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ABSTRACT

The BCL2 inhibitor venetoclax promotes apoptosis in blood cancer cells
and is approved for treatment of chronic lymphocytic leukemia and acute
myeloid leukemia. However, multiple myeloma cells are frequently more
dependent on MCL-1 for survival, conferring resistance to venetoclax. Here
we report that mevalonate pathway inhibition with statins can overcome
resistance to venetoclax in multiple myeloma cell lines and primary cells.
In addition, statins sensitize to apoptosis induced by MCL-1 inhibitor,
$63845. In retrospective analysis of venetoclax clinical studies in multi-
ple myeloma, background statin use was associated with a significantly

enhanced rate of stringent complete response and absence of progressive

Introduction

Multiple myeloma is an incurable disease of malignant plasma cells. Treatment
of multiple myeloma with combinations of proteasome inhibitors (e.g., borte-
zomib, carfilzomib), immunomodulatory agents, mAbs, and glucocorticoids

[e.g., dexamethasone (Dex)] has resulted in improved outcomes (1). How-
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disease. Statins sensitize multiple myeloma cells to venetoclax by upregu-
lating two proapoptotic proteins: PUMA via a p53-independent mechanism
and NOXA via the integrated stress response. These findings provide ratio-
nale for prospective testing of statins with venetoclax regimens in multiple

myeloma.

Significance: BH3 mimetics including venetoclax hold promise for treat-
ment of multiple myeloma but rational combinations are needed to broaden
efficacy. This study presents mechanistic and clinical data to support addi-
tion of pitavastatin to venetoclax regimens in myeloma. The results open a

new avenue for repurposing statins in blood cancer.

ever, most patients with multiple myeloma will develop drug-resistant disease,

relapse, and succumb to disease complications.

Apoptosis-targeting agents hold promise to deepen responses in multiple
myeloma. The B-cell lymphoma 2 (BCL2) protein family consists of proapop-
totic or antiapoptotic members that control mitochondrial apoptosis (2). The
apoptosis-promoting drug class, BCL2 Homology 3 domain (BH3) mimet-
ics, blocks the BH3 binding groove of antiapoptotic BCL2 proteins and
inhibits their ability to sequester proapoptotic family members. The BCL2-
specific BH3 mimetic, venetoclax, is transforming blood cancer treatment,
garnering FDA approvals in chronic lymphocytic leukemia (CLL) and acute
myeloid leukemia (AML; refs. 3-9). While venetoclax has not achieved regu-
latory approval in multiple myeloma, combination with Dex and bortezomib
achieved deeper remissions over bortezomib and Dex alone correspond-
ing to increased progression-free survival (PFS; ref. 10). However, adverse
events in subsets that were not sensitive to venetoclax highlight the need for
safe, alternative strategies to enhance efficacy of venetoclax in patients with
multiple myeloma. MCL-1-specific BH3 mimetics, which have entered clin-
ical trials to treat MCL-1-dependent blood cancers like multiple myeloma
(11-14), may also benefit from combination agents to broaden their therapeutic

utility.
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Statins, mevalonate pathway inhibitors widely used to lower plasma cholesterol,
are candidates for repositioning in oncology (15-18). Statins induce apopto-
sis in blood cancers through on-target, cancer-selective means (19-24). The
rational combination of statins and venetoclax in hematologic malignancies
was independently identified in three recent studies (25-27). Furthermore,
CRISPR/Cas9 screens identified the mevalonate pathway as a metabolic depen-
dency in blood cancers that sensitizes to venetoclax (28, 29). Our retrospective
analysis of venetoclax clinical trial data in CLL supports the clinical relevance
of these findings (25) and led to the initiation of a prospective clinical trial
assessing the addition of a statin to venetoclax regimens in AML and CLL
(NCT04512105), where venetoclax is standard of care.

The marked sensitivity of multiple myeloma cell lines (MMCL) to statins sug-
gests another promising path for repurposing in blood cancers (23, 30-34).
Lovastatin and simvastatin were observed to activate the integrated stress re-
sponse (ISR; refs. 35, 36) and reduce MCL-1 (37, 38), promising properties for
therapeutic candidates against multiple myeloma. Although efforts to translate
statins into clinical combinations with chemotherapy generated unimpressive
results (39-42), there exists strong mechanistic rationale to revisit statins in
myeloma in light the clinical emergence of BH3 mimetics (43, 44). In addition,
retrospective analyses of U.S. veterans with multiple myeloma demonstrating
prolonged survival in patients undergoing treatment while concurrently on
statins (45, 46) and identification of t(4;14) as a biomarker correlating with
multiple myeloma cell sensitivity to statins (47) encourage a second look at

repurposing statins.

We published that statins sensitize to venetoclax-mediated killing in CLL, AML,
and B-cell lymphoma through a mechanism involving p53-independent up-
regulation of the p53 upregulated modulator of apoptosis (PUMA; ref. 25).
This p53-independent mechanism imparts another advantage for repurposing
statins, as p53 loss is a high-risk factor in many hematologic malignancies (48),
especially multiple myeloma, and a resistance factor for BH3 mimetics (49).
Here we provide preclinical and clinical evidence in multiple myeloma for the
efficacy and mechanism of statin-mediated sensitization to apoptosis by BH3
mimetics against BCL2 (venetoclax) or MCL-1 (S63845).

Materials and Methods

Statistical Analysis
Cell-based and Biochemical Assays

GraphPad Prism (RRID:SCR_002798) was used to compare means using Stu-
dent t test or ANOVA, with correction for multiple comparisons. The number
of biological replicates (1) and details of the tests are provided in the figure
legends. P < 0.05 was considered statistically significant and was annotated
throughout as *, P < 0.05; **, P < 0.01; and ***, P < 0.001.

Retrospective Analysis of Clinical Trial Outcomes

Statistical analyses were performed to assess effect of venetoclax when it is
given with and without statin on disease responses per international myeloma
working group multiple myeloma response criteria. Pooled data from studies
NCT01794507 and NCT02899052 were used in these analyses. Estimated re-
sponse rates and corresponding 95% confidence intervals (CI) are presented.
ClIs of response rates were calculated by the Clopper-Pearson method. Effect of
venetoclax with and without statin on disease response was statistically tested
by using Cochran-Mantel-Haenszel (CMH) test. P values corresponding to

CMH tests were presented. P < 0.05 was considered statistically significant and
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was annotated as *, P < 0.05; **, P < 0.005; and ***, P < 0.001. No adjust-
ments were made for multiple comparisons. Analyses were conducted by using
SAS9.4.

Study Approval

Research with human subjects was carried out in accordance with ethical guide-
lines of the Declaration of Helsinki. Peripheral blood from healthy donors was
collected by the UC Irvine Institute for Clinical and Translational Sciences un-
der Institutional Review Board (IRB) protocol HS# 2001-2058 after donors’
written informed consent; deidentified blood samples were obtained for this
study under a non-human subjects determination, and used for isolation of pe-
ripheral blood mononuclear cells (PBMC). The primary multiple myeloma cell
research samples used in the study have been collected under the Emory Uni-
versity IRB-approved protocol IRB57236. Written informed consent has been
obtained from every subject prior to their participation in the study. All study

related procedures have been performed as outlined in the protocol.

Chemicals

Simvastatin (Cayman #10010344) was activated by NaOH hydrolysis per
protocol (DOI: dx.doi.org/10.17504/protocols.io.j8nlkwd5xI5r/v1). Pitavastatin
(AvaChem #2266), venetoclax (Active Biochem A-1231/Chemgood C-1008),
$63845 (Selleck S8383/Chemgood C-1370), ISRIB (Selleck #50-136-4740), and
AMG-PERK44 (MedChemExpress # HY-12661A) were dissolved in DMSO.
Mevalonate (Sigma-Aldrich #90469) was resuspended with a 7:3 solution of
methanol and 10 mmol/L ammonium hydroxide. TH-Z145 was prepared ac-
cording to the procedures outlined in paragraphs 365 to 364 of the following
patent (50). The 'H and *P NMR of the isolated material is consistent with

reported literature values (51).

Cell Culture

Cell lines were obtained from commercial repositories (ATCC or DSMZ)
and authenticated annually through short tandem repeat profiling using the
University of Arizona Genomics Core; the most recent authentication date
was April 6, 2023. Cell lines were tested for Mycoplasma infection annually;
the most recent date confirmed the absence of mycoplasma on September
8, 2023. All cell lines used in study were maintained in RPMI1640, 10%
FBS, 1:100 penicillin-streptomycin-glutamine (Gibco # 10-378-016) and 10
mmol/L HEPES (Corning #25-060-CI) and handled according to protocol
(DOI: dx.doi.org/10.17504/protocols.io.rm7vzb6n4vxl1/vl). Experiments were

done using cells between 2-12 passages after thawing.

Cell Viability

Cell viability assays were performed in 96-well format for 48 hours. Viability
was determined by fluorescence of propidium iodide (PI; Life Technologies)
and/or Annexin V Alexa Fluor 647 conjugate (Life Technologies) measured
by the FACScalibur (Becton-Dickinson; RRID:SCR_000401), Novocyte 3000
(Agilent), or Attune NxT (Thermo Fisher Scientific). Viability of cells was quan-
tified using FlowJo software v10.1r7 (FlowJo LLC, RRID:SCR_008520). Specific
viability dyes used in figures are mentioned in figure legends. Detailed protocol
is provided (DOI: dx.doi.org/10.17504/protocols.io.14egn7my6v5d/vl).

Ex Vivo Human Cell Viability

Peripheral blood or bone marrow samples were filtered using 70 pm filters,
diluted to 25 mL of PBS, and underlaid with lymphocyte separation medium
followed by centrifugation to collect the buffy coat. Experiments were car-
ried out in RPMI1640 with 10% FBS, Pen/Strep, and glutamine. PBMCs were
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treated with simvastatin in combination with venetoclax or $63845 for 48 hours,
then flow cytometry was used to measure the percent viable cells in different
subsets by Annexin V staining. Multiple myeloma patient cells were treated
for 24 hours. Apoptosis was measured by flow cytometry after staining with
anti-CD38, anti-CD45, and Annexin V to measure viability.

Analysis of PUMA in Healthy Donor PBMCs

Healthy donor PBMCs were treated with 10 umol/L simvastatin or with the
PUMA-inducing positive control etoposide (10 umol/L) for 20 hours. Flow
cytometric assessment of PUMA was carried out according to detailed pro-
tocol (DOI: dx.doi.org/10.17504/protocols.io.q26g7yx69gwz/v1). For Western
analysis of PUMA upregulation, treated cells were subjected to magnetic bead-
mediated isolation using the EasySep human CD4 T cell isolation kit (Stem Cell
#17952) and the EasySep human B-cell isolation kit (Stem Cell #17954). Isolated

lymphocytes were processed for Western blot analysis.

BH3 Profiling

BH3 profiling of multiple myeloma cells was performed according to the
Letai lab manual on iBH3 profiling with a detailed lab specific protocol
provided (DOIL: dx.doi.org/10.17504/protocols.io.3byl47j4jlo5/v1). Percent de-
polarization caused by each BH3-only peptide was calculated as the percent
difference of retained cytochrome C relative to DMSO-treated control cells.
Doses of peptides for each cell line were empirically chosen based on minimal

effects on mitochondrial depolarization (akin to an IC;y concentration).

Western Blotting

Western blotting was conducted as described previously (25). The following an-
tibodies were used: GAPDH (RRID:AB_561053), PARP (RRID:AB_2160739),
MCL-1 (RRID:AB_10694494), BIM (RRID:AB_1030947), BID (RRID:AB_
10694562), BAX (RRID:AB_2924730), BAK (RRID:AB_10828597), PUMA
(RRID:AB_2797920), NOXA (RRID:AB_2798602), p-BAD (RRID:AB_
10547878), BAD (RRID:AB_2062127), p-elF2a (RRID:AB_330951), elF2a
(RRID:AB_10692650), ATF4 (RRID:AB_2616025), pAKT (RRID:AB_
2315049), AKT (RRID:AB_2616025), p53 (RRID:AB_10695803), ERK (RRID:
AB_3907791 Cell Signaling Technology), and unprenylated RAP1A (RRID:AB_
10917062) (Santa Cruz Biotechnology). Cleaved caspase-3, BCL2, and BCL-XL
antibodies were from Abcam Apoptosis sampler kit (RRID:AB_514418).
Chemiluminescence detected using a Nikon D700 SLR camera or the Syn-
Gene G:Box. Images were processed with autocontrast uniformly across
the entire image and densitometry was performed using Image] software
(RRID:SCR_003070).

Overexpression and Short Hairpin RNA Knockdown

Lentiviral and retroviral production was conducted as described previ-
ously (25). Target sequences were used to generate a short hairpin RNA
(shRNA) insert containing a 7-loop (TACTAGT) sequence cloned into the
EZ-Tet-pLKO plasmid (Addgene plasmid # 85966, RRID:Addgene_85973).
shRNA sequences were: CGCTAAATACTGGCAGGCGTT (for LACZ);
GAGGGTCCTGTACAATCTCAT (for BBC3/PUMA). Guide RNAs tar-
geting BBC3 (CGCTGGGCACGGGCGACTCC) and EIF2AK3 encoding
PERK (AGATGGGAGAATTGCTGCCT, ACCATGATTTTCAGGATCCA)
were cloned into lentiCRISPR v2 plasmid (Addgene plasmid # 52961,
RRID:Addgene_52961). pLXSP-GSE56 (a gift from Dr. Lindsay Mayo, no
RRID available) was used to generate p53 dominant negative cell lines as

described previously (25).

AACRJournals.org
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qRT-PCR
qPCR was conducted as described previously (25).

Puromycin Incorporation Assay

Treated cells were pulsed with 15 minutes of puromycin (10 pg/mL; Sigma
P9620). Negative controls were treated with cycloheximide (10 pg/mL; Sigma
C4859) for 15 minutes prior to puromycin pulse. Sodium arsenite (50 pmol/L;
Hach #104732) was used as a positive control for activation of ISR 15 minutes
prior to puromycin pulse. Cells were fixed BioLegend (#421403) Foxp3-staining
kit fixation buffer at room temperature for 20 minutes and permeabilized. Cells
were stained with anti-puromycin AF-488 (MABE343-AF488) overnight at 4
degrees prior to flow cytometric readout. Median fluorescence intensity (MFI)

of cells treated with cycloheximide is baseline for puromycin incorporation.

Data Availability

This study includes no data deposited in external repositories. The data
generated in this article are available upon request from the corresponding

author.

Results

Retrospective Analysis of Venetoclax Clinical Trials
Supports Statin Use in Multiple Myeloma

Statins are widely prescribed, enabling the retrospective assessment of whether
background statin use influenced the venetoclax response in multiple myeloma
clinical trials (NCT01794507, NCT02899052). The venetoclax phase Ib trial,
M12-901 (NCT01794507), for patients with relapsed/refractory (R/R) multiple
myeloma receiving the standard therapy of bortezomib and Dex enrolled 66
patients with 10 statin users. The ongoing phase II venetoclax trial, M15-538
(NCT02899052), for patients with R/R multiple myeloma treated with carfil-
zomib and Dex enrolled 59 patients with 13 statin users. Notably, analysis of data
pooled from the two studies demonstrated significantly deeper responses by
the proportion of subjects obtaining stringent complete responses (sCR; 30.4%
statin users vs. 5.9% of those not on statins, P < 0.001; Fig. 1A; Supplemen-
tary Table S1). Moreover, no statin users had progressive disease (vs. 15.7% of
non-statin users, P < 0.05; Fig. 1B). In this univariate analysis, statin use trended
toward increased overall response rate (ORR; P = 0.135) and complete response
(CR) or better (P = 0.127; Supplementary Fig. S1; Supplementary Table SI).
We also conducted univariate and multivariate analysis including prior lines of
therapy; t(11;14) translocation status, a biomarker for sensitivity to venetoclax/
Dex in multiple myeloma (52, 53); and cytogenetic risk in accordance with In-
ternational Myeloma Working Group criteria (Supplementary Tables S2-S6).
In the multivariate analysis, only statin use was significantly associated with
increased sCR (OR: 7.41, 95% CI: 2.10-26.22; Fig. 1C). The lack of association
of t(11;14) with response is consistent with the results of multiple myeloma tri-
als combining venetoclax/Dex with proteasome inhibitors (10, 54). Statin use
trended toward being associated with CR or better response (OR: 2.77, 95%
CI: 0.95-8.06) while prior lines of therapy trended away from being associated
with a CR or better response (OR: 0.43, 95% CI: 0.17-1.07; Fig. 1C). There was
a trend toward increased PFS among statin users in the M15-538 trial [median
PFS with 95% CI for VEN =18.9 (8.2, —); VEN + statin = 24.8 (12.4, —)] and no
difference in median PFS in the M12-901 trial [VEN = 10.2 (4.3, 13.6); VEN +
statin = 10.8 (5.6, 15.7)] (Supplementary Fig. S2).
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FIGURE 1 Statins significantly improve responses in a retrospective analysis of venetoclax clinical trials in R/R multiple myeloma. Results of patients
with R/R multiple myeloma from venetoclax clinical trials receiving the standard therapy of Dex and a proteasome inhibitor (bortezomib for the phase
Ib trial (NCT01794507 also known as M12-901) and carfilzomib for the ongoing phase Il trial (NCT02899052 also known as M15-538) were pooled for
post hoc analysis of background statin use on responses to therapy. A, Univariate analysis of the pooled trials assessing background statin use on
response to therapy identified a significant difference in the proportion of subjects achieving sCR that is appreciated in each individual study

(***, P < 0.001). B, No patient on statins experienced progressive disease (PD) in either individual study, resulting in a significant difference in the
pooled analysis (*, P < 0.05). C, Multivariate analysis to evaluate known independent variables that affect patient outcomes, including prior lines of
therapy, cytogenetic risk, and t(11;14) status in relation to statin use on patient responses. Statin use trended closer to support association with CR or
better when accounting for prior lines of therapy, while t(11;14) and cytogenetic risk had no association with CR or better. No high-risk patients
achieved sCR, thus cytogenetic risk was dropped from multivariate analysis of SCR. Neither prior lines of therapy nor t(11;14) status were associated
with sCR, while statin use was strongly associated with increased rates of sCR (**, P < 0.01).

Simvastatin Sensitizes to BH3 Mimetics in MMCL Panel

To understand the mechanism of statin/BH3 mimetic combinations in mul-
tiple myeloma, we characterized the sensitivity of a panel of seven MMCLs
including three (KMSI12PE, U266, MOLP8) harboring t(11;14) translocation,
and two (OPM2, NCI-H929) harboring t(4;14) translocations. For our initial
screen we used simvastatin, the statin compound that was the primary agent
applied in our leukemia study (25). We evaluated cell viability after 48 hours
treatment with combinations of simvastatin and venetoclax or the MCL-1 in-
hibitor S63845 (Fig. 2A; Supplementary Fig. S3). Consistent with the consensus
that multiple myeloma cell survival is maintained primarily by MCL-1, veneto-
clax achieved 50% killing (ICs) at concentrations under 10 imol/L in only one
MMCL (KMSI2PE; Fig. 2B; Supplementary Table S7), whereas $63845 achieved
an ICsg in the low to mid-nanomolar range (10-100 nmol/L) for all but one line
tested (U266; Fig. 2C; Supplementary Table S7).

Simvastatin alone at concentrations of 10 pmol/L or lower reduced viability
in all MMCLs except U266 (Fig. 2A; Supplementary Fig. S3A). In combina-
tion, increasing concentrations of simvastatin significantly shifted the BH3
mimetic ICsg at the indicated doses (Fig. 2B and C). With venetoclax, simvas-
tatin reduced the ICsy below 10 pmol/L in three MMCLs, while with S63845,
simvastatin significantly shifted the ICs¢ in five MMCLs. The sensitization by
10 pmol/L simvastatin was completely reversed by supplementing cell media
with mevalonate, demonstrating that statin-mediated apoptotic sensitization is
an on-target effect of HMG-CoA-reductase inhibition (Fig. 2A; Supplementary
Fig. S3). Notably, simvastatin did not sensitize to BH3 mimetics in RPMI-
8226 and U266. This cell line variability aligns with our previous studies of
leukemia and lymphoma lines (25), highlighting biological heterogeneity that
influences susceptibility to statin-mediated apoptotic sensitization. Simvastatin

Cancer Res Commun; 3(12) December 2023

showed evidence of synergy with venetoclax and/or $63845 using two differ-
ent algorithms, the BLISS independence model that defines synergy by the
multiplicative survival principal and highest single agent model that defines
synergy as excess over the highest single agent (Supplementary Table S8). Sim-
vastatin combinations with venetoclax were synergistic in OPM2, L363, and
KMSI2PE whereas with $63845, NCIH929, OPM2, and L363 demonstrated
synergy and MOLP8 and KMSI2PE favored additivity (exemplary topology in
Supplementary Fig. S3B).

PUMA Protein Upregulation Correlates with Statin
Sensitivity in MMCL and is p53 Independent

To directly assess apoptotic sensitization, we employed dynamic BH3 profil-
ing to measure the statin-mediated change in cellular proximity to cytochrome
C release termed “priming” (Supplementary Fig. S4A). Using the BH3 pep-
tide of BIM, a promiscuous antiapoptotic binder and activator of BAX and
BAK (Fig. 3A), we verified that simvastatin induces overall apoptotic prim-
ing in tested MMCLs (Supplementary Fig. S4B), except U266 corresponding
to viability assays results (Fig. 2A).

In accordance with this apoptotic priming and prior findings (25), simvastatin
upregulated the proapoptotic PUMA protein in all cell lines showing shifted
BH3 mimetic IC5qs, henceforth referred to as “statin-sensitive” MMCLs, after
16 hours treatment with 10 umol/L simvastatin (Fig. 3B and C). In all MMCLs,
statin treatment induced appearance of unprenylated RAPIA confirming
blockade of mevalonate pathway dependent protein geranylgeranylation. No-
tably, OPM2 demonstrated the greatest magnitude of PUMA upregulation
(Fig. 3C), in agreement with the lower simvastatin concentrations required to
shift BH3 ICsps (Fig. 2A). Under the same conditions, the BBC3 transcript

https://doi.org/10.1158/2767-9764.CRC-23-0350 | CANCER RESEARCH COMMUNICATIONS
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FIGURE 2 MMCLs are sensitized to BH3 mimetics by simvastatin. We assessed a panel of seven myeloma cell lines including: OPM2, L363,
KMS-12-PE, NCI-H929, MOLPS8, RPMI-8226, and U266. A, Representative plots of statin-sensitive (black) MMCLs are shown alongside statin insensitive
(red). The initial screen used Pl exclusion to determine viability by flow cytometry. Rescue with 1 mmol/L mevalonate was demonstrated at the highest
concentration of simvastatin to demonstrate on-target activity. Of note, statin-mediated killing of RPMI-8226 is not fully rescued by mevalonate,
perhaps due to inefficient cellular uptake. n = 3, error bars indicate SD. B, IC5q of venetoclax or C, S63845 at concentrations of statins necessary to
significantly shift the ICsq. Significance (P value <0.05) was determined by extra sum-of-squares F test for differences in log ICsq. Achieving
significance was the classification determinant for statin-sensitive and statin-insensitive cell lines. *, P < 0.05; **, P < 0.01; ***, P < 0.007;

*xx P < 0.0001 of Bonferroni-adjusted P values.

encoding PUMA was upregulated compared with DMSO control treatment
(Supplementary Fig. S4C); however, significant transcript upregulation was also

apparent in cell lines wherein statin treatment did not shift BH3 mimetic ICsps.

We generated cell lines overexpressing a dominant-negative p53 oligomeriza-
tion domain fragment, GSE56 (55), and assessed PUMA upregulation in re-
sponse to statins or to the DNA-damaging agent etoposide as a control to induce
p53-dependent PUMA expression (56). GSE56 blocked etoposide-mediated
PUMA upregulation, but not simvastatin-mediated PUMA upregulation
(Fig. 3D). Expression of GSE56 did not affect statin sensitization to apopto-
sis compared with their parental cell line (Supplementary Fig. S4D-S4F) but
did induce resistance to $63845 in NCIH929 and L363 MMCLs (Supplemen-
tary Fig. S4D-S4F). OPM2 did not respond to etoposide due to p53 mutation
R175H, a mutation of p53 known to inhibit p53 family members p63 and
p73 (57-61). However, OPM2 upregulated PUMA expression in response to
10 pmol/L simvastatin (Fig. 3D), suggesting that p53 family proteins are not
involved in statin-mediated PUMA upregulation.

AACRJournals.org

We assessed selectivity of the statin apoptotic sensitization using healthy donor
PBMCs. Following 48 hours treatment, BH3 mimetics alone were cytotoxic to
CDI9" B cells, yet simvastatin did not significantly potentiate killing (Supple-
mentary Fig. S5A). This toxicity to peripheral B cells is known (62-64) and
many B-cell-depleting agents are tolerable in patients. Simvastatin did not po-
tentiate the killing of CD4" or CD8* T cells or CD3~/NK56+ natural killer
cells, consistent with patient studies (65). PUMA protein was measured by
intracellular staining of cocultures (Supplementary Fig. S5B) and by Western
blot analysis of magnetically isolated CD4™ and CD19" lymphocytes (Supple-
mentary Fig. S5C). Unlike etoposide, simvastatin did not upregulate PUMA
in healthy PBMCs, highlighting cancer selectivity of apoptotic sensitization by

statins.

Loss of Protein Geranylgeranylation Sensitizes
to BH3 Mimetics

We previously observed the apoptotic effects of statins in leukemia and

lymphoma were due to depletion of intermediary isoprenoids, farnesyl
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FIGURE 3 Simvastatin induces p53-independent PUMA upregulation. A, A BCL2 family model figure depicting protein interactions and how BH3
mimetics can cooperate with apoptotic sensitizers. B, A representative Western blot analysis of statin-insensitive (red) and statin-sensitive (black)

MMCLs treated for 16 hours with 10 umol/L simvastatin. n = 3. C, Quantification by densitometry of PUMA upregulation. Mean =+ SD, n = 3, significance
(0<0.05) determined by one-sample t test of log-transformed fold changes against the value of 0. *, P < 0.05; **, P < 0.01. D, Representative (n = 3)
Western blots showing that PUMA upregulation by 10 umol/L simvastatin is not dependent on the transcriptional activity of p53. Expression of the p53
dominant negative, GSE56, was accomplished in three MMCLs, L363, NCI-H929, and OPM2 wherein the basal p53 status is mutated [*L363 cells have a
point mutation in exon7/intron 7 splicing junction (base C782G) that impairs splicing of intron 7], wild-type, and mutated (R175H), respectively. GSE56
expression was confirmed with a rodent-specific p53 antibody (Cell Signaling Technology# 32532). Activation of p53 using 10 umol/L of the
topoisomerase inhibitor, etoposide, was used as a positive control to confirm blockade of p53 activation of PUMA upregulation.

pyrophosphate (FPP) or geranylgeranyl pyrophosphate (GGPP) that are nec-
essary for protein prenylation, not cholesterol (25). Therefore, we tested
whether prenyltransferase inhibitors, FT1-277 and GGTI-298, or the geranyl-
geranyl diphosphate synthase inhibitor TH-Z145 [a proxy to inhibit all protein
geranylgeranylation including from geranylgeranyltransferase (GGTase) II
and the newly discovered GGTase III (66)] could sensitize to BH3 mimet-
ics (Supplementary Fig. S6A). Apoptotic sensitization from these drugs
varied across all statin-sensitive MMCLs, indicating the involvement of
diverse prenylation substrates in the statin apoptotic sensitization mech-
anism. However, frequent sensitization to BH3 mimetics was observed
with GGTI-298 and TH-Z145 treatment, indicating the importance of pro-
tein geranylgeranylation in the sensitization to apoptosis (Supplementary
Fig. S6B-S6E).

Pitavastatin is a More Potent Statin Compound

Pitavastatin has a pharmacokinetic profile that is more suitable for drug re-
purposing in oncology (42, 67), including prolonged plasma half-life (10-12
hours) and higher plasma concentration levels (100-500 nmol/L) at standard
doses (68-71). Pitavastatin was three times more potent on a molar basis than
simvastatin at inducing MMCL death (Fig. 4A). Similarly, we observed that

in MMCLs, pitavastatin is approximately 3-fold more potent than simvastatin

at inducing PUMA upregulation and accumulation of unprenylated RAPIA
(Fig. 4B; Supplementary Fig. S7A). The general apoptotic sensitization by
statins holds for pitavastatin at mid-nanomolar concentrations, as 300 nmol/L
pitavastatin primed OPM2 for apoptosis by the BIM, PUMA, BAD, and MS1
peptides (Supplementary Fig. S7B).

Statins Increase Venetoclax Cytotoxicity in a
Dex-resistant MMCL

Multiple myeloma clinical trials are assessing venetoclax in combination with
Dex, a mainstay multiple myeloma therapy with well-characterized apoptosis-
sensitizing properties (72). We compared the apoptosis-promoting effects of
simvastatin and pitavastatin with the effects of Dex in a MMCL model of
glucocorticoid resistance. MM.1S and MML.IR are isogenic cell lines differing
in their expression of the glucocorticoid receptor (73) that imparts Dex re-
sistance in MM.IR. As expected, Dex enhanced apoptosis induced by BH3
mimetics in MML.1S, but not in MM.IR cells (Fig. 4C). However, statins in-
creased BH3 mimetic induced apoptosis in both MM.1S and MM.IR. The
glucocorticoid-induced leucine zipper (GILZ) protein is posited to be the apop-
totic determinant for Dex cytotoxicity in multiple myeloma (74). MM.IR lost
the ability to upregulate GILZ in response to Dex; however, pitavastatin in-
duced GILZ expression in both MM.IR and MM.1S without hindering the Dex
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FIGURE 4 Pitavastatin is three times more potent than simvastatin in cell-based assays of apoptosis and biomarker responses, and increases
apoptosis in combination with venetoclax in a subset of patient samples treated ex vivo. A, Cell Titer Glo was used to assess viability in statin/BH3
mimetic combinations after 48 hours; % viable cells was normalized to vehicle. Mean =4 SD, n = 3. B, Pitavastatin increases PUMA and blocks
prenylation of RAP1A at concentrations lower than simvastatin. C, Results of a glucocorticoid resistance cell line models MM.1S (sensitive) and MM.IR
(resistant) after 48 hours treatment. Mean + SD; n = 3; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001, one-way ANOVA with Tukey post-test
correction for multiple comparisons. D, Buffy coats from multiple myeloma patient bone marrow aspirates were treated in vitro with 1 umol/L
pitavastatin and 10 nmol/L venetoclax for 24 hours before staining with CD45, CD38, and Annexin V to assess viability.

response (Supplementary Fig. S8). Thus, statins may be a useful adjunct therapy

in the setting of Dex resistance.

MM Patient Cells can be Sensitized to BH3 Mimetics by
Pitavastatin

We treated patient bone marrow buffy coat cells ex vivo with venetoclax and
pitavastatin for 24 hours to assess sensitization to venetoclax cytotoxicity in
patient-derived multiple myeloma cells. The buffy coat layer includes bone mar-
row stromal cells which support survival of the cocultured multiple myeloma
cells (identified as CD38%/CD45lo) ex vivo. Pitavastatin alone (1 umol/L) re-
duced the viability of five samples. In six patient samples out of 12, pitavastatin
sensitized to venetoclax-mediated killing (Fig. 4D) including two of three sam-
ples with t(11;14) translocation, one of two with t(4;14), two of seven with
chromosome 1q amplification, and two of five with chromosome 17p-deletion
implicating p53 loss (Supplementary Table S9). Thus, statins can sensitize mul-
tiple myeloma cells from a subset of patients to BH3 mimetic killing, including

some with loss of p53 function.

AACRJournals.org

PUMA Upregulation Contributes to Statin Sensitization

To test the functional role of statin-induced PUMA, we generated 1363 cell
clones with CRISPR/Cas9-mediated knockout of the BBC3 gene (Supplemen-
tary Fig. S9A). PUMA knockout clones, as confirmed by western, consistently
showed partial rescue from 10 umol/L pitavastatin (Supplementary Fig. S9B).
One out of three knockout clones demonstrated partial rescue from combina-
tion of 1 pmol/L pitavastatin and 10 pmol/L venetoclax, and two clones exhibited
partial rescue from combination of 1 umol/L pitavastatin and 30 nmol/L S63845,

highlighting clonal variability in proximity to apoptosis.

Circumventing the need to evaluate single-cell clones with potential compen-
satory effects, we assessed the PUMA contribution to apoptotic sensitization
with a doxycycline-inducible shRNA approach. The induced knockdown of
PUMA to levels comparable to non-pitavastatin-treated L363 cells (Supple-
mentary Fig. S9C) resulted in partial rescue of viability in cells treated with
venetoclax plus pitavastatin (Supplementary Fig. S9D). These data provide
additional evidence that PUMA upregulation is a contributing factor in statin-

mediated apoptotic sensitization but indicate that other mechanisms exist.

Cancer Res Commun; 3(12) December 2023
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FIGURE 5 Activation of stress pathways is induced by pitavastatin and the ISR inhibitor, ISRIB, partially rescues from statin-mediated sensitization
of BH3 mimetics. A, ATF4 and stress activated factors were assessed across our panel of cell lines by Western blot analysis, including five statin
sensitive, and two statin insensitive MMCL (RPMI-8226 and U266). B, Puromycin incorporation was measured by flow cytometry as a marker for active
translation, and was assessed after 15 minutes of puromycin exposure. MMCLs were treated with 20 or 40 hours of pitavastatin or pitavastatin/ISRIB.
Fifteen minutes prior to puromycin exposure, control wells were treated with sodium arsenite (NaArs), NaArs/ISRIB, or cycloheximide. MFI of
cycloheximide-treated cells served as background fluorescence and was subtracted from the MFI of all other samples. Data are presented relative to
vehicle treated cells. Significance of ISRIB rescue was determined by one-way ANOVA and multiple comparisons were corrected by Holm-Sidak
multiple comparisons test, *, P < 0.05; **, P < 0.01; ***, P < 0.001. C, AnnexinV-PI viability assays of L363 and OPM2. ISRIB rescues from the apoptosis

induced by venetoclax and pitavastatin in L363 and OPM2, n = 3. D, Western

blot analysis of ATF4 upregulation induced by pitavastatin after 16 or

40 hours for the purpose of assessing the effect of AMG-PERK44 (PERKI) in L363, OPM2, and NCI-H929. Upregulation of ATF4 is delayed in L363
relative to the t(4;14) MMCLs, OPM2 and NCI-H929, consistent with puromycin incorporation results. PERK inhibition blocks ATF4 upregulation in L363,

but not OPM2 and NCI-H929.

Pitavastatin Activates the ISR

Two groups have reported that statin treatment of multiple myeloma cells trig-
gers the ISR (36, 47), with one report showing preferential ISR activation in cells
with the t(4;14) translocation (47). Indeed, Western blots showed an increase
in the hallmark ISR transcription factor, ATF4, in pitavastatin treated MMCLs
with t(4;14) (OPM2, NCI-H929) and to varying degrees in t(11;14) (MOLP8)
and other genetic backgrounds (L363, MM.1S) in a time-dependent manner
(Fig. 5A). MMCLs resistant to statin sensitization (RPMI-8226, U266) did not

show ATF4 increases.

We did not observe consistent appearance of hallmark ISR markers, phosphory-
lated eIF2a (p-eIF2a) or expression of CHOP, across MMCLs at the timepoints
measured (Fig. 5A), likely due to the transient nature of p-eIF2a (75) and
the non-ISR-dependent regulation of CHOP (76, 77). Instead, we assayed the
functional outcome of the ISR by measuring protein translation using a flow
cytometry-based puromycin incorporation assay (78). In response to pitavas-
tatin, statin-sensitive MMCLs displayed a time-dependent inhibition of protein
synthesis (Fig. 5B; Supplementary Fig. SI0A). We used a chemical inhibitor of
the integrated stress response (ISRIB) that allosterically blocks p-eIF2a from
competitively inhibiting eIF2B (79). ISRIB reversed the statin-mediated reduc-

Cancer Res Commun; 3(12) December 2023

tion of protein translation in statin-sensitive MMCLs (Fig. 5B; Supplementary
Fig. S10A) similarly to its effect on the sodium arsenite positive control, sug-
gestive of cryptic increase of p-elF2a by statins (80). ISRIB partially rescued
pitavastatin-treated cells from sensitization to venetoclax-mediated apoptosis
(Fig. 5C; Supplementary Fig. SI0B-S10E). Notably, sensitization to S63845 was
mostly unaffected by ISRIB. In two statin-sensitive AML cell lines (25), OCI-
AML3 and MOLMI13, pitavastatin did not induce ATF4 and ISRIB did not affect
sensitization to venetoclax, suggesting statin-mediated activation of the ISR is
multiple myeloma specific (Supplementary Fig. S11).

Lovastatin treatment reportedly halts immunoglobulin trafficking in multiple
myeloma cells and activates the classically PERK-mediated unfolded pro-
tein response (36). We used CRISPR/Cas9 gene editing to generate L363 cell
clones lacking PERK (Supplementary Fig. SI2A and S12B) and confirmed
the absence of ATF4 induction following treatment with a positive control
stimulus, tunicamycin (Supplementary Fig. S12A). The PERK-deficient L363
clones failed to upregulate ATF4 in response to pitavastatin (Supplementary
Fig. S12B) and ISRIB no longer rescued from the effect of pitavastatin and
venetoclax (Supplementary Fig. S12C). In accord, the PERK inhibitor AMG-
PERK44 (81) blocked ATF4 induction by pitavastatin in L363 cells (Fig. 5D) ata
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concentration (3 pmol/L) that suppresses tunicamycin-mediated ATF4 induc-
tion (Supplementary Fig. SI2D). However, AMG-PERK44 did not prevent
ATF4 induction by pitavastatin in OPM2 and NCIH929 (Fig. 5D), suggesting

alternative mechanisms of ISR activation in the t(4;14) cell lines.

NOXA Upregulation is Mediated by ISR Activation and
Contributes to Statin Sensitization to Venetoclax

To identify the ISR-dependent contributor of apoptotic sensitization, we mea-
sured expression of members of the BCL2 family by Western blot analysis 16 and
40 hours after pitavastatin treatment of statin-sensitive MMCLs. At the 16-hour
timepoint only PUMA showed consistent upregulation (Fig. 6A). However, at
40 hours (Fig. 6B), we observed increases in expression of NOXA, another
BH3-only sensitizer that has been linked to the ISR and ATF4 (82). Notably,
at this timepoint, we also detected PARP cleavage (Fig. 6B), a caspase substrate
that serves as a hallmark for apoptosis. Cotreatment with ISRIB largely pre-
vented the increase in NOXA, with minimal effect on PUMA (Fig. 6C). Using a
Cas9-inducible MMCL (KMSI8), we observed that NOXA knockout results in
the near complete loss of sensitivity to venetoclax (Supplementary Fig. SI3A).
PUMA knockout in this same cell line resulted in partial rescue from apoptotic

sensitization by pitavastatin.

The addition of ISRIB to an L363 PUMA knockout clone completely rescued
the venetoclax sensitizing effects of statins, while PUMA knockout alone was
sufficient to block the effect of S63845 (Fig. 6D). Doxycycline-inducible shRNA

AACRJournals.org

against PUMA confirmed the roles of PUMA upregulation and ISR activation
in statin-mediated venetoclax sensitization in L363 (Supplementary Fig. S13B).
These results bolster a mechanism wherein statins more strongly overcome
resistance to BCL2 inhibition relative to MCL-1 inhibition (Fig. 7).

Discussion

The mevalonate pathway is a targetable dependency in blood cancer for which
FDA-approved agents already exist, statins (44). Our results indicate the cancer-
specific, proapoptotic effects of statins may be leveraged by combining with
BH3 mimetics. Statins sensitized MMCLs to BH3 mimetics, including in a
model of Dex resistance, and patient multiple myeloma cells to venetoclax. The
leading clinical candidate, pitavastatin, was more potent and induced cell death
and biomarker responses at clinically achievable concentrations, compared
with prior candidates (39-41). Previously we presented preliminary analyses
of phase I trials showing that statin use trended toward increased ORR and
very good partial response (VGPR) among patients with R/R multiple myeloma
treated with venetoclax/Dex/bortezomib (M12-901) and the t(11;14) translo-
cation subset analysis in patients with R/R multiple myeloma treated with
venetoclax/Dex (M13-367; NCT01794520; ref. 83). In our current study, the
clinical utility of statins and venetoclax is supported by pooled, retrospective
analysis of venetoclax clinical trials wherein statin use correlated with signifi-
cantly deeper responses (increased sCR, absence of progressive disease). These

retrospective datasets likely underestimate the potential benefit of pitavastatin

Cancer Res Commun; 3(12) December 2023
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competitor with S63845. As such, ISRIB did not rescue from S63845 and statin-mediated killing.

as the statin drugs more commonly prescribed for cholesterol control are not

optimized for oncology.

Statin-sensitive MMCLs shared the property of upregulating PUMA protein in
a p53-independent manner as observed in AML (25). Statins uniquely activate
the ISR in several of the most sensitive MMCLs. ISRIB enabled identification of
statin-mediated, ISR-induced reduction of protein translation, observation of
differential rescue of statin sensitization to venetoclax versus S63845, and de-
termination of the ISR-responsive apoptotic factor, NOXA, in MMCLs. These
results support a mechanistic model where statins trigger distinct and par-
allel proapoptotic signals via PUMA and the ISR/NOXA axis in MMCLs
(Fig. 7). This model explains the superior combination effects of statins with
venetoclax, because NOXA induction is mechanistically redundant with chem-
ical MCL-1 inhibition. In absence of a NOXA response, the statin-mediated
PUMA response still acts to sensitize MMCLs to BH3 mimetics. While t(4;14)
MMCLs and patient samples exhibit notable sensitivity to statins (47), our data
extend statin utility to non-t(4;14) multiple myeloma by combination with BH3
mimetics where PUMA, NOXA, and ATF4 are biomarkers for statin sensitivity.

How statins activate the ISR is not fully understood. The insight that lovastatin
triggers markers of the unfolded protein response through a mechanism in-
volving loss of RAB geranylgeranylation hindering immunoglobulin light chain
trafficking (36), aided in uncovering the role of PERK in L363 cells. However,
ATF4 induction in t(4;14) MMCLs was not blocked by chemical PERK inhi-
bition. Future studies should address the roles of different eIF2a kinases with
the considerations that multiple kinases may be involved, especially at high
statin concentrations, and responses at clinically achievable doses should be

prioritized for clinical translation.

Cancer Res Commun; 3(12) December 2023

Unlike reports that galvanized the initiation of high-dose simvastatin clinical
trials in multiple myeloma (37, 38), we did not observe consistent MCL-1 re-
duction to statin treatment. Several differences may explain this discrepancy
including statin concentration (1 pumol/L pitavastatin vs. 30 tmol/L lovastatin),
longer timepoints (16-40 hours vs. 48-96 hours), and cell line heterogeneity.
The understanding gained in our study adds to this body of work by impli-
cating NOXA upregulation as the potential mediator of MCL-1 decrease (84).
Identification of pitavastatin, with a half-life (12 hours) that aligns with the early
upregulation of PUMA and NOXA, revitalizes the hopes undercut by the short
half-life of simvastatin/lovastatin (2-3 hours) and the time required to reduce
MCL-1. Our larger panel of MMCLs captured decreased MCL-1 in OPM2 and
MML.IS at 40 hours (Fig. 6B), but the generalizability and functional importance

of this finding is uncertain.

Key questions remain regarding the mechanism of statin-induced apoptotic
sensitization in blood cancers. To date, we have not identified the transcrip-
tional regulators of PUMA upregulation. Further research is needed to better
define the signaling mechanisms and gene regulatory networks that connect
mevalonate pathway inhibition to the ISR, PUMA, and NOXA.

Authors’ Disclosures

].D. Leverson and A.W. Roberts were previous employees of AbbVie. M. Jalalud-
din reports other income from AbbVie outside the submitted work. O.F. Bueno
reports personal fees from AbbVie during the conduct of the study; and per-
sonal fees outside the submitted work. L.H. Boise reports personal fees from

Abbvie and AstraZeneca during the conduct of the study. D.A. Fruman reports

https://doi.org/10.1158/2767-9764.CRC-23-0350 | CANCER RESEARCH COMMUNICATIONS



grants from NIH, Leukemia & Lymphoma Society, and NCI during the conduct
of the study; personal fees from AbbVie outside the submitted work. No other

disclosures were reported.

Authors’ Contributions

D. Juarez: Conceptualization, data curation, supervision, investigation, vi-
sualization, methodology, writing-original draft, writing-review and editing.
R. Buono: Conceptualization, investigation, visualization, writing-review and
editing. S.M. Matulis: Investigation, visualization. V.A. Gupta: Conceptual-
ization, investigation, visualization, writing-review and editing. M. Duong:
Investigation. J. Yudiono: Investigation. M. Paul: Investigation, visualization,
writing-review and editing. S. Mallya: Investigation. G. Diep: Investigation. P.
Hsin: Investigation. A. Lu: Investigation. S.M. Suh: Investigation. V.M. Dong:
Supervision, writing-review and editing. A.W. Roberts: Conceptualization,
investigation, writing-review and editing. J.D. Leverson: Conceptualization,
investigation, writing-original draft, writing-review and editing. M. Jalalud-
din: Formal analysis, supervision, investigation, visualization, writing-review
and editing. Z. Liu: Formal analysis, investigation, visualization, writing-review
and editing. O.F. Bueno: Conceptualization, supervision, writing-review and
editing. L.H. Boise: Conceptualization, supervision, funding acquisition,

writing-original draft, writing-review and editing. D.A. Fruman: Conceptual-

References

1. Laubach JP. Multiple myeloma: overview of management. In: UptoDate. Connor
RF, Rajkumar SV, editors. Wolters Kluwer; 2023.

2. Cory S, Roberts AW, Colman PM, Adams JM. Targeting BCL-2-like proteins to
kill cancer cells. Trends Cancer 2016;2: 443-60.

3. DiNardo CD, Pratz K, Pullarkat V, Jonas BA, Arellano M, Becker PS, et al.
Venetoclax combined with decitabine or azacitidine in treatment-naive, elderly
patients with acute myeloid leukemia. Blood 2019;133: 7-17.

4. Wei AH, Strickland SA, Hou J-Z, Fiedler W, Lin TL, Walter RB, et al. Veneto-
clax combined with low-dose cytarabine for previously untreated patients with
acute myeloid leukemia: results from a phase Ib/Il study. J Clin Oncol 2019;37:
1277-84.

5. Roberts AW, Davids MS, Pagel JM, Kahl BS, Puvvada SD, Gerecitano JF, et al.
Targeting BCL2 with venetoclax in relapsed chronic lymphocytic leukemia. N
Engl J Med 2016;374: 311-22.

6. Jain N, Keating M, Thompson P, Ferrajoli A, Burger J, Borthakur G, et al. Ibru-
tinib and venetoclax for first-line treatment of CLL. N Engl J Med 2019;380:
2095-103.

7. Roberts AW, Ma S, Kipps TJ, Coutre SE, Davids MS, Eichhorst B, et al. Efficacy of
venetoclax in relapsed chronic lymphocytic leukemia is influenced by disease
and response variables. Blood 2019;134: 111-22.

8. Fischer K, Al-Sawaf O, Bahlo J, Fink A-M, Tandon M, Dixon M, et al. Venetoclax
and obinutuzumab in patients with CLL and coexisting conditions. N Engl J Med
2019;380: 2225-36.

9. Seymour JF, Kipps TJ, Eichhorst B, Hillmen P, D’Rozario J, Assouline S, et al.
Venetoclax-rituximab in relapsed or refractory chronic lymphocytic leukemia.
N Engl J Med 2018;378: 1107-20.

10. Kumar SK, Harrison SJ, Cavo M, de la Rubia J, Popat R, Gasparetto C, et al.
Venetoclax or placebo in combination with bortezomib and dexamethasone in
patients with relapsed or refractory multiple myeloma (BELLINI): a randomised,
double-blind, multicentre, phase 3 trial. Lancet Oncol 2020;21: 1630-42.

1. Wei AH, Roberts AW, Spencer A, Rosenberg AS, Siegel D, Walter RB, et al. Tar-
geting MCL-1 in hematologic malignancies: rationale and progress. Blood Rev
2020;44:100672.

AACRJournals.org

Statin Efficacy in Multiple Myeloma

ization, supervision, funding acquisition, writing-original draft, writing-review

and editing.

Acknowledgments

Financial Support: This work was supported by a grant from the Leukemia and
Lymphoma Society Translational Research Program (D.A. Fruman, PI; L.H.
Boise, co-investigator), and by NIH grants R21CA209341 (to D.A. Fruman),
R35GM127071 (to V.M. Dong), KO8CA267055 (to V.A. Gupta), and Cancer
Center Support Grants P30CA062203 (UCI Chao Family Comprehensive Can-
cer Center) P30CA138292 (Emory University). D. Juarez was supported by NIH
T32 grant CA009054, L.H. Boise by the Paula and Rodger Riney Family Foun-
dation, and V.A. Gupta by an Institutional Research Grant from the American
Cancer Society (IRG14-188-01).

Note

Supplementary data for this article are available at Cancer Research Comm-

unications Online (https://aacrjournals.org/cancerrescommun/).

Received August 17, 2023; revised September 12, 2023; accepted November 03,
2023; published first December 08, 2023.

12. Caenepeel S, Brown SP, Belmontes B, Moody G, Keegan KS, Chui D, et al.
AMG 176, a selective MCLT inhibitor, is effective in hematologic cancer mod-
els alone and in combination with established therapies. Cancer Discov 2018;8:
1582-97.

13. Szlavik Z, Csekei M, Paczal A, Szabo ZB, Sipos S, Radics G, et al. Discovery of
S64315, a potent and selective Mcl-1 inhibitor. J Med Chem 2020;63: 13762-95.

14. Tron AE, Belmonte MA, Adam A, Aquila BM, Boise LH, Chiarparin E, et al. Dis-
covery of Mcl-1-specific inhibitor AZD5991 and preclinical activity in multiple
myeloma and acute myeloid leukemia. Nat Commun 2018;9: 5341.

15. Corsello SM, Nagari RT, Spangler RD, Rossen J, Kocak M, Bryan JG, et al. Discov-
ering the anti-cancer potential of non-oncology drugs by systematic viability
profiling. Nat Cancer 2020;1: 235-48.

16. Vasquez-Bochm LX, Veldzquez-Paniagua M, Castro-Vazquez SS, Guerrero-
Rodriguez SL, Mondragon-Peralta A, De La Fuente-Granada M, et al.
Transcriptome-based identification of lovastatin as a breast cancer stem
cell-targeting drug. Pharmacol Rep 2019;71: 535-44.

17. Gouni S, Strati P, Toruner G, Aradhya A, Landgraf R, Bilbao D, et al. Statins en-
hance the chemosensitivity of R-CHOP in diffuse large B-cell lymphoma. Leuk
Lymphoma 2022;63: 1302-13.

18. van Leeuwen J, Ba-Alawi W, Branchard E, Longo J, Silvester J, Cescon
DW, et al. Computational pharmacogenomics screen identifies synergistic
statin-compound combinations as anti-breast cancer therapies. bioRxiv 2020.

19. Newman A, Clutterbuck RD, Powles RL, Millar JL. Selective inhibition of primary
acute myeloid leukaemia cell growth by simvastatin. Leukemia 1994;8: 2023-9.

20. Scheffold C, Schottker B, Lefterova P, Csipai M, Glasmacher A, Huhn D, et al.
Increased sensitivity of myeloid leukemia cell lines: potential of lovastatin as
bone-marrow-purging agent. Acta Haematol 2000;104: 72-9.

21. Xia Z, Tan MM, Wong WW, Dimitroulakos J, Minden MD, Penn LZ. Blocking pro-
tein geranylgeranylation is essential for lovastatin-induced apoptosis of human
acute myeloid leukemia cells. Leukemia 2001;15: 1398-407.

22. Dimitroulakos J, Nohynek D, Backway KL, Hedley DW, Yeger H, Freedman MH,
et al. Increased sensitivity of acute myeloid leukemias to lovastatin-induced
apoptosis: a potential therapeutic approach. Blood 1999;93: 1308-18.

Cancer Res Commun; 3(12) December 2023

2507


https://aacrjournals.org/cancerrescommun/

2508

Juarez et al.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Cancer Res Commun; 3(12) December 2023

van de Donk NWCJ, Kamphuis MMJ, Lokhorst HM, Bloem AC. The cholesterol
lowering drug lovastatin induces cell death in myeloma plasma cells. Leukemia
2002;16: 1362-71.

Rudich SM, Mongini PK, Perez RV, Katznelson S. HMG-CoA reductase inhibitors
pravastatin and simvastatin inhibit human B-lymphocyte activation. Transplant
Proc 1998;30: 992-5.

Lee JS, Roberts A, Juarez D, Vo T-TT, Bhatt S, Herzog L-0, et al. Statins enhance
efficacy of venetoclax in blood cancers. Sci Transl Med 2018;10: eaaq1240.
Al-Zebeeby A, Vogler M, Milani M, Richards C, Alotibi A, Greaves G, et al. Tar-
geting intermediary metabolism enhances the efficacy of BH3 mimetic therapy
in hematologic malignancies. Haematologica 2019;104: 1016-25.

Gimenez N, Tripathi R, Giré A, Rosich L, Lopez-Guerra M, Lépez-Oreja |, et al.
Systems biology drug screening identifies statins as enhancers of current
therapies in chronic lymphocytic leukemia. Sci Rep 2020;10: 22153.

Lin KH, Xie A, Rutter JC, Ahn Y-R, Lloyd-Cowden JM, Nichols AG, et al. Sys-
tematic dissection of the metabolic-apoptotic interface in AML reveals heme
biosynthesis to be a regulator of drug sensitivity. Cell Metab 2019;29: 1217-31.
Rashkovan M, Albero R, Gianni F, Perez-Duran P, Miller HI, Mackey AL, et al.
Intracellular cholesterol pools regulate oncogenic signaling and epigenetic cir-
cuitries in early T-cell precursor acute lymphoblastic leukemia. Cancer Discov
2022;12: 856-71.

Janosi J, Sebestyén A, Bocsi J, Barna G, Nagy K, Valyi-Nagy |, et al. Mevastatin-
induced apoptosis and growth suppression in U266 myeloma cells. Anticancer
Res 2004;24:1817-22.

Gronich N, Drucker L, Shapiro H, Radnay J, Yarkoni S, Lishner M. Simvastatin
induces death of multiple myeloma cell lines. J Investig Med 2004;52: 335-44.
Schmidmaier R, Baumann P, Simsek M, Dayyani F, Emmerich B, Meinhardt
G. The HMG-CoA reductase inhibitor simvastatin overcomes cell adhesion-
mediated drug resistance in multiple myeloma by geranylgeranylation of Rho
protein and activation of Rho kinase. Blood 2004;104: 1825-32.

Wong WW-L, Clendening JW, Martirosyan A, Boutros PC, Bros C, Khosravi F,
et al. Determinants of sensitivity to lovastatin-induced apoptosis in multiple
myeloma. Mol Cancer Ther 2007;6: 1886-97.

Cafforio P, Dammacco F, Gernone A, Silvestris F. Statins activate the mito-
chondrial pathway of apoptosis in human lymphoblasts and myeloma cells.
Carcinogenesis 2005;26: 883-91.

Niknejad N, Morley M, Dimitroulakos J. Activation of the integrated stress
response regulates lovastatin-induced apoptosis. J Biol Chem 2007;282:
29748-56.

Holstein SA, Hohl RJ. Isoprenoid biosynthetic pathway inhibition disrupts mon-
oclonal protein secretion and induces the unfolded protein response pathway
in multiple myeloma cells. Leuk Res 2011;35: 551-9.

van de Donk NWCJ, Kamphuis MMJ, van Kessel B, Lokhorst HM, Bloem AC.
Inhibition of protein geranylgeranylation induces apoptosis in myeloma plasma
cells by reducing Mcl-1 protein levels. Blood 2003;102: 3354-62.

van der Spek E, Bloem AC, van de Donk NWCJ, Bogers LH, van der Griend
R, Kramer MH, et al. Dose-finding study of high-dose simvastatin combined
with standard chemotherapy in patients with relapsed or refractory myeloma
or lymphoma. Haematologica 2006;91: 542-5.

van der Spek E, Bloem AC, Sinnige HA, Lokhorst HM. High dose simvastatin does
not reverse resistance to vincristine, adriamycin, and dexamethasone (VAD) in
myeloma. Haematologica 2007;92: e130-1.

Schmidmaier R, Baumann P, Bumeder |, Meinhardt G, Straka C, Emmerich
B. First clinical experience with simvastatin to overcome drug resistance in
refractory multiple myeloma. Eur J Haematol 2007;79: 240-3.

Sondergaard TE, Pedersen PT, Andersen TL, See K, Lund T, Ostergaard B, et al.
A phase Il clinical trial does not show that high dose simvastatin has benefi-
cial effect on markers of bone turnover in multiple myeloma. Hematol Oncol
2009;27:17-22.

Abdullah MI, de WE, Jawad MJ, Richardson A. The poor design of clinical trials
of statins in oncology may explain their failure - lessons for drug repurposing.
Cancer Treat Rev 2018;69: 84-9.

van de Donk NWCJ, Bloem AC, van der Spek E, Lokhorst HM. New treat-
ment strategies for multiple myeloma by targeting BCL-2 and the mevalonate
pathway. Curr Pharm Des 2006;12: 327-40.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Juarez D, Fruman DA. Targeting the mevalonate pathway in cancer. Trends
Cancer 2021;7: 525-40.

Sanfilippo KM, Keller J, Gage BF, Luo S, Wang TF, Moskowitz G, et al. Statins are
associated with reduced mortality in multiple myeloma. J Clin Oncol 2016;34:
4008-14.

Afzal A, Fiala MA, Gage BF, Wildes TM, Sanfilippo K. Statins reduce mortality
in multiple myeloma: a population-based US study. Clin Lymphoma Myeloma
Leuk 2020;20: €937-43.

Longo J, Smirnov P, Li Z, Branchard E, van Leeuwen JE, Licht JD, et al. The
mevalonate pathway is an actionable vulnerability of t(4;14)-positive multiple
myeloma. Leukemia 2021;35: 796-808.

Saha MN, Qiu L, Chang H. Targeting p53 by small molecules in hematological
malignancies. J Hematol Oncol 2013;6: 23.

Thijssen R, Diepstraten ST, Moujalled D, Chew E, Flensburg C, Shi MX, et al. Intact
TP-53 function is essential for sustaining durable responses to BH3-mimetic
drugs in leukemias. Blood 2021;137: 2721-35.

Zhang Y, Xia Y, Xie Y, Yu Z, Zhou X, Li X, et al Mevalonate pathway inhibitor as
highly-effective vaccine adjuvant. 2018; EP3348269A1 (patent number); Filing
date 2016 Sep 08; Publication date 2018 Jul 18.

Xia'Y, Xie Y, Yu Z, Xiao H, Jiang G, Zhou X, et al. The mevalonate pathway is a
druggable target for vaccine adjuvant discovery. Cell 2018;175: 1059-73.
Touzeau C, Dousset C, Le Gouill S, Sampath D, Leverson JD, Souers AJ, et al. The
Bcl-2 specific BH3 mimetic ABT-199: a promising targeted therapy for t(11;14)
multiple myeloma. Leukemia 2014;28: 210-2.

Kumar S, Kaufman JL, Gasparetto C, Mikhael J, Vij R, Pegourie B, et al. Effi-
cacy of venetoclax as targeted therapy for relapsed/refractory t(11;14) multiple
myeloma. Blood 2017;130: 2401-9.

Moreau P, Chanan-Khan A, Roberts AW, Agarwal AB, Facon T, Kumar
S, et al. Promising efficacy and acceptable safety of venetoclax plus
bortezomib and dexamethasone in relapsed/refractory MM. Blood 2017;130:
2392-400.

Ossovskaya VS, Mazo IA, Chernov MV, Chernova OB, Strezoska Z, Kondratov
R, et al. Use of genetic suppressor elements to dissect distinct biologi-
cal effects of separate p53 domains. Proc Natl Acad Sci U S A 1996;93:
10309-14.

Grandela C, Pera MF, Grimmond SM, Kolle G, Wolvetang EJ. p53 is required for
etoposide-induced apoptosis of human embryonic stem cells. Stem Cell Res
2007;1: 116-28.

Stindt MH, Muller PAJ, Ludwig RL, Kehrloesser S, Détsch V, Vousden KH. Func-
tional interplay between MDM2, p63/p73 and mutant p53. Oncogene 2015;34:
4300-10.

Di Como CJ, Gaiddon C, Prives C. p73 function is inhibited by tumor-derived
p53 mutants in mammalian cells. Mol Cell Biol 1999;19: 1438-49.

Gaiddon C, Lokshin M, Ahn J, Zhang T, Prives C. A subset of tumor-derived
mutant forms of p53 down-regulate p63 and p73 through a direct interaction
with the p53 core domain. Mol Cell Biol 2001;21: 1874-87.

Strano S, Munarriz E, Rossi M, Cristofanelli B, Shaul Y, Castagnoli L, et al. Physical
and functional interaction between p53 mutants and different isoforms of p73.
J Biol Chem 2000;275: 29503-12.

Strano S, Fontemaggi G, Costanzo A, Rizzo MG, Monti O, Baccarini A, et al. Phys-
ical interaction with human tumor-derived p53 mutants inhibits p63 activities.
J Biol Chem 2002;277: 18817-26.

Dai J, Luftig MA. Intracellular BH3 profiling reveals shifts in antiapoptotic de-
pendency in human B cell maturation and mitogen-stimulated proliferation. J
Immunol 2018;200: 1727-36.

Brennan MS, Chang C, Tai L, Lessene G, Strasser A, Dewson G, et al. Humanized
Mcl-1 mice enable accurate preclinical evaluation of MCL-1 inhibitors destined
for clinical use. Blood 2018;132: 1573-83.

Souers AJ, Leverson JD, Boghaert ER, Ackler SL, Catron ND, Chen J, et al. ABT-
199, a potent and selective BCL-2 inhibitor, achieves antitumor activity while
sparing platelets. Nat Med 2013;19: 202-8.

Teh CE, Peng H, Luo M, Tan T, Trussart M, Howson LJ, et al. Venetoclax treatment
in cancer patients has limited impact on circulating T and NK cells. Blood Adv
2023;7: 2733-45.

https://doi.org/10.1158/2767-9764.CRC-23-0350 | CANCER RESEARCH COMMUNICATIONS



66.

67.

68.

69.

70.

71.

72.

73.

74.

Kuchay S, Wang H, Marzio A, Jain K, Homer H, Fehrenbacher N, et al. GGTase3
is a newly identified geranylgeranyltransferase targeting a ubiquitin ligase. Nat
Struct Mol Biol 2019;26: 628-36.

de Wolf E, Abdullah MI, Jones SM, Menezes K, Moss DM, Drijfhout FP, et al.
Dietary geranylgeraniol can limit the activity of pitavastatin as a potential
treatment for drug-resistant ovarian cancer. Sci Rep 2017;7: 5410.

Luo Z, Zhang Y, Gu J, Feng P, Wang Y. Pharmacokinetic properties of single-
and multiple-dose pitavastatin calcium tablets in healthy chinese volunteers.
Curr Ther Res Clin Exp 2015;77: 52-7.

Di B, Su M-X, Yu F, Qu L-J, Zhao L-P, Cheng M-C, et al. Solid-phase extraction
and liquid chromatography/tandem mass spectrometry assay for the determi-
nation of pitavastatin in human plasma and urine for application to phase |
clinical pharmacokinetic studies. J Chromatogr B Analyt Technol Biomed Life
Sci 2008;868: 95-101.

YinT, Liu Q, Zhao H, Zhao L, Liu H, Li M, et al. LC-MS/MS assay for pitavastatin in
human plasma and subsequent application to a clinical study in healthy Chinese
volunteers. Asian J Pharm Sci 2014;9: 348-55.

Hui CK, Cheung BMY, Lau GKK. Pharmacokinetics of pitavastatin in subjects
with Child-Pugh A and B cirrhosis. Br J Clin Pharmacol 2005;59: 291-7.
Matulis SM, Gupta VA, Nooka AK, Hollen HV, Kaufman JL, Lonial S, et al. Dexam-
ethasone treatment promotes Bcl-2 dependence in multiple myeloma resulting
in sensitivity to venetoclax. Leukemia 2016;30: 1086-93.

Greenstein S, Krett NL, Kurosawa Y, Ma C, Chauhan D, Hideshima T, et al.
Characterization of the MM.1 human multiple myeloma (MM) cell lines: a
model system to elucidate the characteristics, behavior, and signaling of
steroid-sensitive and -resistant MM cells. Exp Hematol 2003;31: 271-82.
Kervoélen C, Ménoret E, Gomez-Bougie P, Bataille R, Godon C, Marionneau-
Lambot S, et al. Dexamethasone-induced cell death is restricted to specific
molecular subgroups of multiple myeloma. Oncotarget 2015;6: 26922-34.

AACRJournals.org

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Statin Efficacy in Multiple Myeloma

Krzyzosiak A, Pitera AP, Bertolotti A. An overview of methods for detecting
elF2a phosphorylation and the integrated stress response. Methods Mol Biol
2022;2428: 3-18.

Fusakio ME, Willy JA, Wang Y, Mirek ET, Al Baghdadi RJT, Adams CM, et al.
Transcription factor ATF4 directs basal and stress-induced gene expression in
the unfolded protein response and cholesterol metabolism in the liver. Mol Biol
Cell 2016;27: 1536-51.

Yang H, Niemeijer M, van de Water B, Beltman JB. ATF6 is a critical determinant
of CHOP dynamics during the unfolded protein response. iScience 2020;23:
100860.

Schmidt EK, Clavarino G, Ceppi M, Pierre P. SUnSET, a nonradioactive method
to monitor protein synthesis. Nat Methods 2009;6: 275-7.

Zyryanova AF, Weis F, Faille A, Alard AA, Crespillo-Casado A, Sekine Y, et al.
Binding of ISRIB reveals a regulatory site in the nucleotide exchange factor
elF2B. Science 2018;359: 1533-6.

Rabouw HH, Langereis MA, Anand AA, Visser LJ, de Groot RJ, Walter P,
et al. Small molecule ISRIB suppresses the integrated stress response within
a defined window of activation. Proc Natl Acad Sci U S A 2019;116: 2097-102.
Rojas-Rivera D, Delvaeye T, Roelandt R, Nerinckx W, Augustyns K,
Vandenabeele P, et al. When PERK inhibitors turn out to be new potent
RIPK1 inhibitors: critical issues on the specificity and use of GSK2606414 and
GSK2656157. Cell Death Differ 2017;24: 1100-10.

lurlaro R, Mufoz-Pinedo C. Cell death induced by endoplasmic reticulum stress.
FEBS J 2016;283: 2640-52.

Roberts AW, Xu T, Jia J, Agarwal S, Salem AH, Bellin RJ, et al. Do statins enhance
the anti-cancer activity of venetoclax? Blood 2017;130: 1737.

Czabotar PE, Lee EF, van Delft MF, Day CL, Smith BJ, Huang DCS, et al. Struc-
tural insights into the degradation of Mcl-1induced by BH3 domains. Proc Natl
Acad Sci U S A 2007;104: 6217-22.

Cancer Res Commun; 3(12) December 2023

2509




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 500
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 500
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice




