnerable
to statin therapy.

If statins are to be repurposed for the precise treatment of cancer, we
must first identify which tumor subtypes are vulnerable to statin-
mediated HMGCR inhibition. In breast cancer, for example, statin
sensitivity has been associated with estrogen receptor (ER) status,
where ER-negative breast cancer cells are particularly sensitive to statin
exposure (31). These preclinical observations are further supported by
clinical data demonstrating greater tumor cell apoptosis after fluvas-
tatin treatment in women with ER-negative breast cancer (33). Inde-

pendent studies have demonstrated that tumor cells of various origins
with higher expression of mesenchymal cell markers (e.g., vimentin)
and/or lower expression of epithelial cell markers (e.g., E-cadherin) are
highly sensitive to statin treatment (24, 34, 35). Furthermore, statins
have been shown to preferentially kill cells induced to undergo
epithelial-to-mesenchymal transition (24), suggesting that they may
be effective at impairing metastatic disease. Whether ER-negative
breast tumors are more sensitive to statins because they are more
mesenchymal remains to be determined. Moreover, it remains poorly
understood why cancer cells in a mesenchymal state are vulnerable to
HMGCR inhibition. Nonetheless, these data further support the
concept that statin sensitivity can be stratified by tumor subtype.

Aberrant sterol metabolism
In some cancer cells, statin sensitivity is inversely associatedwith the

ability to activate a feedback mechanism in response to mevalonate
pathway inhibition. In response to cholesterol depletion, the SREBP
family of transcription factors is activated to restore homeostasis
(Fig. 1). In certain cancer cells, this feedback mechanism is impaired,
which renders them vulnerable to HMGCR inhibition. In multiple
myeloma, for example, it was shown that a subset of cell lines and
primary patient-derived cells fail to induce the expression of SREBP
target genes following statin treatment and readily undergo apopto-
sis (36). In contrast, cell lines and primary cells with robust statin-
induced SREBP activation were resistant to statin exposure (36). Statin
sensitivity has subsequently been associated with impaired feedback
regulation of the mevalonate pathway in other cancer types, including
prostate cancer (32). Further research is required to better understand
why some cancer cells have impaired feedback regulation of the
mevalonate pathway, and to identify a clinically amenable biomarker
that can stratify patients on the basis of this dampened homeostatic
response.

In breast cancer, statin sensitivity has been inversely associated with
high basal expression of cholesterol biosynthesis genes, including
HMGCR (37). This is consistent with a report that acquired resistance
to statin exposure in vitro is associated with significantly elevated
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Figure 1.

Schematic of the mevalonate pathway and
its SREBP-mediated feedback response.
The mevalonate pathway converts acetyl-
CoA to cholesterol and a number of non-
sterol isoprenoids that play important roles
in cell growth and survival. Under homeo-
static conditions, intracellular cholesterol
retains the SREBPs in their full-length, inac-
tive form. In response to cholesterol deple-
tion, such as when cells are treated with a
statin, the SREBPs are cleaved, thus liber-
ating the active transcription factor. Nuclear
SREBP induces the transcription of genes
involved in the mevalonate pathway and
cholesterol transport. HMGCS1, HMG-CoA
synthase 1.
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HMGCR expression (38). However, studies that have evaluated
HMGCR expression as a predictive biomarker of statin sensitivity
have yielded conflicting results (31, 36–39). This is likely due, in part,
to the lack of specificity of many commercially available HMGCR
antibodies (2, 37, 40). These observations also suggest that there is a
complex relationship between HMGCR expression and statin sensi-
tivity in cancer. On one hand, elevated HMGCR expression and
deregulated mevalonate pathway activity can support tumorigenesis
and render cancer cells vulnerable to statin treatment (2, 41). In these
tumors, elevated HMGCR expression may indicate a tumor depen-
dency, whereby even a slight dampening of mevalonate pathway
activity is sufficient to induce tumor-specific cell death. On the other
hand, as HMGCR expression continues to increase (e.g., via elevated
SREBP activity), higher statin drug concentrations are required to
inhibit the mevalonate pathway, thereby decreasing statin sensitivi-
ty (32, 36, 38, 42). Hence, careful consideration is required when
evaluating the utility of HMGCR expression as a predictive biomarker
of statin sensitivity in cancer.

Mutations and altered cell signaling
There is extensive interplay between the mevalonate pathway and

signal transduction in cancer (reviewed in ref. 1), and, therefore,
aberrant cell signaling in tumors may confer increased sensitivity to
statin therapy. For example, mevalonate-derived farnesyl pyrophos-
phate (FPP) and GGPP serve as substrates for the posttranslational
prenylation of oncoproteins such as RAS andRHO,which is important
for their proper localization and function (43). As such, it has long been
hypothesized that RAS mutations may be potential biomarkers of
statin sensitivity. While activated RAS can sensitize some cells to
statins (24, 44), preclinical studies have shown that statin-induced
apoptosis is independent of RAS localization and function (23, 24, 44).
Moreover, several clinical trials have evaluated statin therapy in

patients with RAS-mutant tumors, but the majority of trials failed to
demonstrate promising therapeutic responses (45–48). Hence, despite
the interplay betweenRAS and themevalonate pathway in cancer, RAS
status is a poor predictor of statin sensitivity.

A number of recent studies have also implicated TP53 status
in modulating cancer cell sensitivity to statins. While wild-type
p53 represses the mevalonate pathway (49), loss of p53 and certain
gain-of-function p53 mutants have been shown to induce the
expression of mevalonate pathway genes (41, 49, 50). Consistently,
it has been demonstrated that these p53-null (26) or -mutant (50–52)
tumors are dependent on the mevalonate pathway and particularly
vulnerable to statin treatment. The latter has been attributed to the
roles of the mevalonate pathway in the stability of mutant p53
protein (51–53).

Cancer type–specific biomarkers of statin sensitivity may also exist.
For example, in clear-cell renal cell carcinoma, cells driven by loss of
the tumor suppressor, von Hippel-Lindau (VHL; �90% of tumors),
were found to be dependent on the mevalonate pathway for proper
RHO and RHO kinase (ROCK) signaling, and were more sensitive to
statin treatment comparedwithVHLwild-type cells (54).Moreover, in
multiple myeloma, cancer cells driven by a t(4;14) chromosomal
translocation are highly dependent on GGPP synthesis and more
sensitive to statin-induced apoptosis compared with other multiple
myeloma subtypes (55). While TP53, VHL, and t(4;14) status can
potentially predict statin sensitivity, further validation in patients will
be required before these biomarkers can be used clinically.

Considerations for Advancing Statins
to Clinical Trials in Oncology

After identifying which patients with cancer might benefit from the
addition of a statin to their treatment regimen, the next step is

Statin-sensitiveA

Statin • Mesenchymal cell state
• Sensitizing mutations (e.g., p53mut,
   t(4;14) translocation)
• Impaired SREBP-mediated
   feedback response     

Examples of features:
Statin Statin 

+

B Statin-insensitive

Potentiator 

e.g., dipyridamole 

Figure 2.

Identifying statin vulnerable tumors. Cancer cells display a wide range of statin drug sensitivities, highlighting that not all tumors are vulnerable to mevalonate
pathway inhibition. A, Statin sensitivity has been associated with various molecular features, including tumor-specific genetic lesions and deficiencies in regulating
themevalonate pathway. Treatment of these tumor cells induces cell death in a dose- and time-dependentmanner.B, In other tumor cells, a statin alone is insufficient
to induce cell death; however, cotreatment with additional targeted agents can sensitize these cells to statin treatment. For example, the drug dipyridamole prevents
the compensatory activation of the SREBPs following statin treatment, thereby potentiating statin-induced cell death.
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evaluating how best to prescribe these drugs as anticancer agents.
Data from epidemiologic, preclinical, and early-phase clinical stud-
ies have demonstrated that statin type, dose, and treatment duration
are all important variables to consider when evaluating statins as
anticancer agents. While all FDA-approved statins are effective in
lowering serum cholesterol by inhibiting HMGCR activity in the
liver (Table 1), their ability to directly inhibit HMGCR in extrahe-
patic tumor tissues may be statin type specific. It has been hypoth-
esized that the lipophilic statin drugs are more likely to reach and
readily enter extrahepatic cells, whereas hydrophilic statins are more
hepatoselective (56). Consistent with this hypothesis, epidemiologic
studies have reported that lipophilic, but not hydrophilic, statin use
is associated with reduced cancer incidence (10) and recurrence (15)
in patients with breast cancer.

Recent clinical studies have reported that the lipophilic statins,
atorvastatin (57) andfluvastatin (58), aremeasurable in prostatic tissue
at low nanomolar concentrations after short-term treatment with a
typical cholesterol-lowering dose (80 mg/day). While these concen-
trations are less than those evaluated in most in vitro studies, these
lower concentrations, when prescribed in the neoadjuvant setting
(discussed further in the next section), were shown to reduce tumor
cell proliferation (59) or induce apoptosis (58) in a time-dependent
manner. These observations are consistent with epidemiologic
(60, 61), preclinical (30, 31, 58, 62), and clinical (33, 58, 59) data,
all of which indicate that the anticancer effects of statins are both
dose- and time-dependent. This implies that comparable anticancer
responses may be achieved using lower statin doses over longer
durations versus higher statin doses over a shorter period of time.
Phase I dose escalation studies have indeed demonstrated that
statins are well-tolerated at doses much higher than typically
prescribed for cholesterol management (�10–30 � higher), at least
for defined periods of time (63–66).

Interestingly, while similar concentrations of atorvastatin and
fluvastatin were measured in prostatic tissue following acute treat-
ment, only atorvastatin was found to accumulate within the prostate
relative to the serum (57, 58). This may have important implications
for longer treatment schedules, as the pharmacokinetic properties of
specific statins may enable higher achievable drug concentrations
within certain tumor tissues over time. The choice of statin and
dosing schedule will likely depend on the type of cancer being
treated.

Neoadjuvant statin therapy
A promising therapeutic space for the use of statins is soon

after diagnosis to delay the need for more aggressive treatment

and/or improve the outcome of first-line therapy. In a series of
window-of-opportunity trials in breast and prostate cancer, lipophilic
statin treatment showed evidence of reduced tumor cell proliferation
and increased apoptosis in a subset of patients. In these studies, short-
term neoadjuvant treatment (between 1.5 and 12 weeks) with a
cholesterol-lowering dose of either fluvastatin (33, 58) or atorvasta-
tin (39, 59) was evaluated. In all four studies, pretreatment biopsy
samples were compared with surgical material obtained after statin
treatment. Immunohistochemistry was then performed to evaluate
markers of tumor cell proliferation (Ki67) and/or apoptosis (cleaved
caspase-3). Fluvastatin treatment was reported to increase tumor cell
apoptosis in patients with high-grade breast cancer (33) and localized
prostate cancer (58), where greater increases were observed in patients
on a higher dose (33) or treated for longer durations (58). Similarly,
neoadjuvant atorvastatin therapy was shown to reduce tumor cell
proliferation in patients with primary invasive breast cancer (39).
Subsequent microarray analysis in these same paired clinical samples
revealed atorvastatin-induced effects on genes associated with apo-
ptosis and reduced MAPK signaling (67). While neoadjuvant atorvas-
tatin therapy was not found to reduce intratumoral Ki67 staining
in patients with prostate cancer overall, a significant decrease in Ki67
was observed in patients on atorvastatin for greater than 28 days (59);
however, a similar response in Ki67 was not observed following
fluvastatin therapy (58).

Not only do these studies reinforce that the anticancer effects of
statins are both dose- and time-dependent, but they further high-
light that certain subgroups of patients may benefit more than
others. For example, neoadjuvant fluvastatin treatment in breast
cancer was found to decrease Ki67 and increase cleaved caspase-3
expression in patients with ER-negative, high-grade tumors (33),
which is consistent with ER-negative breast cancer cells being
particularly vulnerable to statin exposure (31). Future studies are
needed to evaluate the potential long-term benefits that these effects
may have on disease progression.

Statins in combination with standard chemotherapy
In phase I/II studies that have evaluated statins in combination with

various standard-of-care therapies, promising responses have been
reported in some patients, ranging from stable disease to complete
responses (64, 66, 68, 69). While it is premature to draw conclusions
about statin efficacy from these studies, these data provide important
information that should be considered when designing future ran-
domized controlled trials (RCTs). For example, the variable responses
observed when considering mixed patient populations suggest that
there are likely specific subsets of patients with cancer who might

Table 1. Properties of different statin drugs.

Human dose (mg; ref. 103)
Statin drug (trade
name)

Low
(# LDL-C <30%)

Moderate
(# LDL-C 30%–49%)

High
(# LDL-C ≥50%) Metabolism (104) Solubility (104)

Atorvastatin (Lipitor) N/A 10–20 40–80 CYP3A4 Lipophilic
Rosuvastatin (Crestor) N/A 5–10 20–40 Non-CYP450 (limited CYP2C9/8) Hydrophilic
Simvastatin (Zocor) 10 20–40 N/A CYP3A4 Lipophilic
Pravastatin (Pravachol) 10–20 40–80 N/A Non-CYP450 Hydrophilic
Lovastatin (Mevacor) 20 40–80 N/A CYP3A4 Lipophilic
Fluvastatin (Lescol) 20–40 40 mg 2 �/day or XL 80 mg N/A CYP2C9 Lipophilic
Pitavastatin (Livalo) N/A 1–4 N/A Non-CYP450 (limited CYP2C9/19) Lipophilic

Abbreviation: XL, extended release.
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benefit from statin therapy, highlighting the need for predictive
biomarkers to inform patient stratification.

Statin therapy has been evaluated in a number of RCTs (Table 2),
including phase III trials in patients with small-cell lung cancer
(SCLC; ref. 70), metastatic colorectal cancer (71), advanced hepa-
tocellular carcinoma (72), or advanced gastric cancer (73). In these
studies, the addition of 40 mg/day pravastatin (70, 72) or simva-
statin (71, 73) to standard chemotherapy offered no additional
benefit compared with chemotherapy alone. While disappointing,
these studies were designed and initiated prior to evidence dem-
onstrating that specific tumor subtypes are more vulnerable to
statins than others. No phase III study to date has stratified patients
on the basis of molecular markers predictive of statin sensitivity;
however, post hoc analyses may uncover that a particular subgroup
of patients benefited from statin therapy in these phase III trials.
Moreover, given our increasing understanding of the differences
between statin drugs and their differential ability to accumulate in
extrahepatic tissues (57, 58, 74), choice of statin drug is an impor-
tant factor. Both pravastatin and simvastatin at 40 mg/day are
moderate-intensity prescriptions (Table 1), and, therefore, higher
doses or prescription of a higher intensity statin might have yielded
greater responses in these studies. Drug combination strategies to
potentiate the anticancer activity of statin drugs might also be
considered for future RCTs.

Combining Statins With Molecular-
targeted Therapies

Statins have been evaluated in combination with various classes of
other anticancer agents, including targeted therapeutics against dif-
ferent oncogenic signaling pathways and epigenetic modifiers
(Table 3). Combining a statin with other targeted therapies can
enhance their anticancer activity and overcome potential drug resis-
tance mechanisms.

As with any combination therapy approach, not only is there the
potential for synergistic anticancer activity, but there is also the possibility
of drug–drug interactions that lead to increased toxicity. Hence, careful
considerationmust begiven todrug selection. In addition todifferences in
solubility, statins alsodiffer fromoneanother inhow theyaremetabolized
(Table 1). For example, atorvastatin is highly lipophilic, but is primarily
metabolized by cytochrome P450 (CYP450) 3A4 (CYP3A4). CYP3A4
function is modulated by certain foods and several commonly prescribed
medications (including many chemotherapeutics), and, therefore, lipo-
philic statins metabolized by other enzymes, such as fluvastatin or
pitavastatin, may offer a lower potential for unwanted drug–drug inter-
actions (75).Moreover, some statins, such as lovastatin, have been shown
to interactwith andmodulate P-glycoprotein activity (amajor drug efflux
pump; refs. 30, 76). These factors must be considered when evaluating
statins in combination with other targeted therapies.

Table 2. Summary of RCTs of statins combined with other therapies in oncology.

Cancer type Statin (dose) Type of study Other therapies Outcome Reference

Lung (SCLC) Pravastatin
(40 mg/day)

Phase III, double-
blind, placebo-
controlled

Etoposide plus cisplatin or
carboplatin

Pravastatinþ standard chemotherapy did not offer
additional benefit compared with chemotherapy
alone

70

Lung (NSCLC) Simvastatin
(40 mg/day)

Phase II Gefitinib Simvastatin þ gefitinib resulted in higher tumor
response rates and longer PFS compared with
gefitinib alone only in subgroup of patients with
EGFRWT nonadenocarcinomas

92

Simvastatin
(40 mg/day)

Phase II Afatinib Simvastatin þ afatinib was well-tolerated, but did
not improve response rates compared with
afatinib alone in patients with
nonadenocarcinomas

93

Hepatocellular Pravastatin
(40 mg/day)

Phase II Transcatheter arterial
embolization followed
by fluorouracil

Pravastatin þ standard therapy prolonged OS
compared with standard therapy alone

105

Pravastatin
(40 mg/day)

Phase III Sorafenib Pravastatinþ sorafenib did not improve OS or PFS
compared with sorafenib alone

72

Gastric Pravastatin
(40 mg/day)

Phase II Epirubicin, cisplatin and
capecitabine

Pravastatin þ standard chemotherapy was well-
tolerated, but did not improve progression-free
rate at 6 months compared with chemotherapy
alone

106

Simvastatin
(40 mg/day)

Phase III, double-
blind, placebo-
controlled

Capecitabine and cisplatin Simvastatin þ capecitabine–cisplatin did not
increase PFS compared with capecitabine–
cisplatin alone

73

Colorectal Simvastatin
(40 mg/day)

Phase III, double-
blind, placebo-
controlled

FOLFIRI/XELIRI Simvastatinþ FOLFIRI/XELIRI did not increase PFS
compared with FOLFIRI/XELIRI alone

71

Pancreatic Simvastatin
(40 mg/day)

Phase II, double-
blind, placebo-
controlled

Gemcitabine Simvastatin þ gemcitabine was well-tolerated, but
did not decrease TTP compared with
gemcitabine alone

48

Multiple
myeloma

Lovastatin
(0.5–2 mg/kg)

Phase II Thalidomide and
dexamethasone

Lovastatin þ thalidomide–dexamethasone
prolonged OS and PFS compared with
thalidomide–dexamethasone alone

68

Abbreviations: OS, overall survival; TTP, time to progression.

Statins as Precision Anticancer Therapeutics

AACRJournals.org Clin Cancer Res; 26(22) November 15, 2020 5795

on December 2, 2020. © 2020 American Association for Cancer Research. clincancerres.aacrjournals.org Downloaded from 

Published OnlineFirst September 4, 2020; DOI: 10.1158/1078-0432.CCR-20-1967 

http://clincancerres.aacrjournals.org/


SREBP inhibition
One approach to potentiate statin-induced apoptosis is via com-

bination treatment with SREBP inhibitors. Similar to normal cells,
statin treatment triggers the activation of the SREBPs in most cancer
cells (Fig. 1). Statin-mediated activation of the SREBPs, particularly
SREBP2, results in the induction of mevalonate pathway gene expres-
sion, including the upregulation of HMGCR. Knockdown of SREBF2
(the gene that encodes SREBP2) via RNAi suppresses this feedback
loop and sensitizes cancer cells to statin-induced death (32, 77).
Consistent with this result, our group identified that the drug dipyr-
idamole, an agent approved for the secondary prevention of cerebral
ischemia, could synergize with statins to induce apoptosis in hema-
tologic cancer (42) and prostate cancer (32) cells. Mechanistically, we
and others have shown that dipyridamole inhibits statin-induced
SREBP activation, thereby preventing the upregulation of mevalonate
pathway genes in response to statin exposure (32, 38, 42). By impairing
this feedback mechanism, dipyridamole significantly reduces the
concentration of statin drug needed to inhibit themevalonate pathway
and induce apoptosis. Because both statins and dipyridamole are FDA-
approved drugs, there is interest in advancing this drug combination to
clinical trials in oncology.

Antiandrogen therapy
Epidemiologic evidence supports a positive association between

statin use and response to antiandrogen therapy in patients with
prostate cancer (78–81). These data are further supported by preclin-
ical studies showing that the combination of a statin with either
abiraterone acetate or enzalutamide enhances cytotoxicity in prostate

cancer cell lines (82, 83). Moreover, enzalutamide-resistant prostate
cancer cells upregulate HMGCR expression, and treatment with
simvastatin resensitizes these cells to enzalutamide (84).

A number of mechanisms have been proposed for the interaction
between statins and antiandrogen therapy. First, cholesterol is a
precursor for androgen biosynthesis, and, therefore, statin-mediated
cholesterol depletion may also reduce intratumoral androgen levels.
Consistent with this hypothesis, statins have been shown to inhibit
androgen receptor (AR) activity in prostate cancer cell lines (82–85). In
these same studies, statins were also found to reduce AR
expression (82–85), possibly via the inhibition of AKT/mTOR signal-
ing (84). Moreover, statin use has been associated with reduced serum
PSA levels in patients with prostate cancer (86), which is regulated by
AR. Finally, certain statin drugs can compete with dehydroepiandros-
terone sulfate, a testosterone precursor, for binding to a transporter at
the surface of prostate cancer cells, and, therefore, block androgen
uptake (78). Taken together, statins can enhance antiandrogen therapy
throughmultiplemechanisms. Prospective clinical trials arewarranted
to evaluate the combination of a statin and antiandrogen therapy in
patients with advanced prostate cancer and other steroid hormone–
driven malignancies.

EGFR inhibitors
Given the interplay between themevalonate pathway and oncogenic

signal transduction (1), numerous studies have evaluated the combi-
nation of a statinwith various agents that target cell signaling (Table 3).
For example, statins synergize with EGFR inhibitors, including erlo-
tinib and gefitinib, to induce cell death in a number of different cancer

Table 3. Statin combinations with small-molecule inhibitors to increase anticancer efficacy.

Agent Molecular target(s) Cancer type(s) Proposed mechanism(s) of interaction Reference

Dipyridamole Polypharmacology with
activity against SREBP

Multiple cancer types, including
AML, multiple myeloma, prostate,
and breast

Dipyridamole inhibits statin-induced SREBP
activation and potentiates statin-induced
apoptosis of tumor cells

32, 38, 42

Zoledronic acid FPP synthase Multiple cancer types, including
lymphoma, breast, and ovarian

Combined inhibition of the mevalonate pathway 52, 107, 108

Abiraterone
acetate

AR Prostate Enhanced suppression of AR signaling; statins
reduce AR expression and activity

82–84

Enzalutamide
Venetoclax BCL2 Hematologic cancers Statins suppress protein geranylgeranylation,

resulting in PUMA upregulation and venetoclax
sensitization

109

Selumetinib MEK, Cys-Glu antiporter Pancreatic Enhanced oxidative stress 27
Erlotinib EGFR Multiple cancer types, including

NSCLC and HNSCC
Enhanced suppression of EGFR signaling; statins
inhibit ligand-induced EGFR activation and AKT
signaling

87–91

Gefitinib
Vismodegib Smoothened Medulloblastoma Enhanced suppression of Hedgehog signaling 21
JQ1 BET bromodomains Pancreatic Combined inhibition of processes downstream of

acetyl-CoA
3

Vorinostat HDACs Multiple cancer types, including
renal and breast

Impaired autophagic flux, AMPK activation 94–96

Panobinostat
Celecoxib COX2 Multiple cancer types, including

prostate and colorectal
Unknown 110–112

Metformin Polypharmacology, indirect
activation of AMPK

Multiple cancer types, including
prostate and endometrial

Unknown; possibly enhanced AMPK activation 113, 114

Anti-PD-1
antibody

PD-1 Multiple cancer types, including
melanoma

Enhanced T-cell activation and antitumor immunity 102

Abbreviations: AML, acute myeloid leukemia; HNSCC, head and neck squamous cell carcinoma.
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cell types in vitro (87). Statins have been shown to inhibit ligand-
induced EGFR activation and downstream AKT signaling, which can
be reversed by exogenousGGPP (88, 89). Statin-mediated inhibition of
AKT has further been implicated as a mechanism for overcoming
resistance to EGFR inhibitors in non–small cell lung cancer (NSCLC)
cells (90, 91). Combined treatment with a statin and EGFR inhibitor
has been evaluated in phase II RCTs in patients withNSCLC (Table 2).
Simvastatin (40 mg/day) in combination with gefitinib resulted in
higher tumor response rates and longer progression-free survival
(PFS) compared with gefitinib alone in patients with EGFR wild-
type nonadenocarcinomas (92); however, similar responses were not
observed when simvastatin was combined with afatinib, a second-
generation EGFR inhibitor (93).

Epigenetic inhibitors
An emerging area of investigation is the combination of statins and

epigenetic inhibitors, including histone deacetylase (HDAC) and
bromodomain inhibitors (refs. 3, 94–96; Table 3). A series of dual-
action compounds has also been developed, where the hydroxamate
group of vorinostat, an HDAC inhibitor, was fused to lovastatin (97).
The resulting HMGCR-HDAC dual inhibitors have been shown to
possess potent and selective anticancer activity (98, 99). In mouse
models of colorectal cancer, treatment with a dual HMGCR-HDAC
inhibitor significantly reduced intestinal inflammation, decreased
tumor burden, and impaired metastasis (98).

The mechanism by which statins and different epigenetic inhibitors
interact remainspoorly characterized.However, given that acetyl-CoA is
required for both protein acetylation and mevalonate metabolism, it is
possible that simultaneously inhibiting multiple acetyl-CoA–dependent
processes is detrimental to tumor cells. Indeed, both histone acetylation
and mevalonate pathway gene expression are upregulated in pancreatic
adenocarcinoma (PDAC) tumors, and cotreatment with atorvastatin
and a bromodomain inhibitor, JQ1, significantly impairs PDAC cell
growth (3).

Immunotherapy
Statins have also been shown to elicit immunomodulatory effects

(reviewed in ref. 100). High cholesterol in the tumor microenvi-
ronment and in tumor-infiltrating CD8þ T cells is associated with
elevated expression of immune checkpoint proteins and enhanced
T-cell exhaustion, which allows tumor cells to escape immune
surveillance (101). Importantly, reducing cholesterol levels in the
tumor microenvironment or in CD8þ T cells restores T-cell anti-
tumor activity (101). These critical observations highlight the
potential for statins to be combined with immunotherapy for the
treatment of cancer. An independent study that evaluated the
vaccine adjuvant activity of statins revealed that lipophilic statins,
such as simvastatin, induce a strong Th1 and cytotoxic T-cell
response in mice and enhance the therapeutic response to cancer
vaccination (102). In particular, the inhibition of protein prenyla-
tion in antigen-presenting cells enhanced antigen presentation and
T-cell activation (102). This favorable antitumor response was
further potentiated by programmed cell death protein-1 (PD-1)
blockade, which resulted in prolonged survival in mice inoculated
with melanoma or human papillomavirus–associated tumors (102).
As most preclinical studies to date have evaluated the anticancer
activity of statins in vitro or in immunocompromised animal
models, future investigation into the immunomodulatory proper-
ties of statins will undoubtably open exciting avenues of research
with important clinical implications.

Outlook
If statins are to be integrated into cancer patient care, a precision

medicine approach is necessary. In this review, we highlighted
recent advances and outlined important considerations for advanc-
ing statins to clinical trials in oncology. We also proposed key
questions that should be the focus of future research (Table 4). As
not all tumors are vulnerable to statin-mediated mevalonate path-
way inhibition, the development of predictive biomarkers of statin
sensitivity is crucial for patient stratification. We have highlighted
some promising preclinical biomarkers of statin sensitivity, which
can be validated in future clinical trials by enriching for patients
with these tumor features. In addition, post hoc analyses of com-
pleted, unbiased RCTs may similarly reveal novel biomarkers of
statin response. However, few statin RCTs in oncology have been
performed to date, and those that have been performed evaluated
moderate-intensity statin regimens. Given the increasing evidence
that certain statins may be better suited as anticancer agents than
others, coupled with data indicating that statin-induced apoptosis is
both dose- and time-dependent, careful consideration is required
when deciding which statin(s) and dosing schedules to evaluate
clinically. It is also unlikely that statins will be prescribed as a
monotherapy, and, therefore, further investigation into drug com-
bination strategies will remain an important area of research. As a
number of preclinical potentiators of statin-induced cancer cell
death have already been described, many of which are FDA-
approved, immediate phase I/II studies are possible. The outcome
of these studies will provide important insights into how to real-
istically use these immediately available, well-tolerated, and inex-
pensive agents as precision anticancer therapeutics.

Table 4. Future research.

(i) With improvements in reagents to study the mevalonate pathway,
including validated HMGCR antibodies, further research into the
mechanisms of mevalonate pathway deregulation in cancer is needed.

(ii) Promising predictive biomarkers have been described in cell line
models, which warrant further characterization and validation in rele-
vant patient-derived models and clinical trials. These may inform
patient inclusion in future RCTs.

(iii) Impaired feedback regulation of the mevalonate pathway has been
described as a feature of statin sensitivity in different cancer cell lines;
however, the extent of this deregulation in human tumors remains to be
characterized. A better understanding of the mechanisms behind this
impairment will allow for the development of additional predictive
biomarkers of statin sensitivity.

(iv) As some statin drugs may have a greater propensity to accumulate in
certain tumor tissues than others, a direct comparison of the achievable
concentrations of different statins in distinct tissues is needed.

(v) Studies are required to evaluate and compare the efficacy of different
statins as anticancer agents at various doses (typical cholesterol-
lowering doses vs. dose escalation) and treatment durations. The
development of dynamic biomarkers of statin response will facilitate
real-time monitoring of treatment efficacy.

(vi) A better understanding of themechanisms bywhich different classes of
agents potentiate the anticancer activity of statins will allow for the
future development of effective drug combinations.

(vii) A number of preclinical potentiators of statin-induced cell death have
been described and need to be evaluated in RCTs.

(viii) Statins have known immunomodulatory properties, which to date have
been poorly studied in the context of cancer. Further research in this
area is imperative. How these properties influence their interactionwith
different immunotherapies should also be explored.
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Figure 1. (A) Pilot experiments to establish dose of single-agent Nelfinavir and Honokiol in LM2-4 
cell line xenograft mouse models of breast cancer (n=3 mice per group. Nelfinavir – 1x daily IP 
injection (Control = 4% DMSO, 5% PEG, 5% Tween80 in saline) Honokiol – 1x daily IP injection 
(Control = EtOH in 20% intralipid) (B) Nelfinavir measured by HPLC in the serum and tumor of the 
mice.  These experiments pilot further evaluation of efficacy in PDO and PDX as outlined for work to 
perform during the next 12 months as part of our no-cost-extension. 
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