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1.INTRODUCTION

Treatment of metastatic castration-resistant prostate cancer (mCRPC) mostly relies on second-generation anti-
androgens agents, such as enzalutamide or abiraterone, which have greatly improved quality of life and survival 
of patients 1-3. However, most patients eventually progress to treatment-refractory metastatic disease 4. Despite 
castrate levels of circulating androgens in patients on androgen deprivation therapy, persistent activation of the 
androgen receptor (AR) axis still drives mCRPC 5. Different mechanisms of resistance to AR-directed therapies 
have been described, including the emergence of AR splice variants (AR-Vs), such as AR-V7 6-8. AR-V7 lacks 
the C-terminal ligand-binding domain of full-length AR (AR-FL) and functions as a constitutively active, ligand-
independent transcription factor that drives growth of mCRPC cells in vitro and in vivo 9. AR-V7 mRNA and 
protein are up-regulated in mCRPC bone metastases 10 and associated with a decrease in overall survival 11 and 
resistance to Enza and/or Abi treatment 12. 
In contrast to normal prostatic cells that rely mostly on diet-derived lipids for fatty acids (FA), prostate cancer 
(PCa) progression is marked by increasing rates of de-novo FA synthesis, independent of circulating lipid levels 
13. The key enzyme, fatty acid synthase (FASN), catalyzes the synthesis of palmitate from malonyl-CoA and
acetyl-CoA using NADPH as the reducing agent. The expression of enzymes in the lipogenic pathway, including
FASN, and transcriptional regulators such as the sterol regulatory element-binding proteins (SREBPs) is
significantly increased in PCa, especially in the mCRPC setting 14-16. Besides providing structural lipids and
bioenergetics to sustain cancer cell growth, enhanced FASN activity is also accompanied by activation of the
PI3K/Akt/mTORC1 pathway, palmitoylation of known oncogenes including k-RAS and WNT-1, regulation of
endoplasmic reticulum function to sustain membrane biogenesis 13, 17, and resistance to genotoxic insults 18.
Inhibition of FASN activity through genetic and pharmacological means suppresses PCa cell growth by cell cycle
arrest and/or apoptosis 13, while FASN overexpression is linked to resistance to chemotherapy 18. FASN
expression is transcriptionally induced by AR through the activation of SREBP1 19 or by a direct binding to FASN
promoter regions 20. However, the evidence that SREBP1 inhibition can downregulate AR-FL 21 suggests a
mutual regulation between AR signaling and FA metabolism.

2.KEYWORDS
Prostate cancer, castration-resistant prostate cancer (CRPC), lipogenesis, AR signaling, AR-V7, fatty acid
synthase (FASN), metabolomics, ER stress.

3.ACCOMPLISHMENTS

- What were the major goals of the project?
The major goals of this project were to: 1) evaluate the therapeutic benefit of inhibiting de novo lipogenesis in
preclinical models of prostate cancer (in vitro and in vivo), with a particular attention to castration resistant
prostate cancer (CRPC); 2) evaluate the metabolic effects of fatty acid synthase (FASN) inhibition in CRPC; 3)
evaluate the therapeutic benefit of combining inhibitors of de novo lipogenesis and AR signaling inhibitors; 4)
understand the underpinning molecular mechanisms of FASN inhibitors activity; 5) evaluate the expression of
FASN, AR-FL and AR-V7 in human metastatic prostate cancer; 6) characterize the mechanism of AR
downregulation following FASN inhibition; 7) determine how de novo lipogenesis inhibition affects DNA damage
response; 8) evaluate if targeting FASN enhances efficacy of PARP inhibition therapy in CRPC; 9) evaluate the
effects of FASN inhibition in the lipidome of prostate cancer cells; 10) characterize lipidome in patient-derived
xenograft (PDX) model; 11) characterize the energetic profile and metabolic adaptation induced by FASN
blockade; 12) assess the impact of FASN blockade in cell bioenergetic and energy source;

- What was accomplished under these goals?

A) The major activities of this project were:

1. Evaluate the therapeutic efficacy of FASN inhibitor IPI-9119 using in-vitro CRPC models, in CRPC xenograft
models, and in patient-derived organoids.
2. Evaluate the effect of FASN inhibitor IPI-9119 on tumor transcriptome using in vitro models.
3. Evaluate the effect of FASN inhibitor IPI-9119 on tumor metabolome using in vitro models.
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4. Evaluate the mechanisms linking FASN activity suppression and AR pathway inhibition.
5. Evaluate the effect of FASN inhibitor IPI-9119 on the androgen receptor transcriptional activity.
6. Evaluate the expression of FASN and androgen receptor (AR-FL and AR-V7) in human cases of metastatic
prostate cancer.
7. Evaluate how FASN inhibition through IPI-9119 downregulates AR and AR-V7 levels in CRPC models.
8. Evaluate the synergistic effect of FASN inhibition with other therapies, such as PARP inhibition and AR
antagonists, in CRPC models.
9. Evaluate the effect of FASN inhibitor IPI-9119 on tumor lipidome using in vitro models.
10. Evaluate lipidome of different PDX models and correlate with gene alterations.
11. Evaluate CRPC cells adaptation and bioenergetics following FASN inhibition.

B) The specific objectives of this project were:

1. Evaluate the effect of FASN inhibitor IPI-9119 on tumor growth/ cell cycle/ apoptosis in preclinical models of
androgen-sensitive castration resistant prostate cancer and patient-derived organoids (Dana-Farber Cancer
Institute site /PI: Loda/ Partners site /PI: Plymate).
2. Perform RNA-seq to evaluate the effect of FASN inhibition on tumor transcriptome (Dana-Farber Cancer
Institute site /PI: Loda/ Partners site /PI: Plymate).
3. Perform metabolomics to evaluate the effect of FASN inhibition on tumor metabolome Dana-Farber Cancer
Institute site /PI: Loda).
4. Evaluate the mechanisms linking FASN activity suppression and AR pathway inhibition (Dana-Farber Cancer
Institute site /PI: Loda/ Partners site /PI: Dehm).
5. Evaluate the effect of FASN inhibitor IPI-9119 on the androgen receptor transcriptional activity. (Dana-Farber
Cancer Institute site /PI: Loda/ Partners site /PI: Plymate; PI: Dehm).
6. Explore opportunities for therapy with IPI-9119 in the clinical metastatic prostate cancer setting by
characterizing FASN and androgen receptor expression in human cases of advanced disease. (Dana-Farber
Cancer Institute site /PI: Loda/ Partners site /PI: Plymate).
7. Evaluate the effect of FASN inhibitor IPI-9119 on AR and AR-V7 degradation through proteasome in castration
resistant prostate cancer, also characterizing receptor dimerization role by AR-V7 overexpression in AR-null cell
lines (Weill Cornell Medical College /PI: Loda).
8. Assess how FASN inhibition through IPI-9119 can potentiate anti-tumor efficacy of the antagonist of the
androgen receptor Enzalutamide in 3D organoid models of CRPC (Weill Cornell Medical College /PI: Loda).
9. Determine the effect of FASN activity suppression by IPI-9119 in DNA damage repair (DDR) pathway
modulation, using RNAseq data analysis, western blot characterization of key enzymes in DDR pathways and a
proposed mechanism that involves sphingolipid metabolism upregulation (Weill Cornell Medical College /PI:
Loda).
10. Evaluate the lipid remodeling caused by FASN inhibition in both androgen sensitive and CRPC cell lines
(Partners site /PI: Dehm).
11. Characterize the lipid profiling of different PDX models and relative gene expression of lipid modifying
enzymes (Partners site /PI: Plymate).
12. Characterize how FASN inhibition alters respiration and mitochondria function in CRPC cells (Weill Cornell
Medical College /PI: Loda).

C) Significant results and key outcomes:

1. FASN inhibition blocks cell growth and induces apoptosis
As described in SOW for year 1 (months 1-12), we further characterized FASN activity under treatment with 
IPI-9119 and analyzed cell growth, cell cycle kinetics, and apoptosis across a panel of AR-positive, androgen-
dependent (AD) (LNCaP), androgen independent (AI) (C4-2, C4-2B, LNCaP-Abl) and Enza/Abi-resistant AI cell 
lines harboring the AR-V7 splice variant (22Rv1, LNCaP-95). IPI-9119 inhibited cell growth and clonogenic 
survival in PCa cell lines (Figure 1A-B, representative images). Cell growth inhibition by IPI-9119 was rescued 
by the addition of exogenous palmitate, confirming that the effects on cell growth and survival were due to on-
target activity and that palmitate rather than the toxic accumulation of malonyl-CoA accounts for IPI-9119-
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mediated anti-cancer effect (Figure 1C). IPI-9119 reduced the proportion of S-phase cells and increased that of 
G0/G1- and sub-G1-phase cells (Figure 1D), and decreased expression of cyclin A2 (Figure 1E). Analysis of 
Parp cleavage, Annexin V, and propidium iodide staining showed induction of apoptosis by IPI-9119 (Figure 
1E). 

Figure 1. IPI-9119 inhibits PCa cell growth and induces cell cycle arrest and apoptosis. 

A) Measurement of cell growth after 6-day treatment with IPI-9119 (IPI). Data are expressed as the mean number of viable cells ±
SD and plotted as % DMSO. ****p<0.0001, one-way ANOVA followed by Tukey’s post hoc test. (B) Clonogenic assay, following 3-
week treatment with IPI or DMSO. Representative images of colony formation (left) and quantification (right). Data are expressed as
the mean optical density (OD) ± SD (n. **p<0.01, ***p<0.001, ****p<0.0001, one-way ANOVA followed by Tukey’s post hoc test. (C) Cell
growth rescue by exogenous palmitate. Data are expressed as the mean growth ± SD (n/concentration= 9) and plotted as % DMSO.
****p<0.0001 IPI vs DMSO, ####p<0.0001 IPI+palmitate vs IPI, two-way ANOVA followed by Sidak’s post hoc test. (D) Flow cytometry
using propidium iodide (PI) and bromodeoxyuridine (BrDU), following IPI treatment (6 days). Data are expressed as the mean % ±
SD (n=6). **p<0.01, ***p<0.001, ****p<0.0001, two-way ANOVA followed by Sidak’s post hoc test. (E) Representative immunoblotting
of cell cycle and apoptosis markers. Experiment was repeated twice. S-phase inhibitor aphidicolin (Aphi, 0.3 ug/ml, 3 hrs) and the
apoptosis inducer staurosporine (Stauro, 1uM for 24 hrs) were used as positive controls.
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No growth inhibition by IPI-9119 was observed in FASN knockout (KO) PCa cells (Figure 2A,B), 
confirming the specificity of IPI-9119 for FASN. Moreover, the anti-tumor effect of IPI-9119 was preserved in 
culture medium with whole serum compared to lipid-reduced serum (Figure 2C). 

Following the preliminary preclinical data included in the grant proposal, as stated in the SOW for year 1 
(months 3-30), we started testing the effect of FASN inhibitor IPI-9119 in other CRPC. We utilized LNCaP-95 
xenograft, a model of CRPC resistant to Enza and/or Abi. LNCaP-95-bearing xenografts were exposed to IPI-
9119 with a constant infusion (0.5 μl/hr; 100 mg/ml) for 4 weeks, using a subcutaneous osmotic ALZET pump. 
Mice did not show any signs of toxicity, stress, weight loss (Figure  3A) or changes in feeding behavior. We 
observed significant inhibition of xenograft tumor growth at the end of the treatment (33% inhibition-end of 
treatment; p<0.0016, Mann-Whitney test) (Figure 3B), with concomitant intra-tumoral inhibition of FASN activity 
(Figure 3C). Finally, we tested the efficacy of IPI-9119 in MSK-PCa3, a published and publicly available CRPC 
patient-derived organoid model, which is a FASN and AR-FL positive human mCRPC organoid line (13). An 
equal number of cells were plated and organoids were grown for 25 days. We observed significant reduction in 
organoid growth under treatment with IPI-9119 (Figure 3D), confirming the anti-tumorigenic effect of FASN 
inhibition in human mCRPC. 
.  
 
 
 
 
 

 
Figure 2. IPI-9119 specifically inhibits FASN-mediated cell growth in PCa cells. 
(A) Cell growth of FASN KO-1 (clone 1) and KO-2 (clone 2) LNCaP-95 and control (Lac Z KO) cells, following treatment with IPI for 
6 days. Data are expressed as the mean number of viable cells ± SD (n/concentration= 3), and plotted as % DMSO of Lac Z KO 

cells. 
****

p<0.0001 IPI vs DMSO, two-way ANOVA followed by Sidak’s post hoc test. (B) Immunoblotting showing the complete 
absence of FASN in single FASN KO clones (1 and 2). (C) Effect of different media on IPI efficacy. Cell growth was assessed after 
6 days of treatment with IPI in the presence of different sera composition and % in the media. FBS: fetal bovine serum; CSS: 
charcoal stripped serum; LPDS: lipoprotein depleted serum. Data are expressed as the mean ± SD of 9 independent samples (n=9).  
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Site of performance: Dana-Farber Cancer Institute/ University of Washington 
DFCI site team: Massimo Loda (PI), Giorgia Zadra (Co-investigator), Leigh Ellis (Co-investigator), Caroline F. 
Ribeiro (Post-doctoral fellow). 
Partners site team: Stephen Plymate (co-PI), Cynthia Sprenger (co-investigator), Shihua Sun, Kathryn Epilepsia, 
Gang Liu, Yan Wang.  

2. FASN inhibition alters the PCa transcriptome
As described in SOW for year 1 (months 1-12), we performed RNA-seq in AD LNCaP and AI (22Rv1 and 
LNCaP-95) to explore the effect of FASN inhibitor IPI-9119 on the tumor transcriptome. This analysis revealed 
broad upregulation of key lipogenic genes suggesting a compensatory mechanism to inhibition of FASN activity 
(Figure 4).  

Figure 3. IPI-9119 specifically inhibits FASN-mediated cell growth in PCa cells. 
(A) Mouse body weight under treatment with IPI-9119 (IPI) using subcutaneous pump infusion for four weeks. (B) Average tumor
volume of LNCaP-95 xenografts during 28-day treatment with IPI-9119 (IPI) using the ALZET subcutaneous pump infusion (n=20
vehicle, n=17 IPI). Results are expressed as n fold the mean initial volume (equal to 1) ± SEM. (**p= 0.0016, end of treatment,
Mann-Whitney non-parametric test). (C) Measurement of FASN activity in LNCaP-95 xenografts homogenates collected at the end
of treatment. Results are expressed as cpm normalized to protein content ± SD ****p<0.0001, Mann-Whitney non-parametric test.
(D) Representative image of MSK-PCa3 organoids treated with IPI or DMSO for 25 days (left). Statistical analysis of the organoids
sizes (right). Diameters of organoids treated with IPI were compared to DMSO (n= 78 DMSO-treated, n= 95 IPI-treated),
****p<0.0001, Student t-test. Pixel magnification is indicated.
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Site of performance: Dana-Farber Cancer Institute/ University of Washington 
DFCI site team: Massimo Loda (PI), Giorgia Zadra (Co-investigator), Leigh Ellis (Co-investigator), Caroline F. 
Ribeiro (Post-Doctoral fellow). 
Partners site team: Stephen Plymate (co-PI), Cynthia Sprenger (co-investigator), Shihua Sun, Kathryn Epilepsia, 
Gang Liu, Yan Wang.  

Moreover, in agreement with metabolomics data (see below), gene set enrichment analysis (GSEA) using RNA-
seq data confirmed downregulation of pathways associated with amino-acid and protein translation (i.e., LNCaP 
cells), as well as purine and pyrimidine synthesis (i.e., 22Rv1 and LNCaP-95 cells) (data not shown), providing 
the map of a profound metabolic reprogramming induced by FASN inhibition (Figure 5C). 

3. FASN inhibition alters the PCa metabolome
As stated in the SOW (months: 3-30), we analyzed the metabolic consequences of FASN inhibition. Metabolic 
profiling was performed in cell lysates of LNCaP, 22Rv1, and LNCaP-95 cells exposed to IPI-9119 or DMSO for 
6 days. A marked separation of samples treated with IPI-9119 from control groups (independent of the drug 
concentration) was observed based on the entire metabolic profile (Figure 5A). Ninety-one of 418 metabolites 
were significantly modulated by IPI-919 treatment (both 0.1 and 0.5 μM) in all the cell lines analyzed (p<0.05; 
FDR<0.05) (Figure 5B). These included metabolites involved in lipid metabolism as well as amino acid, TCA 

Figure 4. Expression of key genes of lipid metabolism is increased following treatment with IPI-9119. Heatmaps of RNA-seq 
data showing the expression of key genes involved in lipid metabolism. Normalized counts are shown (n=3). 
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cycle, carbohydrate, and nucleotide metabolism. As expected from the suppression of de-novo lipogenesis, 
significant reduction of the two most common FAs derived from palmitate, namely oleic and palmitoleic acids, 
and accumulation of polyunsaturated FAs (DPA, DHA, EPA, and arachidonate) (Figure 5C) were observed. 
Moreover, enhanced phospholipid remodeling (e.g., decrease in phosphoethanolamine species in favor of 
phosphatidylcholine) was induced in LNCaP and LNCaP-95 cells (data not shown). Thus, while RNA-seq data 

Figure 5. IPI-9119 induces a profound metabolic reprogramming in PCa cells. 
(A) Principal component analysis of the PCa cell lines analyzed (n= 6/condition). (B) Heatmap representing the metabolites
significantly altered under IPI treatment at both drug concentrations (0.1 and 0.5 μM) in all the 3 cell lines (p<0.05, FDR <0.05). log2

(normalized values +1) are plotted. (C) Box plots showing the levels of key metabolites involved in lipid metabolism from
metabolomics data, (n= 6/condition). ***q<0.001; **q<0.01; *q<0.05, Student t-test.
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highlighted compensatory transcriptional upregulation of FA synthesis genes/regulators by IPI-9119, the intra-
cellular metabolic changes confirmed the suppression of FASN activity.  

Following blockade of FA synthesis, unused acetyl-CoA can be redirected towards the cholesterol 
pathway. Increased intracellular cholesterol levels were detected in all cell lines (Figure 6A). Accordingly, GSEA 
highlighted the upregulation of cholesterol synthesis and steroidogenesis pathways (Figure 6B).  

MS-based analyses, however, did not reveal any significant increase in testosterone or 
dihydrotestosterone levels (data not shown). Alterations in metabolic pathways other than FA synthesis (e.g., 
glutamine/glutamate, branched-chain amino acids, glycogen metabolism) were observed in a cell-type specific 
manner (Figure 7). These data show that IPI-9119 profoundly alters FA metabolism, affecting both synthetic and 
catabolic reactions. 

Site of performance: Dana-Farber Cancer Institute 
DFCI site team: Massimo Loda (PI), Giorgia Zadra (Co-investigator), Leigh Ellis (Co-investigator), Caroline F. 
Ribeiro (Post-Doctoral fellow). 

Figure 6. Graphical representation of the key metabolites involved in central carbon metabolism. Metabolites that were 
significantly increased or decreased under IPI-9119 treatment (6 days) at both the concentration (IPI 0.1 vs DMSO and IPI 0.5 
uM vs DMSO, p value <0.05, FDR < 0.05; Student t-test) are depicted in red or blue, respectively (n=6/ condition).
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4. IPI-9119 induces ER stress and AR/AR-V7 protein translation inhibition
In our grant proposal, we showed that FASN inhibition with IPI-9119 reduces AR-FL and AR-V7 proteins. We 
thus explored the mechanisms underpinning AR-FL/AR-V7 reduction induced by FASN inhibition. It has 
previously been shown that changes in membrane lipid composition, including increased phosphatidylcholine/ 
phosphatidylethanolamine ratio and increased free cholesterol levels induce endoplasmic reticulum (ER) stress 
22-24. Our metabolomics data confirmed these alterations following IPI-9119 treatment (data not shown). FASN
inhibition-induced ER stress was previously associated with increased phosphorylation of the translation initiation
factor eiF2α, reduction in cellular protein synthesis, and induction of apoptosis 17. Moreover, alteration of calcium
(Ca2+) homeostasis induced by the ER stress inducer thapsigargin (Tg) or Ca2+ ionophore was reported to inhibit
Cap-dependent AR protein synthesis and to induce AR degradation, respectively 25, 26. Therefore, instead of
focusing on the spliceosome (as stated in the SOW, months 1-12) we turned our attention on the effect of IPI-
9119 on ER stress. Specifically, we assessed whether induction of ER stress was associated with IPI-9119-
mediated reduction in AR-FL/AR-V7 protein synthesis and anti-proliferative effects. We confirmed increased
phosphorylation of eiF2α starting at 3 days of treatment with IPI-9119, and global protein synthesis reduction
(Figs. 7A and B). Accordingly, we observed IPI-9119-mediated reduction of protein translation co-factor eiF4B,
recently involved in FASN-mediated oncogenic translation 27 (Figure 7C). To corroborate the link between
induction of ER stress and reduction of AR axis, we used the ER stressor Tg at early time points (12hr) where
cell growth inhibition was not evident yet. While Tg induced significant reduction of AR-FL in LNCaP cells, a one-
hr pretreatment with an ER stress inhibitor, the Ca2+ chelant bapta (20 uM), partially restored its expression.
Similar results were obtained when ER stress was inhibited using the PERK inhibitor GSK 2606414 (100 nM, 24
hr) (Figs. 7D and E). These results suggest that ER stress is involved in inducing AR pathway downregulation.
Finally, addition of exogenous palmitate ameliorates ER stress markers while rescuing both AR/AR-V7
expression (Figure 7F) and IPI-9119-induced cell growth inhibition (Figure 1C). We confirmed these findings
using FASN KO models (data not shown). Altogether, these data suggest the participation of ER stress in
mediating the anti-cancer effect of FASN inhibition (Figure 7G) in concert with other mechanisms, first and
foremost the reduction of lipid membrane synthesis.

Sites of performance: Dana-Farber Cancer Institute, University of Minnesota, Twin Cities 
DFCI site team: Massimo Loda (PI), Giorgia Zadra (Co-investigator), Leigh Ellis (Co-investigator), Caroline F. 
Ribeiro (Post-Doctoral fellow). 
U of M site team: Scott Dehm (co-PI), Yeung Louisa Ho (Post-doctoral fellow), Yingming Li (Research Associate) 
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Site of performance: Dana-Farber Cancer Institute, University of Minnesota, Twin Cities 
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(A) Immunoblotting showing the induction of ER stress marker p-eiF2α in LNCaP and LNCaP-95 cells treated with IPI
for 3 and 6 days; (B) Immunoblotting with the anti-puromycin antibody (SUnSET assay) showing the reduction of protein
synthesis in LNCaP and LNCaP-95 cells treated with IPI-9119 (IPI) for 3 and 6 days; (C) Representative immunoblotting
showing the downregulation of translation initiator co-factor eiF4B, following treatment with IPI for 6 days. Experiment
was repeated twice (LNCaP) and 4 times (LNCaP-95) with similar results. (D) (E) Representative immunoblotting
showing the rescue of AR expression, following reduction of ER stress using the Ca2+ chelant Bapta. (F) Representative
immunoblotting showing concomitant rescue of IPI-9119-mediated AR/AR-V7 reduction and ER stress, following
incubation with Palmitate for 3 days. Palmitate (50 μM) was complexed with BSA (molar ratio 6:1) while control cells
were treated with BSA only. (G) Schematic representation of the involvement of ER stress in mediating IPI-9119 effects.
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DFCI site team: Massimo Loda (PI), Giorgia Zadra (Co-investigator), Leigh Ellis (Co-investigator), Caroline F. 
Ribeiro (Post-doctoral fellow). 
U of M site team: Scott Dehm (co-PI), Yeung Louisa Ho (Post-doctoral fellow), Yingming Li (Research Associate) 

5. IPI-9119 Inhibits AR-FL and AR-V7 transcriptional activity.

Analysis of RNA-seq data from LNCaP cells treated with IPI-9119 revealed reduced expression of canonical AR-
FL target genes (e.g. KLK3, TMRSS2, NKX3-1) (Figure 8A). Accordingly, activity of an AR-responsive luciferase 
reporter was inhibited by IPI-9119 in LNCaP cells (Figure 8B). We also observed suppression of an M-phase 
cell cycle gene signature previously found to be associated with AR-V7 transcriptional activity 28, but also 
representing biphasic AR-FL targets (Figure 8C) 7. Significantly, this signature was completely restored by the 
addition of exogenous palmitate (Figure 8D). More importantly, IPI-9119 inhibited a gene signature found in 
CRPC bone metastases, which express high mRNA levels of AR-V7 29 (Figure 8E). Similar results were obtained 
in 22Rv1 (data not shown). Finally, we observed a trending downregulation of a recently published AR-V7-
modulated gene set (33 up-regulated genes in common between LNCaP-95 and 22Rv1 cells) identified during 
analyses of AR-V7-regulated transcriptome and cistrome 30 (Figure 8F). c-MYC, an oncogene commonly 
amplified in CRPC, had been previously described as an androgen-independent, AR-dependent target gene.). 
c-MYC protein was significantly reduced in IPI-9119-treated AD and AI cells and rescued by exogenous palmitate
(Figs. 8G). Pre-ranked GSEA also confirmed the downregulation of a c-MYC transcriptional signature (V1)
(Figure 8H). Finally, we went back to our findings of IPI-9119-mediated reduction of AR-V7 protein, and its
transcriptional activity in CRPC cells to test the combination of IPI-9119 and Enza in 22Rv1, a cell line resistant
to Enza and driven by AR-V7. Our data show that the combination of IPI-9119 and Enza was more effective in
reducing 22Rv1 cell growth than either of the single agents (Figure 8I).
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Site of performance: Dana-Farber Cancer Institute, University of Minnesota, Twin Cities 
DFCI site team: Massimo Loda (PI), Giorgia Zadra (Co-investigator), Leigh Ellis (Co-investigator), Caroline F. 
Ribeiro (Post-doctoral fellow). 
U of M site team: Scott Dehm (co-PI), Yeung Louisa Ho (Post-doctoral fellow), Yingming Li (Research Associate) 

Figure 8. IPI-9119 inhibits AR transcriptional activity and enhances enzalutamide efficacy. 
(A) Heatmap of canonical AR target genes, following treatment with IPI-9119 (IPI) or DMSO for 6 days. Normalized counts (n=3)
are shown. (B) Luciferase activity in LNCaP cells treated with IPI for 6 days. ****p<0.0001, one-way ANOVA, followed by Tukey’s
post hoc test. Data represent mean ± SD (n=3). (C) Heatmap of RNA-seq data showing IPI-mediated abrogation of the AR-V7_UP
gene signature after 6 days of treatment. Normalized counts are shown (n=3). (D) Heatmap of TaqMan™ Array Microfluidic
Cards data showing palmitate rescue of the AR-V7_UP gene signature. Results are expressed as fold change of DMSO treatment.
Normalized values are shown (n=3). (E) Pre-ranked GSEA analysis showing IPI-mediated reversion of a gene signature associated 
with CRPC bone mets expressing high levels of AR-V7; p-values are indicated. (F) Representative immunoblotting showing the
reduction of c-MYC protein expression under treatment with IPI for 6 days. Co-incubation with palmitate restored c-MYC
expression. Palmitate (50 μM) was complexed with BSA (molar ratio 6:1) while control cells were treated with BSA only. (G) Pre-
ranked GSEA analysis showing IPI-mediated negative modulation of MYC_TARGETs_V1 signature (Hallmarks; h.all.v5.2s
symbols.gmt); FDR values are indicated. (H) Cell growth after 6 days of Enza and IPI co-treatment. ****p<0.0001 IPI vs DMSO,
##p<0.01 Enza vs DMSO, $$p<0.01 IPI+Enza vs IPI, &&&&p<0.01 IPI+Enza vs Enza, two-way ANOVA followed by Sidak’s post hoc
test.
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6. In human mCRPC cases FASN protein is co-expressed with AR-FL and AR-V7

Analysis of human tissue from metastatic sites related to advanced prostate cancer show co-expression of AR-
FL and AR-V7 with FASN. Tissue microarrays (TMAs) from 55 mCRPC patients, excluding neuroendocrine 
cases, were used for this analysis. In 87% of all metastases there was a significant association with FASN and 
AR-FL expression. AR-V7 positivity concomitant to FASN expression was observed in 39% of bone metastases, 
and 12% of visceral sites (Figure 9A, B, D). This indicates that FASN may be targeted in the majority of mCRPC, 
independently of AR-V7 status. Twenty-two of the cases analyzed were resistant to Enzalutamide and/or 
Abiraterone, and within this subset 77% of cases were positive for FASN and AR-V7. In addition, AR-V7 was 
detected in up to 25% of Enza/Abi treatment-naïve cases, always co-expressed with FASN (Figure 9C). 
These findings have important therapeutic implications, particularly in the castration-resistant setting, since most 
human CRPC metastases we examined co-expressed FASN and AR-FL. Inhibition of de-novo lipogenesis could 
be proposed in association with Enza and/or Abi or taxanes, to delay/overcome resistance. Alternatively, FASN 
inhibition could be undertaken in tumors that are still AR-driven once resistance has emerged. Carefully designed 
clinical trials are required to establish the therapeutic timing, combinatorial regimens and the population suitable 
for treatment with FASN inhibitors. 

Site of performance: Dana-Farber Cancer Institute 

Figure 9. FASN is co-expressed with AR-FL and AR-V7 in human mCRPCs.  
(A) Status of FASN, AR-FL, AR-V7 in metastatic sites. Data are expressed as a percentage of either osseous or visceral metastases.
(B) Representative images of FASN co-expression with AR-FL and AR-V7 (20X) in bone metastases: Bright field (a), FASN/AR-FL
staining (b), FASN/AR-V7 staining in AR-V7-negative bone metastasis from a mCRPC Enza/Abi-naïve patient (c); Bright field (d),
FASN/AR-FL staining (e), FASN/AR-V7 staining in AR-V7-positive bone metastasis from a mCRPC Enza/Abi-naïve patient (f); Bright
field (g), FASN/AR-FL staining (h), FASN/AR-V7 staining in AR-V7-positive bone metastasis from a mCRPC Enza/Abi-treated patient
(i). (C) Bar graph showing the percentage of patients with FASN/AR-FL and FASN/AR-V7 co-expression in all mCRPC patients
analyzed or in the subset treated with Enza/Abi. (D) Representative images of FASN co-expression with AR-FL and AR-V7 (20X) in
liver metastases: Bright field (a), FASN/AR-FL staining (b), FASN/ AR-V7 staining in AR-V7-negative liver metastasis from a mCRPC
Enza/Abi-naïve patient (c); Bright field (d), FASN/AR-FL staining (e), FASN/ AR-V7 staining in ARV7-positive liver metastasis from a
mCRPC Enza/Abi-naïve patient (f); Bright field (g), FASN/AR-FL staining (h), FASN/AR-V7 staining in AR-V7-positive liver metastasis
from a mCRPC Enza/Abi-treated patient (i)
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DFCI site team: Massimo Loda (PI), Giorgia Zadra (Co-investigator), Caroline F. Ribeiro (Post-Doctoral fellow). 

7. FASN inhibition induces AR and AR-V7 specific degradation through proteasome

As proposed in Aim 3 and SOW for years 2 and 3, we investigated the mechanism of AR signaling 
downregulation after IPI-9119 treatment. To confirm that FASN inhibition induces AR and AR-V7 protein 
degradation, we combined IPI-9119 treatment with MG132, a potent proteasome inhibitor. In LNCaP cell lines, 
it’s observed that inhibition of proteasome leads to increased AR-FL levels in comparison to IPI-9119 treatment 
alone, for both 0.1 and 0.5uM conditions (Figure 10A). In LNCaP-95 cells, AR-V7 expression levels are also 
increased with MG132 treatment in comparison to IPI-9119 alone, while AR-FL levels do not seem to significantly 
differ in the presence or absence of proteasome inhibitor (Figure 10B). To confirm FASN inhibition-driven AR-
V7 downregulation mainly regulated at the protein level we treated LNCaP cells stably overexpressing AR-V7 
under the inducible TRE3G promoter with IPI-9119; ectopic AR-V7 protein expression was significantly reduced 
by IPI-9119 treatment (Figure 10C). Interestingly, when we express AR-V7 similarly in the AR-null cell line PC3 
no reduction is observed following IPI-9119 treatment for 6 days, indicating a degradation mechanism that 
involves receptor dimerization (Figure 10D).  

Site of performance: Weill Cornell Medical College 
WCM site team: Massimo Loda (PI), Caroline F. Ribeiro (Research associate). 

8. FASN inhibition enhances Enzalutamide efficacy in reducing cell growth

As proposed in Aim 1 and SOW for years 2 and 3, we investigated the therapeutic efficacy of combining the 
FASN inhibitor IPI-9119 with the androgen receptor antagonist Enzalutamide. In our previous report we show 
that in prostate cancer cell line 22Rv1 the combinatorial treatment enhances cell growth reduction in comparison 
to IPI-9119 and Enzalutamide alone. Now, we confirmed these findings in 3D organoid models derived from 
human CRPC (MSK-PCa3). As shown in Figure 11A organoids growth, as measure by diameter size, is reduced 
when Enzalutamide and IPI-9119 are combined, at higher efficacy than either agent alone. Cell growth, as 

Figure 10. IPI-9119 induces AR and AR-V7 proteasome degradation. 

A) Representative immunoblotting of AR-FL expression in LNCaP cells following treatment with IPI-9119 at 0.1 uM and 0.5uM for
6 days and with the proteasome inhibitor MG132 at 20uM for 4h. B) Representative immunoblotting of AR-FL and AR-V7
expression in LNCaP-95 cells following treatment with IPI-9119 at 0.1 uM and 0.5uM for 6 days and with the proteasome inhibitor
MG132 at 20uM for 4h. C) Representative immunoblotting of PSA and AR-V7 overexpression with inducible agent doxycycline in
LNCaP cells following treatment with IPI-9119 at 0.1 uM and 0.5uM for 6 days. D) Representative immunoblotting of AR-V7
overexpression with inducible agent doxycycline in AR-null cells PC3 following treatment with IPI-9119 at 0.1 uM and 0.5uM for 6
days.
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measured by number of viable cells, is also increased in the combinatorial treatment (Figure 11B). Altogether, 
this data show that FASN inhibition potentiates Enzalutamide therapeutic efficacy in pre-clinical models and can 
be an option to overcome treatment resistance in advanced prostate cancer.  

Site of performance: Weill Cornell Medical College  
WCM site team: Massimo Loda (PI), Caroline F. Ribeiro (Research associate). 

9. FASN inhibition modulates DNA damage repair and sensitizes CRPC cells and organoid models to PARP

inhibitor 

As proposed in our previous progress report, we decided to investigate how FASN inhibition could be combined 
with other therapies to potentiate anti-tumoral effect. Pre-ranked GSEA showed that FASN inhibition down-
regulates gene signatures associated with DNA damage response: DNA repair, double strand break repair and 
Homologous Recombination (Figure 12A). At the protein level, we observed that phosphorylation of H2A histone 
family member X is increased following IPI-9119 treatment, a known marker of double-strand breaks in dsDNA 

Figure 11. IPI-9119 enhances enzalutamide efficacy in human organoid model of CRPC 
A) Growth of 3D organoid models of human CRPC after 25 days treatment with IPI-9119 at 0.5uM and Enzalutamide at 20uM.
Data are expressed as organoid diameter fold change in comparison to the control DMSO. **p<0.01, Anova and Tukey’s test. B)
Cell growth of CRPC organoid models after FASN inhibition determined through trypan blue exclusion method in automated cell
counter (Vi-Cell BLU). Data expressed as mean number of viable cells ± SD and plotted as % DMSO. *p<0.05, Anova and Tukey’s
test.
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(Figure 12B), while phosphorylation of Ataxia-telangiectasia mutated (ATM) kinase and Ataxia-telangiectasia 
and Rad3-related protein (ATR) is reduced, showing impairment of DNA damage repair pathways (Figure 12C). 
Ceramides, sphingolipids with important role in the cellular metabolism, have been implicated with PP2A 
activation; untargeted MS-based metabolomics shows that IPI-9119 treatment increases ceramide accumulation 
in prostate cancer cells (Figure 12D) concomitantly to increased PP2A expression (Figure 12E). Due to the 
significant modulation of DNA damage response in prostate cells with FASN inhibition, we decided to evaluate 
if IPI-9119 could potentiate therapeutic efficacy of the PARP inhibitor Olaparib. Combination treatment of IPI-
9119 with Olaparib showed increased reduction of cell growth in vitro in CRPC cell lines (Figure 12F). Organoid 
models of CRPC also show reduced size (Figure 12G) and cell viability (Figure 12H) when co-treated with the 
FASN inhibitor and PARP inhibitor. Altogether, this data shows that FASN has a role in DNA damage response 
and BRCA1/2 non-mutated tumors could benefit from FASN inhibition to target Homologous Recombination and 
sensitize cells to Olaparib, increasing therapeutic options for prostate cancer patients.  

Figure 12. IPI-9119 inhibits DNA damage response, induces ceramide accumulation and enhances Olaparib efficacy. 
A) Pre-ranked GSEA analysis showing IPI-mediated downregulation of three gene signatures associated with DNA damage
response: DNA repair, double strand break repair and Homologous Recombination; FDR-values are indicated. B) Representative
immunoblotting showing increased phosphorylation of histone H2ax after IPI-9119 treatment at 0.1 and 0.5uM for 6 days in both
LNCaP and LNCaP-95 cells. The S-phase inhibitor aphidicolin (Aphi, 0.3 μg/mL, 3 h) and the apoptosis inducer staurosporine
(Stauro, 1 μM for 24 h) were used as controls. C) Representative immunoblotting showing decreased phosphorylation of ATM and
ATR after FASN inhibition with 0.1 and 0.5uM of IPI-9119 for 6 days in LNCaP cells. D) Box plots showing the levels of ceramide
from metabolomics data, (n = 6 per condition). ****q < 0.0001, Anova and Tukey’s test. E) Representative immunoblotting showing
increased PP2A phosphatse levels after FASN inhibition with IPI-9119 treatment at 0.1 uM for 6 days in both LNCaP and LNCaP-
95 cells. The DNA damage response inducer hydroxyurea (2mM for 4h) was used as control. F) Cell growth of C4-2 and 22Rv1
cells after 6 days of Olaparib 2uM and IPI-9119 0.1uM co-treatment. Data expressed as mean number of viable cells ± SD and
plotted as % DMSO. ****p<0.0001 IPI vs DMSO, ###p<0.01 Ola vs DMSO, $$p<0.01 IPI+Ola vs IPI, &&&&p<0.01 IPI+Ola vs Ola,
two-way ANOVA followed by Sidak’s post hoc test. G) Growth of 3D organoid models of human CRPC after 25 days treatment with
IPI-9119 at 0.5uM and Olaparib at 2uM. Data are expressed as organoid diameter fold change in comparison to the control DMSO.
***p<0.001, Anova and Tukey’s test. H) Cell growth of CRPC organoid models after FASN inhibition determined through trypan blue
exclusion method in automated cell counter (Vi-Cell BLU). Data expressed as mean number of viable cells ± SD and plotted as %
DMSO. *p<0.05, Anova and Tukey’s test.
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Site of performance: Weill Cornell Medical College  
WCM site team: Massimo Loda (PI), Caroline F. Ribeiro (Research associate). 

10. Lipidome remodeling in prostate cancer cells following FASN inhibition

We have previously shown that ER stress is involved in inducing AR pathway downregulation as well as 
mediating the anti-cancer effect of FASN inhibition. Membrane lipid perturbation has been demonstrated to be 
involved in ER stress24. We hypothesized that IPI-mediated FASN inhibition caused alterations in membrane 
lipid composition which in turn induce ER stress. Therefore, to reveal the lipid metabolic effects induced by IPI-
9119, we used an ESI-MS based mass spectrometry-based comprehensive lipidomic profiling approaches to 
examine over 1800 lipid species across 17 different lipid classes in AR-positive LNCaP and AR/AR-variant 
positive LNCaP95 prostate cancer cell lines. Cells were treated with 500nM IPI-9119 and collected at day 1, 3, 
and 6 for lipidomic analysis. We focused on the most abundant lipid species which we defined as those 
representing more than 2% of their total lipid class in data analysis. 

To validate the function of IPI-9119 in inhibiting FASN activity, we first examined the lipidomic changes 
of triacylglycerides (TAGs). As illustrated in Figure 13A, FASN catalyzes the synthesis of palmitate from malonyl-
CoA and acetyl-CoA. IPI-9119 treatment induced a progressive decrease in the levels of abundant TAG species 
as measured by the log2 fold change in IPI-9119-treated cells over vehicle treated cells (Figure 13B;  TAG 
species nomenclature indicates the total number of fatty acid carbons : the total number of double bonds / the 
total number of fatty acid carbons in the sn-1 position acyl chain : the total number of double bonds in the sn-1 
position acyl chain). These data validated the effects of IPI-9119 in inhibition of fatty acid de novo synthesis in 
our models.  

We then focused on the two major membrane lipid species, sphingolipids (SLs) and glycerophospholipids 
(GPLs). As illustrated in Figure 14A, SLs consist of a sphingosine base (the backbone of SLs), an N-acyl chain 
and a head group. Hydroxylation and unsaturation determine the sphingosine base type whereas the head group 
defines the sphingolipid name. De novo synthesis of SL is illustrated in Figure 14B. Ceramide is the building 
block of all SLs and ceramide synthase (CERS) is the key regulator in N-acylation of sphinganine to 
dihydroceramide (DHCer) which is subsequently reduced to ceramide. Head groups are added to ceramide to 
make complex SLs, such as sphingomyelin (SM), glycosylceramide (GlcCer), etc. To link the lipid metabolic 
changes and expression of AR and AR variants, we selected specific lipid species which increased with the 
same kinetics as the reduction in expression of AR and AR variants in IPI time-dependently simultaneously in 
both LNCaP and LNCaP95 cells.  

Figure 13. IPI-9119 induces a progressive decrease in the levels of abundant triacylglyceride (TAG) species in prostate 
cancer cell lines.  
A) The de novo synthesis of fatty acids. The key enzyme, FA synthase (FASN), catalyzes the synthesis of palmitate from malonyl-
CoA and acetyl-CoA. B) Heatmap of log2 ratios of the levels of the most abundant TAG species in IPI-9119-treated cells over
vehicle treated cells (n=3).
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As shown in Figure 14C, IPI-9119 promoted a progressive increase in Cer(d18:1/22:4), Cer (d18:1/24:0) and 
Cer [d181:1/20:4; for this nomenclature, the sphingoid bases are indicated by the number of hydroxyl groups (d 
denotes two) and the chain length (typically 18 carbons) : the number of double bonds / the acyl chains length : 
the number of double bonds]. Ceramide levels were determined by the Log2 fold change in IPI-treated cells over 
vehicle treated cells. Moreover, the levels of specific sphingomyelin species SM(d18:1/24:0) and SM(d18:1/22:0) 
were also increased progressively from day 1 to day 6 following IPI-9119 treatment (Figure 14D). These 

sphingolipids vary mainly in the length of their acyl chains which are regulated by specific CERS. Each CERS 
displays specificity toward fatty acyl CoA of defined chain length. Therefore, we decided to examine the gene 
expression profiles of CERS in both LNCaP and LNCaP95 cells which were treated by 500nM IPI-9119 for 6 
days. As shown in Figure 14E, RNA-seq gene expression profiling showed that CERS2 and CERS4 were 
upregulated in both cells following IPI treatment. CERS2 has specificity toward acyl chains with the length of 
carbon 22 to 24 while CERS4 mainly targets those with the length of carbon 18-2231. These results are consistent 
with the progressive increase in the levels of the specific ceramides and sphingomyelins (Figure 14D, Figure 
12D). Altogether, these results indicate that IPI-mediated FASN inhibition induced progressive increases in the 
levels of specific sphingolipid species accompanied by the concomitant upregulation of the key regulators in 

Figure 14. IPI-9119 promotes a progressive increase in specific membrane sphingolipid species and concomitant 
upregulation of gene expression of relevant enzymes regulators in prostate cancer cell lines.  
A) Structure of membrane sphingolipids. B) Synthesis pathway and head group modification of sphingolipid species. CERS: ceramide 
synthases. C) Heatmap of log2 ratios of the abundance of ceramide species in IPI-9119-treated cells over vehicle treated cells (n=3). 
D) Heatmap of log2 ratios of the abundance of sphingomyelin species in IPI-9119-treated cells over vehicle treated cells (n=3). E) 
Bar plot log2 ratios of gene expression of specific ceramide synthase in IPI-9119-treated cells over vehicle-treated cells (n=3). 
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sphingolipid synthesis. The kinetics of these changes is consistent with the kinetics of the decrease in expression 
levels of AR and AR variants as well as the induction of ER stress in IPI-treated cells32.  

We next examined the changes in GPLs following IPI-9119 treatment. As illustrated in Figure 15A, GPLs 
consist of a glycerol backbone, two fatty acid chains at the sn-1 and sn-2 positions, a phosphatidyl ester attached 
to the terminal carbon and a head group linked to the phosphatidyl ester. The head groups define the name of 
specific GPL species. De novo synthesis of GPLs is illustrated in Figure 15B. When free fatty acids are 
incorporated in GPLs, the activation of fatty acids by CoA is required. Acyl-CoA synthetases (ACSs) are the key 
regulators of this process33. Another critical regulation step in GPL synthesis is the conversion of 
lysophosphatidic acid (LPA) to phosphatidic acid (PA) by Acylglycerophosphate acyltransferases (AGPATs). As 
shown in Figure 15C,D, IPI-9119 promoted a progressive increase in the level of PC (16:1/18:1), PI (18:0/18:1) 
and PI (16:1/18:0) in both cells (GPL nomenclature indicates the chain length of the sn-1 fatty acid chain:number 

of double bonds in the sn-1 fatty acid chain / the chain length of the sn-2 fatty acid chain:number of double bonds 

Figure 15. IPI-9119 leads to a progressive increase in specific membrane glycerophospholipid (GPLs) species and 
concomitant upregulation of gene expression of relevant enzymes regulators in prostate cancer cell lines.  
A) Structure of GPLs. B) Synthesis pathway and head group modification of GPL species. AGPAT: 1-acylglycerol-3-phosphate O-
acyl-transferases. C) Heatmap of log2 ratios of the abundance of PtdCho in IPI-9119-treated cells over vehicle treated cells (n=3).
D) Heatmap of log2 ratios of the abundance of PtdIn IPI-9119-treated cells over vehicle treated cells (n=3). E) Bar plot of log2 ratios
of gene expression of ACSL1, AGPAT2 and AGPAT6 in IPI-9119-treated cells over vehicle-treated cells (n=3).
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in the sn-2 fatty acid chain). Similarly, we examined the gene expression profiles of the regulators of GPL 
metabolism in both LNCaP and LNCaP95 cells treated with 500nM IPI-9119 for 6 days. As shown in Figure 15E, 
RNA-seq gene expression profiling showed that ACSL1, AGPAT2 and AGPAT6 were upregulated in both cell 
lines following 6 days IPI treatment. These results are consistent with the progressive increase in the levels of 
the specific GPLs in Figure 15C,D. Altogether, these results indicated that IPI-9119 mediated FASN inhibition 
induced progressive increases in the levels of specific GPL species accompanied by the concomitant 
upregulation of key regulators in GPL synthesis. Moreover, the kinetics of these changes were consistent with 
the kinetics of the decrease in expression of AR-FL and AR-V7 as well as the induction of ER stress in IPI-
treated cells32.  

Collectively, these data revealed widespread changes in lipid metabolites and expression of genes that 
regulated lipid metabolism. Our work demonstrates upregulation of SL and GPL species with kinetics that mirror 
the reduction in expression of AR and AR variants in IPI-treated prostate cancer cells.  

Site of performance: University of Minnesota, Twin Cities 
University of Minnesota site team: Scott Dehm  (PI), Yeung Louisa Ho  (Post-doctoral  fellow), Yingming  Li 
(Research Associate) 

11. Lipidome characterization in PDX models of prostate cancer (LuCaP series)

To better understand the lipidome role in prostate cancer and to identify therapeutic targets, we performed lipid 
profiling studies in patient-derived xenograft models (PDX). Our data suggest that LuCaP136 and 136CR have 
higher amounts of monounsaturated fatty acids (MUFAs) than LuCaP35, 35CR, 86.2, and 86.2CR, which reflects 
higher expression of FADS2 and SCD (Figure 16A, B), desaturase enzymes that catalyze unsaturation of fatty 
acids through the insertion of double bonds between defined carbons of the fatty acyl chain. Interestingly, FADS2 
pathway has never been exploited as an alternative to SCD in lipid metabolism of prostate cancer. Since bumped 
kinase inhibitors (BKI) commonly decrease expression of FADS2 and ELOVL6 transcripts based on our RNAseq 
data (Figure 16C), we reasoned that effective inhibition of fatty acid synthesis and desaturation can be achieved 

Figure 16. Lipid profiling of PDX models LuCaP series.  
A) Lipidomic study of xenograft LuCaP35, 86.2, 136, and their castration resistant (CR) derivates. 136 and 136CR are unique in enrichment
of MUFAs e.g. in the form of phosphatidylethanolamine (PE) and phosphatidylserine (PS). B) Those properties reflect higher expression
of desaturases SCD and FADS2 in 136 tumors than others (RNA-seq based expression prolife). C) RNA-seq based expression
analysis of ELOVL6 and FADS2 in LNCaP95 treated with BKI 1553 and 1676 and negative control 1817.
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by a combination therapy with SCD inhibitor and BKI 1553, a glycolysis inhibitor that we identified as a 
downregulator of ACC activity. Moreover, FASN substrate malonyl-CoA is produced by ACC, whose 
phosphorylation at Ser79 inhibits its enzymatic activity and is promoted by inhibition of FASN as well as 
glycolysis. 

Site of performance: University of Washington, Seattle 
University of Washington site team: Stephen Plymate (PI), Cynthia Sprenger, Shihua Sun, Kathryn Epilepsia, 
Soojin Kim, Takuma Uo (research Assistant Professor) 

12. Bioenergetics and mitochondrial alterations

The inhibition of palmitate synthesis by IPI-9119 leads to malonyl-carnitine accumulation (Figure 5C). As 
consequence, carnitine palmitoyl transferase (CPT-1) is inhibited and reduces fatty acid oxidation in the 
mitochondria (FAO). To assess FASN inhibition effect on cell bioenergetics and mitochondria function, we 
performed Oxygen Consumption and Extracellular Acidification Analysis following IPI-9119 treatment, using the 

Figure 17. Bioenergetics and energy source in CRPC cells following FASN inhibition by IPI-9119  
A,C) oxygen consumption rate (OCR) measured with or without IPI-9119 following serial injections of oligomycin, FCCP, and 
rotenone/antimycin A in C4-2 and 22Rv1 cells. B,D) Quantification of several respiratory parameters in C4-2 and 22Rv1 cells. Results 
expressed as pmol/min/ug, mean values ± SEM, multiple unpaired t-test with Welch correction, ****p<0.0001, *** p<0.001, ** p<0.01, 
* p<0.05.  E) 14C-Acetate uptake assessed in C4-2 and 22Rv1 cells total lysate. Results are expressed as percentage of control,
counts per minute (cpm) normalized to viable cells. Mean values ± SD, unpaired t-test, ****p<0.0001. F) Acetate oxidation measured
by 14C-CO2 release by cells. Results are expressed as percentage of control, counts per minute (cpm) normalized to viable cells.
Mean values ± SEM, unpaired t-test, *p<0.05.
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Seahorse XFe96 Analyzer (Agilent Technologies, Inc.), in two CRPC cell lines: C4-2, that express only AR-FL, 
and 22Rv1, that express both AR-FL an AR-V7. FASN inhibition decreased several respiratory parameters, such 
as basal and maximal respiration, proton leak, ATP-linked respiration and spare respiratory capacity (Figure 
17A-D). Interestingly, non-mitochondrial oxygen consumption, the cell capability of respond to changes in 
energetic demand, is also decreased with IPI-9119 treatment in both cells. To determine how these changes in 
mitochondrial function alter cell energy source, we evaluated the effect of IPI-9119 in acetate utilization using 
radiolabeled molecule, and we observed that, for both cell lines, the uptake of acetate is upregulated with FASN 
inhibition (Figure 17E). Acetate oxidation, however, is only increased with IPI-9119 treatment in C4-2 cells, while 
22Rv1 cells do not alter the rate of acetate conversion into CO2 (Figure 17F).  

In line with these findings, we observed that FASN blockade increases mitochondrial superoxide anion 
levels in both cells, as observed by increased MitoSox oxidation (Figure 18A). The maintenance of mitochondria 
membrane is fundamental to its function, so we analyzed several lipid classes through LC-ESI/MS/MS and 
observed that FASN inhibition by IPI-9119 leads to a reduction in phosphatidylglycerol levels (Figure 18B), an 
alteration that can lead to mitochondria dysfunction, as this phospholipid is a precursor in the synthesis of 
cardiolipin. 

Site of performance: Weill Cornell Medical College  
WCM site team: Massimo Loda (PI), Caroline F. Ribeiro (Research associate). 

13. FASN inhibition alters tumor growth in LuCap 35 human PDX models.

We observed that inhibition of FASN can sensitize cells to Enzalutamide (Figure 8), as well as CRPC human 
organoids (Figure 11), potentiating the anti-androgen therapy. Next, we decided to evaluate the effect of this 
combinatorial treatment in the growth of Patient-Derived Xenograft (PDX) models. LuCap 35 castrate resistant 
human PDX tumors were implanted subcutaneously into SCID mice that had been previously castrated. When 
tumors regrew to 50-100mm3 treatment began with vehicle, Enzalutamide at 20 mg/kg, the murine FASN inhibitor 
TVB-3664 (Sagimet) at 10mg/kg, or its combination. In total, 12 animals were included in each group. Regrowth 
after initial castration took 6-8 months. There was significant suppression of tumor growth in the Enzalutamide 
combined with TVB-3664 group compared to singe agent and vehicle groups. After 5 weeks treatment vehicle 
control 307 mm3 +/- 73.6 std vs treatment 124 mm3 +/- 8.3 std. p < 0.0005 (Figure 19). Tumors have been 
collected and will be sent for lipid metabolomic analysis as well as histology. 

Figure 18. Superoxide levels and phospholipid modulation induced by IPI-9199 treatment in CRPC cells 
A,B) Mitochondrial superoxide levels assessed by MitoSox oxidation in C4-2 or 22Rv1 cells with negative control (DMSO), IPI-9119 
or positive control (hydrogen peroxide). Results expressed as relative fluorescence (510/580 nm) normalized to viable cells. Mean 
values ± SD, one-way ANOVA, ****p<0.0001, *** p<0.001.  C) Total combined sum compositions of phosphatidylglycerol species. 
Results expressed as percentage relative to control (DMSO). Mean values ± SEM, multiple unpaired t-test with Welch correction, 
****p<0.0001. 
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Performance Site: University of Washington SLU 
Team: Stephen Plymate, Takuma Uo, Kathryn Epilepsia 
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What opportunities for training and professional development has the project provided? 
On the DFCI/WCM site, the execution of this project allowed the members Dr. Giorgia Zadra and Dr Caroline 
Ribeiro to establish productive collaborations with the partners co-PIs and their groups. Due to the 
interdisciplinary nature of the project, Dr Ribeiro gained insights into organoid generation and preclinical models 
of prostate cancer, she also strengthened her expertise in biochemical analyzes of cancer metabolism and 
established productive collaborations with other groups in Italy and Belgium. She orally presented this study at 
several meetings, including the Prostate Specialized Programs of Research Excellence (SPORE) Renewal 
Strategy Meeting at Weill Cornell. 

On University of Washington, Takuma Uo, a research Assistant Professor in Dr. Plymate’s lab has had 
the opportunity to develop 13C-glucose flux techniques as well as train undergraduate students in Seahorse 
ECAR analyzes.  

On the University of Minnesota site, this project provided postdoctoral research training to Dr. Louisa Ho. 
During the performance period of this project, Dr. Ho also mentored a rotation graduate student in the Dehm 
Lab, Jose Valentin Lopez, who recently joined the Dehm Lab for his Ph.D. thesis training.  

How were the results disseminated to communities of interest? 
The results obtained have been disseminated to both specialized audience as well as a more general medical 
public through oral and poster communication in national conferences/retreats/seminars.  

4) IMPACT

- What was the impact on the development of the principal discipline of the project?
Standard of care for metastatic castration-resistant prostate cancer (mCRPC) mainly relies on suppression of
androgen receptor (AR) signaling. This approach has no lasting benefit due to the emergence of resistance
mechanisms, such as ligand-independent splicing variant AR-V7. Our findings show that FASN inhibition can
induce AR-V7 degradation and can potentiate AR antagonist therapy with Enzalutamide, an important
therapeutic implication, especially in the CRPC setting. We also demonstrated that combining IPI-9119 with
Olaparib increased therapeutic efficacy, enabling the use of PARP inhibitor therapies for prostate cancer patients
that do not have BRCA1/2 mutations. Additionally, our findings have demonstrated a significant metabolic effect
on FASN activity that can be inhibited by novel compounds developed at the University of Washington that
specifically inhibit glycolysis in prostate cancer models. These compounds are orally bioavailable and have
favorable toxicity profiles in mice. Overall, our findings could be translated to the clinic with enormous benefit on
the quality of life of patients with advanced prostate cancer.

- What was the impact on other disciplines?
We have identified a mutual link between lipid metabolism and nuclear hormones, that may affect other
receptors, including glucocorticoids or estrogen receptors, extending the clinical translatability to other disease
types such as breast cancer. Furthermore, we have an ongoing successful protocol for organoid generation at
Weill Cornell that will be used in testing of FASN inhibitors. This system can be readily applied to different cancer
types, beyond prostate. We have also identified a novel cross-talk between lipid metabolism and DNA damage
response, characterized by sphingolipid upregulation.

- What was the impact on technology transfer?
University of Washington: US 2018 / 0271871 A1 BUMPED KINASE INHIBITOR COMPOSITIONS AND
METHODS FOR TREATING CANCER (published 27Sep2018) Demonstrates that pyrazolo-pyrimidines, such
as BKI-1553, have activity on androgen-receptor positive prostate cancer including castrate-resistant prostate
cancer
Weill Cornell: Nothing to Report
University of Minnesota: Nothing to report.

-What was the impact on society beyond science and technology?
The results of our study set the stage for clinical trials using FASN inhibitors as a treatment of mCRPC driven by
either AR or its ligand-independent splice variants. This therapy will result in alleviation of suffering and prolonged
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survival of patients with advanced prostate cancer. Potentially, because downregulation and consequent 
inactivation of both ligand sensitive and independent receptors of male steroid hormones can be achieved by 
modulating lipogenesis, it is possible that all AR-driven resistant cancers will be efficiently treated by this novel 
therapeutic approach. We have recently started a Phase I trial of the combination of the FASN inhibitor TVB-
2640, in collaboration with Sagimet, with Enzalutamide to determine the RP2D for a subsequent phase II clinical 
trial. This study will assess pharmacokinetics (PK), pharmacodynamics (PD), safety and tolerability of TVB-2640 
in combination with Enzalutamide in men with CRPC, and early sign of anti-tumor activity in this population. 

5. CHANGES/PROBLEMS

- Changes in approach and reasons for change
Nothing to Report.

- Actual or anticipated problems or delays and actions or plans to resolve them.
We experienced months of delay in the execution of the research activities in all sites due to the COVID-19
pandemic in 2020, which caused suspension of laboratory work.

- Changes that had a significant impact on expenditures
Laboratory experimentation at all sites was halted and/or reduced to address the COVID-19 pandemic during
2020. This reduced expenditures on reagents and supplies for this project in YR3.

- Significant changes in use or care of human subject, vertebrate animals, biohazards, and/or selected
agents
Nothing to Report

- Significant changes in use or care of human subject
Nothing to Report

- Significant changes in use or care of vertebrate animals
No significant changes

6. PRODUCTS

- Publications, conference papers, and presentations

Oral presentations 
DFCI/WCM team 
G. Zadra-Exploiting prostate cancer metabolic vulnerabilities: new therapeutic and diagnostic opportunities.
Humanitas University, 2018, Milan, Italy.
G. Zadra-Targeting lipid metabolism in castration resistant prostate cancer: new therapeutic implications.
Prostate Cancer Multi-Institutional Prostate Cancer Program Retreat, 2018, Fort Lauderdale, Florida.
M. Loda- Lipid metabolism in castration-resistant prostate cancer: diagnostic and therapeutic opportunities.
Boston University Medical Center, 2018, Boston, MA
M. Loda- Metabolic dependencies in prostate cancer: regulation and targeting of lipogenesis. DFCI Metabolims
Symposium, 2018, Boston, MA
M. Loda- Inhibition of de novo lipogenesis suppresses growth via modulation of androgen receptor signaling in
CRPC.  Gordon Conference, 2018.
M. Loda - Inflammation-induced suppression of cytotoxic T cell activation as a tumor promoting mechanism/
meeting, discussant. Coffey-Holden Prostate Academy Meeting, 2018, Carlsbad, CA
M. Loda - Building new bridges between basic and cancer science/symposium, chair and moderator. Pezcoller
Foundation Symposium, 2018, Trento, Italy
M. Loda - Delving deeper: what we have learned from molecular characterization of prostate cancer in the TCGA
Stromal signature of aggressive prostate cancer. Lipogenic prostate tumors: characterization and therapeutic
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opportunities/ conference, invited Speaker. Asia Pacific Prostate Cancer Conference, 2018, Melbourne, 
Australia 
M Loda - Panel: Hormone-Dependent Cancers-New Mechanisms and Therapeutic Targets, ENDO 2019, New 
Orleans, LA 
M. Loda -  Therapeutic Targeting of Fatty Acid Metabolism in Prostate Cancer, ENDO 2019, New Orleans, LA
M. Loda - Molecular Pathology for Cancer Researchers: Present and Future, AACR 2019 Annual Meeting,
Atlanta, GA
M. Loda - Overcoming the innate resistance of cancer to therapy/ symposium; chair, moderator Pezcoller
Foundation Symposium. 2019, Trento, Italy
M. Loda - PhD defense of Ali Talebi: Sustained lipogenesis as a key mediator of resistance to BRAF-targeted
therapy. Thesis Committee,2019, Leuven, Belgium
M. Loda - Molecular Pathology: Past, Present and Future. NDS Research, 2019, Oxford, UK
M Loda - Role of lipids in castration-resistant prostate cancer. Invited Speaker Grand Rounds. Massachusetts
General Hospital Cancer Center, Boston MA, 2020.
M Loda - Targeting of Lipid Metabolism in Prostate Cancer. Invited Speaker Grand Rounds. Mount Sinai, Dept
of Urology, New York, 2020.
M Loda - Molecular Pathology for Cancer Researchers: Present and Future. AACR Annual Meeting, Atlanta,
GA, 2020.
M Loda - The fat side of prostate cancer: targeting lipid metabolism. Diagnostic Pathology Course MD Anderson,
Houston, TX, 2020.
C. Ribeiro - Lipid Metabolism in Prostate Cancer. Prostate Specialized Programs of Research Excellence
(SPORE) Renewal Strategy Meeting at Weill Cornell. September 2020.
C. Ribeiro - FASN inhibition-induced BRCAness as a therapeutic option for castration-resistant prostate cancer
(CRPC). Trainee Presentation at WCM.June, 2020.
C. Ribeiro - Inhibition of de novo lipogenesis as therapeutic option for castration-resistant prostate cancer. IFOM,
Milan, Italy. July, 2019.
C. Ribeiro - Inhibition of de novo lipogenesis alters oxidative potential of prostate cancer cells. Katholieke
Universiteit Leuven, Belgium. July, 2019.
M. Loda - Reprogrammed lipid metabolism in prostate cancer: therapeutic opportunities. Invited Speaker, Grand
Rounds Sidney Kimmel Cancer Center at Jefferson Health. October 2020.
M. Loda - Reprogrammed lipid metabolism in prostate cancer: therapeutic opportunities. Invited Speaker Grand
Rounds, Perelman School of Medicine at the University of Pennsylvania. November 2020.
M. Loda - Reprogrammed lipid metabolism in prostate cancer: therapeutic opportunities. Invited Speaker Grand
Rounds, Weill Cornell. November 2020.
M Loda - Targeting lipogenesis in castration resistant prostate cancer. John Fitzpatrick Irish Genitourinary
Cancer Conference. April 2021.
M. Loda - Metabolic rewiring in prostate cancer: Diagnostic and therapeutic implications. PCF Beyond Genomics
WG webinar. April 2021.
S. Plymate - Prostate SPORE and PO1 presentations in Jan, March and June 2020.

Poster presentations 
C.F. Ribeiro, P. Chetta, Y. Ho, S. Cacciatore, C. Photopoulos, S. Syamala, G. Xueliang, D.C. Bastos, J.
Tchaicha, L. D’Anello, R., Kalekar, J. Kutok, S. Peluso, S. Dehm, S. Plymate, G. Zadra and M. Loda. Targeting
androgen-receptor signaling through de novo lipogenesis inhibition in castration-resistant prostate cancer. HMS
pathology retreat 2018, Boston, MA

C. F. Ribeiro, D. C. Bastos, H. Pakula, T. Ahearn, J. Nascimento, J. Clohessy, L. Mucci, S. M. Zanata, G. Zadra,
M. Loda. Genetic and pharmacological inhibition of Fatty Acid Synthase (FASN) attenuates prostate cancer
driven by Pten loss. AACR 2019 Annual Meeting, Atlanta, GA

Y. Ho, F. Vanderhoydonc, G. Zadra, C. F. Ribeiro, J. Dehairs, J. Swinnen, M. Loda, S. Dehm. Global changes
in membrane lipid metabolism by inhibition of fatty acid synthase in prostate cancer. Abstract for 2020 Annual
Conference of Society of Basic Urological Research.
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Journal publications 
Giorgia Zadra, Caroline F. Ribeiro, Paolo Chetta, Yeung Ho, Stefano Cacciatore, Xueliang Gao, Sudeepa 
Syamala, Clyde Bango, Cornelia Photopoulos, Ying Huang, Svitlana Tyekucheva, Debora C. Bastos, Jeremy 
Tchaicha, Brian Lawney, Takuma Uo, Laura D’Anello, Alfredo Csibi, Radha Kalekar, Benjamin Larimer, Leigh 
Ellis,  View ORCID ProfileLisa M. Butler, Colm Morrissey, Karen McGovern, Vito J. Palombella, Jeffery L. Kutok, 
Umar Mahmood, Silvano Bosari, Julian Adams, Stephane Peluso, Scott M. Dehm, Stephen R. Plymate, 
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