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ABSTRACT

The high frequency of aberrant PI3K pathway activation in hormone
receptor–positive (HR+) breast cancer has led to the development, clin-
ical testing, and approval of the p110α-selective PI3K inhibitor alpelisib.
The limited clinical efficacy of alpelisib and other PI3K inhibitors is par-
tially attributed to the functional antagonism between PI3K and estrogen
receptor (ER) signaling, which is mitigated via combined PI3K inhibi-
tion and endocrine therapy. We and others have previously demonstrated
chromatin-associated mechanisms by which PI3K supports cancer devel-
opment and antagonizes ER signaling through themodulation of the H3K4
methylation axis, inhibition of KDM5ApromoterH3K4 demethylation and
KMT2D/MLL4-directed enhancer H3K4 methylation. Here we show that
inhibition of the H3K4 histone methyltransferase MLL1 in combination
with PI3K inhibition impairs HR+ breast cancer clonogenicity and cell
proliferation. While combined PI3K/MLL1 inhibition reduces PI3K/AKT
signaling and H3K4 methylation, MLL1 inhibition increases PI3K/AKT

signaling through the dysregulation of gene expression associated with
AKT activation. These data reveal a feedback loop between MLL1 and
AKT whereby MLL1 inhibition reactivates AKT. We show that combined
PI3K and MLL1 inhibition synergizes to cause cell death in in vitro and
in vivo models of HR+ breast cancer, which is enhanced by the addi-
tional genetic ablation of the H3K4 methyltransferase and AKT target
KMT2D/MLL4. Together, our data provide evidence of a feedback mech-
anism connecting histone methylation with AKT and may support the
preclinical development and testing of pan-MLL inhibitors.

Significance:Here the authors leverage PI3K/AKT-driven chromatinmod-
ification to identify histone methyltransferases as a therapeutic target.
Dual PI3K and MLL inhibition synergize to reduce clonogenicity and cell
proliferation, and promote in vivo tumor regression. These findings sug-
gest patients with PIK3CA-mutant, HR+ breast cancer may derive clinical
benefit from combined PI3K/MLL inhibition.

Introduction
Aberrant activation of the PI3K pathway, including mutational activation of
the PIK3CA gene that encodes the lipid kinase p110α, is a common event in
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hormone receptor–positive (HR+) cancers (1). The high frequency of PI3K
activation, coupled with its essential roles in cell growth, proliferation, and sur-
vival, is consistent with preclinical and clinical activity of the p110α-selective
PI3K inhibitor alpelisib in HR+ breast cancer. As of 2019, alpelisib is FDA
approved for the treatment of metastatic PIK3CA-mutant, HR+ breast can-
cers in combination with the estrogen receptor (ER) antagonist fulvestrant (2).
Despite this success, preclinical and clinical studies utilizing PI3K inhibitors
including alpelisib lack efficacy when used asmonotherapies, and resistance re-
mains a common occurrence. Thus, achieving an efficacious response to PI3K
inhibition remains an unmet clinical need.

Histones serve an integral role downstreamof signaling pathways by supporting
posttranslational modifications (PTM) including phosphorylation, acetylation,
and methylation (3), which contribute to chromatin state and gene expres-
sion. The PI3K effector AKT modulates the activity of enzymes responsible
for the reading, writing, and erasure of histone PTMs, which may support tu-
morigenesis. AKT phosphorylates the H3K27 histone methyltransferase EZH2
(4) and the histone acetyltransferase p300 (5). AKT phosphorylation of the
H3K4 demethylase KDM5A (6) and theH3K4methyltransferase KMT2D (also
referred to as MLL2/4; ref. 7) in breast cancer has been shown to modulate
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promoter H3K4me3 and enhancer H3K4me1, respectively. Dysregulation of
H3K4methylation enhances gene expression to support pro-oncogenic growth
and therapeutic resistance, indicating that H3K4 methylation and associ-
ated epigenomic regulation may be a critical downstream effector of aberrant
PI3K/AKT signaling in breast and other cancers. Clinical studies demonstrate
that aggressive breast and other cancers are characterized by elevated H3K4
methylation and that H3K4 trimethylation (H3K4me3) is an indicator of poor
patient prognosis (8–10).

While six encodedmacromolecularMLL/COMPASS complexes that direct cel-
lular H3K4methylation are encoded in the human genome (11), AKT-mediated
phosphorylation has been shown to regulate the activity of KMT2D/MLL4
(7), which primarilymonomethylates enhancers. AKT indirectly increases pro-
moter H3K4me3 through the inactivation of the H3K4 demethylase KDM5A
(6), and when coupled with AKT phosphorylation of KMT2D/MLL4, these
studies suggest at least two mechanisms by which PI3K/AKT signaling mod-
ulates H3K4-driven epigenetic plasticity to contribute to cancer development
and therapeutic response. The activity of KDM5A is antagonized by the MLL1
COMPASS complex, which acts on promoters to trimethylate H3K4. Here,
we demonstrate that combined therapeutic targeting of PI3K/AKT and the
H3K4 methyltransferase MLL1 decreases H3K4me3 to reduce transformative
properties of human breast cancer cell lines and tumor growth in murine
models, which is further enhanced following genetic loss of KMT2D/MLL4.
Collectively, these data suggest that the therapeutic targeting of MLL1- and
KMT2D/MLL4-directed H3K4 methylation may be beneficial HR+, PIK3CA-
mutated, breast cancer. We also uncover a previously uncharacterized feedback
loop between MLL1 and AKT, which may suggest PI3K effector activation as a
possible mechanism of MLL1 inhibitor resistance.

Materials and Methods
Cell Lines, Inhibitors, siRNA Reagents
Authenticated MCF7, T47D, MCF10A, HCC1500, and 293T cells were pur-
chased from ATCC and used for experiments within the first 10 passages.
Cultures were checked forMycoplasma every 6months (Lonza) and cells main-
tained at 37°C and 5% CO2 in RPMI or DMEM + 10% FBS and 1% Pen-Strep.
GDC-0941, BYL719, GDC-0032, and GDC-0068 were purchased from Selleck,
and MI-136, MI-503, and MM-102 were purchased from Cayman. siRNAs (Si-
lencer Select) were purchased from Invitrogen (Negative control #1, 4390843;
siKMT2D, s528766).

Cell/Tumor Lysis and Immunoblotting
Cells were lysed in immunoprecipitation buffer [20 mmol/L TrisHCl (pH 7.5),
150mmol/LNaCl, 5mmol/LMgCl2, 1%NP-40] and tumors were lysed in RIPA
buffer [10mmol/L TrisHCl (pH 8.0), 1mmol/L Ethylenediaminetetraacetic acid
(EDTA), 0.1 mmol/L Egtazic acid (EGTA), 1% TritonX-100, 0.1% Sodium De-
oxycholate, 0.1% SDS, 140 mmol/L NaCl], supplemented with protease and
phosphatase inhibitors. Histones were acid extracted from cells by lysing in
triton extraction buffer (TEB; PBS, 0.5% Triton X-100) supplemented with pro-
tease inhibitors. Tumors were sonicated (Diagenode) prior to lysis or histone
extraction. Cell and tumor lysates were centrifuged 6,500× g and histones were
acid extracted from the resulting pellet with 1:1 TEB:0.8 mol/L HCl. Histones
were centrifuged and the supernatant precipitated with the addition of an equal
volume of 50% tricarboxylic acid, then 12,000× g centrifugation. Histones were
washed one time in ice-cold 0.3 mol/L HCl in acetone and two times ice cold

in 100% acetone before drying and resuspended in 20 mmol/L Tris-HCl (pH
8.0), supplementedwith protease inhibitors.Whole-cell lysate or acid-extracted
proteins were separated using SDS-PAGE. Proteins were transferred to nitro-
cellulose membranes and blocked in tris-buffered saline + 0.1% Tween-20 +
5% milk. Proteins of interest were visualized and quantified after primary anti-
body incubation (Odyssey, LI-COR). Primary antibodies used were as follows:
AKT (Cell Signaling Technology 9272), AKTS473 (Cell Signaling Technology
9271), S6 (Cell Signaling Technology 2217), S6S240/44 (Cell Signaling Technol-
ogy 2215), LIN28A (Cell Signaling Technology 3978), β-actin (Millipore-Sigma
MAB1501), KMT2D/MLL4 (Millipore-Sigma ABE1867), PRUNE2 (Millipore-
Sigma HPA031079), H3 (Abcam 1791), H3K4me3 (Abcam 8580), H3K4me2
(Abcam 32356), and H3K4me (Abcam 8895).

Cell Viability, Apoptosis, and Clonogenic Assays
For resazurin viability assays, 3,000 cells/well were seeded in 96-well plates. The
next day, serially diluted inhibitors were added and incubated for 5 days, after
which resazurin (Sigma R7017) was added to a final concentration of 0.1mg/mL
and incubated for 5 hours prior to measuring the excitation and/or emis-
sion (544/590; Biotek). Cells were reverse transfected (Lipofectamine 3000)
with siRNAs according to manufacturer’s instructions (Invitrogen) where in-
dicated. To assay for apoptosis, cells were seeded and treated with the indicated
inhibitors for 5 days, after which cells were detached using accutase (Bio-
Legend) and stained using Annexin V/propidium iodide following manufac-
turer’s protocol (BioLegend). Cells were kept in the dark until assessment and
were analyzed by flow cytometer (BDFACSymphonyA3)within 1 hour. Tomea-
sure cell clonogenicity, 500 cells/well were seeded in a 6-well plate, and treated
the following day with the designated inhibitors, and incubated for a total of
19 days with media and inhibitor change every 3–4 days, after which cells were
fixed and crystal violet stained. Plates were imaged, destained, and crystal violet
quantitated at OD 595 (Biotek).

Synergy Calculation
Bliss and Loewe synergy scores were calculated in Python using the syn-
ergy package: https://pypi.org/project/synergy; source code https://github.
com/djwooten/synergy (12).

Animal Studies and Treatment
A total of 1 × 107 MCF7 cells were resuspended in 50% Matrigel (BD) and
injected into the third mammary fat pads of nulliparous NCR nude mice
(Taconic) receiving 1 μmol/L β-Estradiol (Sigma) in drinking water, and pal-
pable tumors were measured every 3 days. For the inhibitor studies, mice were
treated daily once tumors exceeded 150mm3.Alpelisib (MedChemExpress)was
reconstituted in 0.5%methylcellulose (Sigma) and administered by oral gavage
(35 mg/kg) once daily prior to tumor isolation and preparation. MI-503 (Med-
ChemExpress) was reconstituted in 25% DMSO, 25% PEG400, and 50% PBS
and administered by intraperitoneal injection (30 mg/kg) once daily prior to
tumor isolation and preparation. Tumors were isolated and prepared within
3 hours of treatment. All mouse experiments were conducted in accordance
with protocols approved by the Institutional Animal Care and Use Committee
of Emory University School of Medicine.

IHC
Formalin-fixed, paraffin-embedded prepared tumors were sectioned (Winship
Cancer Tissue andPathologyCore) andmounted. Sectionswere deparaffinized,
hydrated, and antigens retrieved with sodium citrate. Following blocking of
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endogenous peroxidases, sections were blocked and incubated in primary an-
tibody overnight (4°C). Primary antibodies used were as follows: AKTS473
(Cell Signaling Technology 4060), H3K4me3 (Abcam 8580), and Ki67 (Abcam
16667). Sections were washed and incubated in secondary antibody, after which
they were incubated with ABC (Vector Labs), DAB developed (Vector Labs),
and counterstained with hematoxylin (Vector Labs). Sections were then dehy-
drated and mounted for imaging (Zeiss Observer A1) and images quantitated
using Aperio ImageScope 12.1 (Leica).

RNA Isolation, Sequencing, and Analysis
T47D cells were treated with 4 μmol/L MI-503 for 24 hours and RNA
was isolated using the RNeasy Isolation Kit (Qiagen) according to the
manufacturer’s instruction. Preparation of RNA library and transcriptome se-
quencing was conducted by Novogene Co., LTD and transcript abundance
was quantified using salmon (Illumina DRAGEN). Differentially expressed
genes were identified using DESeq2 and genes with adjusted P value< 0.05
and |log2(FoldChange)|> 2 were considered differentially expressed. Gene set
enrichment analysis (GSEA) of the preranked gene list was performed using
clusterProfiler and fgsea, using the msigdb oncogenic signature gene set.

CUT&RUN, Sequencing, and Analysis
T47D cells were treated with 4 μmol/L MI-503 for 24 hours after which cells
were collected using accutase. CUT&RUNwas performed using 200,000 input
cells/condition with the CUT&RUN kit (Epicypher), according to the CU-
TANACUT&RUN protocol v2.0 (Epicypher). Primary antibodies used were as
follows:MLL1 (Epicypher 13-2004) andH3K4me3 (Abcam 8580). CUT&RUN-
enriched DNA (5 ng) was used for subsequent library preparation according
to manufacturer’s instructions (Epicypher, CUTANACUT&RUN Library Prep
Kit). The resulting libraries were used for PE150 sequencing using the Novaseq
6000 platform at a depth of 5 GB/sample by Novogene Co., LTD. Adaptor trim-
ming was performing using Trim Galore version 0.6.7. Sequences were then
aligned to the human reference genome GRCh38.p14 using bowtie2 version
2.2.5. Equal amounts of fragmented Escherichia coli (E.coli) spike-inDNAwere
added to each sample to normalize read depth. Aligned sequences were sorted
using samtools version 1.6, and duplicate reads were removed using the Picard
Tools version 2.27.4. Heatmaps were generated using deeptools 3.5.1.

Statistical Analysis
All experiments were performed in three independent experiments unless oth-
erwise noted. Mean ± SEM are reported unless otherwise noted. Statistical
significance (P < 0.05) of differences between two groups was determined by
Student t test.

Data Availability Statement
The data generated in this study are publicly available in the Gene Expression
Omnibus at GSE214333.

Results
Combined PI3K/MLL1 Inhibition Reduces Breast Cancer
Cell Line Clonogenicity Through On-target Activity
Aberrant PI3K/AKT signaling regulates H3K4 methylation through the ac-
tivity of H3K4-directed enzymes in HR+ breast cancer (6, 7) and high
H3K4 methylation is associated with poor prognosis in breast and other
cancers (8). We postulated that combined PI3K and MLL inhibition may

provide additional therapeutic benefit in this context. To assess the ef-
fects of combined PI3K/MLL1 inhibition on cell growth, the PI3K-activated
(PIK3CAE545K-mutant), HR+ breast cancer cell line MCF7 was treated with
the p110α-selective PI3K inhibitor alpelisib, the MLL1 inhibitor MI-503, or
the combination. Combined PI3K and MLL1 inhibition reduced the clono-
genicity and cell proliferation compared with either monotherapy (Fig. 1A;
Supplementary Fig. S1A). MI-503 is a small-molecule MLL1 inhibitor that
disrupts the association between MLL1 and the MLL1 COMPASS complex
cofactor Menin, thereby reducing promoter H3K4me3 and subsequent tar-
get gene expresion (13). Cells treated with the MLL-Menin inhibitor MI-136
(14) in combination with PI3K inhibitors also exhibit impaired clonogenic-
ity (Fig. 1A). Similar results were observed in cells treated with MLL1
inhibitors in combination with the p110β-sparing PI3K inhibitor taselisib
(ref. 15; Fig. 1B) or the pan-PI3K inhibitor pictilisib (ref. 16; Supplementary
Fig. S1B). Combined PI3K and MLL1 inhibition also decreased clonogenicity
in the HR+, PIK3CAH1047R-mutant cell line T47D (Fig. 1C and D; Supplemen-
tary Fig. S1C). These data suggest that combined PI3K and MLL1 inhibition
impairs the clonogenicity in PI3K-activated, HR+, breast cancer models.

We next determined whether the biological activity of PI3K and MLL1 in-
hibitors observed is a result of on-target enzymatic inhibition.MCF7 and T47D
cells were treated with PI3K and/or MLL1 inhibitors, and PI3K inhibition with
alpelisib reduced effector signaling as indicated by a decrease in phosphory-
lated AKT (Fig. 2A; Supplementary Fig. S2A) and MLL inhibition modestly
reduced H3K4 methylation (Fig. 2B; Supplementary Fig. S2B). Similar results
were observed with the PI3K inhibitors taselisib and pictilisib (Supplemen-
tary Fig. S2C and S2D). Combined PI3K and MLL1 inhibition reduced H3K4
methylation and was detectable as early as 96 hours (Supplementary Fig. S2E).
These results are similar toMLL1-inhibitormonotherapy-directed loss ofH3K4
methylation, which was also detected at later timepoints such as 96 hours
(Fig. 2B) and is consistent with the time required to detect global changes to
histone PTMs in response to chemical inhibition (6). BothMLL1 genomic pro-
moter occupancy (Fig. 2C) and promoter-associated H3K4me3 (Fig. 2D) is
reduced following MLL1 inhibition for 24 hours, suggesting on-target activ-
ity of the MLL1 inhibitor MI-503. These data support the hypothesis that the
reduction of H3K4me3 associated with MLL1 inhibition is a result of a loss of
MLL1 binding and subsequent methylation.

MLL Inhibition Induces Feedback Activation of
AKT Signaling
Unexpectedly, MLL inhibition in PI3K-activated cancer cell line models in-
creased PI3K effector signaling as indicated by increasedAKTphosphorylation,
whichwas abrogatedwith combinedPI3K andMLL inhibition (Fig. 2A; Supple-
mentary Fig. S2A–S2C). The detected increase in effector signaling following
MLL1 monotherapy suggests the presence of a feedback loop between MLL
and AKT. The MLL1 inhibitor–mediated increase in AKT phosphorylation
was detected as early as 15 minutes, and was sustained for at least 24 hours
(Fig. 2F). To test whether the ability of MLL1 inhibition to enhance PI3K ef-
fector activity is due to on-target inhibitor activity, we treated T47D cells with
MLL1 inhibitors that function through disparate mechanisms of action and
found that disruption of MLL1 interaction with the MLL1/COMPASS cofac-
torWDR5 through the peptidomimetic compoundMM102 (17) increased AKT
phosphorylation (Fig. 2G). These data suggest a functional relationship be-
tween PI3K/AKT signaling and MLL methyltransferases which may support
their combined inhibition.
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FIGURE 1 Combined PI3K and MLL1 inhibition reduces clonogenicity of HR+, PIK3CA-mutant, breast cancers. A, MCF7 breast cancer cells treated
with the indicated concentrations of alpelisib, MI-136, MI-503, or DMSO for 19 days before fixation and crystal violet staining. B, MCF7 breast cancer
cells treated with the indicated concentrations of taselisib, MI-136, MI-503, or DMSO for 19 days before fixation and crystal violet staining. C, T47D
breast cancer cells treated with the indicated concentrations of alpelisib, MI-136, MI-503, or DMSO for 19 days before fixation and crystal violet staining.
D, T47D breast cancer cells treated with the indicated concentrations of taselisib, MI-136, MI-503, or DMSO for 19 days before fixation and crystal violet
staining. For all experiments, representative images from at least three independent experiments are shown. Data are shown as mean ± SEM.
*, P < 0.05; **, P < 0.01; ***, P < 0.001.
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FIGURE 2 MLL1 inhibition suppresses H3K4 methylation in HR+, PIK3CA-mutant, breast cancers. A, Protein quantification for MCF7 or T47D breast
cancer cells treated with alpelisib (1 μmol/L), MI-136 (4 μmol/L), MI-503 (4 μmol/L), or DMSO for 24 hours prior to protein extraction. Lysates were
immunoblotted for the indicated antibodies. B, Protein quantification for MCF7 or T47D breast cancer cells treated with alpelisib (1 μmol/L), MI-136
(4 μmol/L), MI-503 (4 μmol/L), or DMSO for 96 hours prior to acid extraction of histones. Lysates were immunoblotted for the indicated antibodies.
Gene metanalysis and promoter heatmap centered ±2 kb around transcriptional start sites in T47D cells treated with DMSO or 4 μmol/L MI-503 for
24 hours prior to MLL1 (C) and H3K4me3 (D) CUT&RUN. n = 2 independent experiments, representative plot shown. E, T47D cells treated with 4
μmol/L MI-503 for the indicated times and then lysates prepared. Lysates were immunoblotted for the indicated antibodies. F, T47D cells treated with
MM102 (6 μmol/L) for the indicated time and then lysates prepared. Lysates were immunoblotted for the indicated antibodies.

To provide mechanistic insight into how MLL inhibition remodels chromatin
to alter gene expression to support AKT activation, we performed RNA se-
quencing (RNA-seq) on T47D cells treated with the MLL inhibitor MI-503
for 24 hours. Expression of more than 2,400 genes was upregulated following
MLL inhibition, including genes involved in upstream receptor tyrosine ki-
nase signaling (FGFR, ERBB, IGFBP), and PI3K/RAS signaling (PIKCA;
Fig. 3A). More than 2,400 downregulated genes were also identified in the
MLL1 inhibitor treatment group (Fig. 3A), which is consistent with the reduc-
tion of promoter H3K4me3 and subsequent downregulation of gene expression
functioning as the predominant mechanism of action for MLL inhibitors (18).
MLL inhibition significantly dysregulated the expression of biological pathways
and processes, including upregulation of ERBB2, RAS, RAF, mTOR, and AKT,
which promote AKT and AKT effector activation (Supplementary Fig. S3A).
GSEA further demonstrated that MLL inhibition significantly upregulates the
expression of AKT and ERBB2 pathway genes (Fig. 3B and C; Supplementary
Fig. S3B). RNA-seq specifically detected increased expression of genes that pos-
itively regulate PI3K/AKT signaling, including phospholipid transport proteins
(TMEMb), receptor tyrosine kinases (ERBB), and an RNA-binding protein
that activates PI3K signaling via blocking expression of the tumor suppressor
miRNA let7 (LINA; Fig. 3D). Alternatively, MLL1 inhibition downregulates
PI3K negative regulators including tyrosine phosphatases, and suppressors of
RAS signaling (PRUNE, RIPOR; Fig. 3E). MLL1 inhibition further increases

LIN28A protein detection (Fig. 3F) and decreases PRUNE2 protein levels
(Fig. 3G). MLL1 inhibition reduces both H3K4me3 and MLL1 association
with the PRUNE promoter (Supplementary Fig. S3C), suggesting that loss of
PRUNE2 expression may contribute to the observed increase in AKT phos-
phorylation following MLL1 inhibition. Collectively, these data demonstrate
MLL inhibition promotes the activation of AKT signaling possibly through the
presence of a feedback loop downstream of MLL and upstream of AKT.

Combined PI3K/MLL1 Inhibition Synergizes to Reduce
Viability by Enhancing Apoptosis In Vitro
A major limitation of clinical PI3K inhibition is the lack of apoptotic induc-
tion that leads to tumor clearance, as PI3Kmonotherapy is primarily associated
with a cytostatic effect induced by G1 arrest (19). To determine whether com-
bined PI3K/MLL1 inhibition overcomes PI3K inhibitor–induced cytostasis,
we treated PI3K-activated, HR+ breast cancer cells with the PI3K inhibitor
alpelisib, theMLL1 inhibitorMI-503, or the combination, and evaluated cellular
viability. Combined PI3K and MLL inhibition reduced cell viability in multi-
ple PI3K-activated breast cancer models (Fig. 4A and B), which was confirmed
with additional PI3K and MLL1 inhibitors (Supplementary Fig. S4A). Dual
PI3K/MLL inhibition selectively reduced the viability of PIK3CA-mutated,
HR+ breast cancer cell lines, as the viability of both the PI3K pathway wildtype,
HR+ breast cancer cell line HCC1500 and the normal breast cell line MCF10A
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FIGURE 3 MLL1 inhibition hyperactivates AKT through a feedback loop. A, Volcano plot of statistical significance (P = 0.05) against fold change
between T47D cells treated with control (DMSO) and MI-503 (4 μmol/L) for 24 hours. B, GSEA depicting GO classifications of differentially expressed
gene sets between the DMSO and MI-503 cohorts shown in A. C, Heatmaps representing the top 20 differentially expressed genes from gene ontology
(GO) classifications shown in B. Normalized expression of PI3K-activating, upregulated genes (D) and normalized expression of PI3K-suppresive,
downregulated genes (E) from n = 3 independent experiments (A). T47D cells treated with control (DMSO) or 4 μmol/L MI-503 for 24 hours. Lysates
were immunoblotted for the indicated antibodies. n = 2 (F) and 3 (G) independent experiments.

remained unchanged (Supplementary Fig. S4B and S4C). We next aimed to
determine whether PI3K and MLL1 combination therapy is synergistic, as syn-
ergistic regimens potentially maximize therapeutic effects while minimizing
off-target effects (20). Drug synergy was calculated using both Loewe and Bliss,
which measure synergy within the same pathway or among distinct pathways,
respectively. Bliss and Loewe algorithms separately defined the combination of
low-dose PI3K and MLL1 inhibition as synergistic; synergy was not achieved
for the normal breast cell line MCF10A or the PI3K wildtype, HR+ breast can-
cer cell line HCC1500 (Fig. 4C; ref. 21). While PI3K or MLL1 monotherapies
do not yield apoptotic induction, the combination of PI3K and MLL1 inhibi-
tion increased apoptosis (Fig. 4D and E), which is consistent with cell viability
(Fig. 4A and B). To assess whether the detected loss of viability is due to on-
target effects of MLL1 inhibition, we utilized theMLL1 peptiomimetic inhibitor
MM102. Combined PI3K inhibition withMM102 reduces cell viability and pro-
liferation inmodels of PI3K-activated breast cancers (Supplementary Fig. S4A).
These data demonstrate that combined PI3K and MLL inhibition synergize to
reduce viability in models of PI3K-activated, HR+, breast cancer.

Dual PI3K/MLL1 Inhibition Reduces Tumor
Growth in Xenograft Models of PIK3CA-activated,
HR+ Breast Cancer
To determine whether HR+ breast tumors characterized by PI3K pathway
activation are sensitive to dual PI3K/MLL1 inhibition, MCF7 cells were trans-
planted into the mammary fat pads of nude mice. Palpable tumors were treated
with vehicle, alpelisib, MI-503, or the combination. While alpelisib-treated and

MI-503–treated tumors were smaller than vehicle-treated tumors, combined
PI3K and MLL1 inhibition significantly reduced tumor volume (Fig. 5A) and
endpoint tumor weight (Fig. 5B), without toxicity-associated changes to ani-
malweight during the treatment duration (Supplementary Fig. S5A).Dual PI3K
and MLL1 inhibition reduced PI3K effector phosphorylation, H3K4 methyla-
tion, and cellular proliferation (Fig. 5C and D; Supplementary Fig. S5B), which
is quantified in Supplementary Table S1.MLL1 inhibition viaMI-503monother-
apy retained AKT phosphorylation (Fig. 5C and D), which was consistent with
in vitro MLL1 inhibition (Fig. 2; Supplementary Fig. S2). Taken together, our
preclinical data suggest that HR+ breast xenografts characterized by PIK3CA
mutation exhibit therapeutic benefit from combined PI3K and MLL1 inhibi-
tion that exceeds PI3K or MI-503 monotherapy. Furthermore, patients with
this subset of breast tumors may be suitable candidates for dual PI3K andMLL1
inhibition.

MLL4/KMT2D Genetic Ablation Enhances
PI3K/MLL1 Inhibitor–driven Apoptosis and
Reduction in Proliferation
Most MLL inhibitors in preclinical and clinical investigation specifically tar-
get the MLL1 COMPASS complex (13, 14, 17). Because H3K4 methylation is
elevated in breast and other cancers and is associated with a poor patient
prognosis (8), MLL1 inhibition may function as a viable therapeutic target.
However, published reports suggest that the MLL enzyme MLL4/KMT2D
is an AKT substrate, and its enzymatic activity is associated with resistance
to the PI3K inhibitor alpelisib in HR+ breast cancer via epigenome-driven
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FIGURE 4 PI3K and MLL1 combination therapy synergizes to reduce viability and enhance apoptosis. A, Cell viability curves in MCF7 breast cancer
cells treated with an 8-point range of DMSO, alpelisib, taselisib, MI-503, and/or MI-136 for 120 hours. Results shown are representative of at least three
independent experiments. Data are shown as mean ± SEM. B, Cell viability curves in T47D breast cancer cells treated with an 8-point range of DMSO,
alpelisib, taselisib, MI-503, and/or MI-136 for 120 hours. Results shown are representative of at least three independent experiments. Data are shown as
mean ± SEM. C, Bliss (left) and Loewe (right) synergy calculated from MCF7, T47D, HCC1500, and MCF10A datapoints in A, B, and Supplementary
Fig. S4. D, Annexin V staining in MCF7 cells treated with DMSO, alpelisib (1 μmol/L), taselisib (0.5 μmol/L), MI-136 (4 μmol/L), MI-503 (4 μmol/L) for
120 hours. Results shown are representative of at least three independent experiments. Data are shown as mean ± SEM. E, Annexin V staining in MCF7
cells treated with DMSO, alpelisib (1 μmol/L), taselisib (0.5 μmol/L), MI-136 (4 μmol/L), MI-503 (4 μmol/L) for 120 hours. Results shown are
representative of at least three independent experiments. Data are shown as mean ± SEM.

upregulation of ER signaling (7). To address whether the loss of KMT2D
enhances the observed synergy with dual PI3K and MLL1 inhibition, we
utilized siRNA to knock down KMT2D (Supplementary Fig. S5C). Com-
bined PI3K/MLL1 inhibition with KMT2D knockdown increased apoptosis
compared with all single- and double-agent treatment groups (Fig. 5E; Supple-
mentary Fig. S5D–S5F) in the MCF7 cell line. Dual PI3K and MLL1 inhibition
in combination with KMT2D knockdown further reduced cell viability at low
inhibitor doses (Fig. 5F). These data suggest that enzymatic inhibition of MLL1
and KMT2D/MLL4, when combined with PI3K inhibition, is a promising
therapeutic modality to induce cell death and produce a durable therapeutic
response in PI3K-activated cancers.

Discussion
Of the approximately 70% of breast cancers that are HR+, 40% are char-
acterized by aberrant PI3K pathway activation. The critical role of PI3K

signaling in carcinogenesis has prompted the development and clinical test-
ing of pan- and isoform-selective PI3K inhibitors in this patient population.
However, the utility of PI3K-targeted therapies is limited as PI3K inhibitors
generally lack efficacy as monotherapies. Thus, research to define novel mech-
anisms by which PI3K/AKT contributes to oncogenesis and exploiting these
mechanisms to develop and test combination therapies for the treatment
of PI3K-activated cancers is critical. Here, we build upon previous studies
demonstrating that the PI3K effector AKT regulates cellular H3K4methylation
through the phosphorylation of the H3K4 methyltransferase KMT2D/MLL4
(7) and the H3K4 demethylase KDM5A (6) in breast cancer. AKT-mediated
KDM5Aphosphorylation redistributesKDM5A from the nucleus into the cyto-
plasm, rendering it ineffective atH3K4me2/3 demethylation (6). In this context,
elevated promoter H3K4me3 supports the transcription and expression of cell
cycle–promoting genes, encouraging proliferation and oncogenesis. In con-
trast, AKT- or SGK2-driven phosphorylation of the H3K4 methyltransferase
KMT2D/MLL4 attenuates its activity to reduce enhancer H3K4 methylation
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FIGURE 5 Combined MLL and PI3K inhibition provides therapeutic benefit in in vivo models of breast cancer. A, Tumor volume of MCF7 cells
implanted into the mammary fat pads of nude mice with once-daily treatment with alpelisib (35 mg/kg, gavage), MI-503 (30 mg/kg, i.p.), or the
combination. Endpoint tumor volume: MCF7 vehicle, 250.17 ± 11.24 mm3; MCF7 alpelisib, 178.11 ± 7.87 mm3; MCF7 MI-503, 146.59 ± 15.59 mm3; and
MCF7 alpelisib/MI-503, 91.83 ± 2.69 mm3. Means ± SEM are shown; all groups n ≥ 12; two-way ANOVA with Tukey multiple comparisons test.
**, P < 0.01; ****, P < 0.0001. B, The wet weight of individual mammary tumors plus associated mammary gland tissue from MCF7 vehicle (n = 12),
MCF7 alpelisib (n = 13), MCF7 MI-503 (n = 11), and MCF7 alpelisib/MI-503 (n = 12). Tumors were harvested 22 days from treatment onset. Means ±
SEM are shown. *, P < 0.05; ****, P < 0.0001; unpaired t test. C, Tumors derived from mice in A. Sections are stained with the indicated antibodies,
randomly selected images shown. (Scale bar, 40 μm.) n = 3 mice/condition. D, Quantification of IHC. n = 3 mice/condition, 2 fields of view
(FOV)/mouse. Total pixel/FOV quantitated as low (+), medium (++), or high (+++). Statistical analyses shown in Supplementary Table S1. E, Annexin
V staining in MCF7 cells transfected with MLL4/KMT2D or control siRNA and treated with DMSO, alpelisib (1 μmol/L), and/or MI-503 (4 μmol/L) for
120 hours. n = 3 independent experiments. Data are shown as mean ± SEM. F, Cell viability curve in MCF7 breast cancer cells reverse transfected with
siControl or siKMT2D to genetically inhibit KMT2D/MLL4 and treated with an 8-point range of DMSO, alpelisib and/or MI-503 for 120 hours. n = 4
independent experiments. Data are shown as mean ± SEM.

(7, 22). PI3K inhibition enhances KMT2D activity, further driving H3K4
methylation and promoting an open chromatin conformation, primarily at en-
hancers typically bound by the FOXA1 pioneer factor that also contain ER
binding motifs. The open chromatin conformation supports FOXA1 binding,
which then recruits ERα to initiate the transcription of ER-regulated genes.
These disparate mechanisms of action drive biologically distinct and separable
H3K4 methylation events under conditions of either PI3K pathway hyper-
activation or inhibition, suggesting that both promoter and enhancer H3K4
methylation is downstream of the PI3K/AKT pathway, and that combined PI3K
and MLL inhibition may provide therapeutic benefit.

Cytostatic activity represents a significant limitation of clinical PI3K inhibition
(19). Herewe demonstrate that the combined inhibition of p110α andMLL1 syn-
ergizes to induce apoptosis of PIK3CA-mutant, HR+, breast cancer cell lines.
Dual PI3K and MLL1 inhibition reduces the clonogenicity of PIK3CA-mutant
breast cancer cell lines, while also decreasing their proliferation. This synergy
is enhanced by genetic ablation of KMT2D/MLL4. Furthermore, we iden-
tify a compensatory feedback loop between MLL methyltransferases and the
PI3K pathway. MLL1 inhibitor–driven feedback AKT activation correlates with
both reduced expression of negative PI3K pathway regulators and enhanced
expression of upstream pathways and proteins that can contribute to AKT ac-
tivation. Because MLL1 inhibition primarily reduces promoter H3K4me3 to

repress gene expression (Figs. 2 and 3), the mechanism(s) that may lead to en-
hanced gene expression following MLL1 inhibition are not well characterized.
While the possibility of MLL-inhibitor off-target effects cannot be eliminated,
AKT hyperactivation following the use of divergent MLL inhibitors suggests
that compensatory AKT activation is the result of on-target MLL inhibition.
Functionally, MLL1 inhibition may result in the compensatory activation of
other MLL COMPASS complexes (e.g., MLL2), that could trigger an increase
in methylation and subsequent gene expression at select genomic loci. MLL2
compensation has been described in other contexts, includingMLL1 deletion in
MLL1-AF9 translocated leukemias (23). MLL1 function has also been shown to
be redundant withMLL2 at bivalent promoters inmurine embryonic stem cells
(24). Collectively, these scenarios may partially explain why we observe a dra-
matic reduction inMLL1 promoter localizationwithout an equivalent reduction
of promoter H3K4me3 (Fig. 2).

Here we also define repressed gene transcripts who function(s) may support
the MLL1 inhibitor–directed feedback activation of AKT. Our results support
a hypothesis in which MLL1 inhibition reduces MLL1 genomic occupancy
at promoters to reduce promoter H3K4me3, thereby repressing gene expres-
sion. MLL1 inhibition reduces the expression of more than 2,000 genes and
includes PI3K/RAS/AKT negative regulators such as PRUNE2. PRUNE2 is a
tumor suppressor in prostate and other cancers, inhibiting Ras homolog family
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member A (RhoA) activity to support oncogenic transformation (25). We
found that MLL1 inhibition reduces PRUNE transcript expression and protein
detection, supporting a role of PRUNE2 dysregulation in MLL1 inhibitor–
associated AKT activation. While additional experiments are required to fully
dissect the mechanism(s) that underlie the observed MLL feedback loop, AKT
hyperactivation occurs relatively quickly and is conserved among MLL in-
hibitors that exhibit divergent scaffolding and thus function through different
mechanisms—through MLL1/WDR interaction, or via MLL1/Menin binding.
The placement ofMLL both upstream and downstream of AKT in the PI3K sig-
naling network highlights the importance of dual inhibition of these enzymes
as a mechanism to durably suppress PI3K pathway activation.

Our findings suggest that while PI3K and MLL1 inhibition is an effective
therapeutic strategy in PIK3CA-mutant, HR+ breast cancer cell lines, this com-
bination can be improved. Current MLL1 inhibitors specifically target MLL1
through protein–protein interactions with essential MLL1-specific COMPASS
members WDR5 or Menin. MLL1 methyltransferase activity is dependent on
its association with WDR5; high-affinity peptidomimetic inhibitors including
MM102 bind WDR5 to prevent association with MLL1 (17). Other MLL1 in-
hibitors includingMI-136 andMI-503 share a thienopyrimidine scaffolding and
function via abrogation of the MLL1/Menin association to induce cell death
in models of MLL1-translocated leukemias and androgen receptor–dependent
prostate cancer (14, 26). While we demonstrate that these MLL1 inhibitors
synergize with PI3K inhibitors in PIK3CA-mutant breast cancer, this com-
bination does not effectively target the MLL4/KMT2D COMPASS complex,
which is a functionally distinct downstream PI3K effector that is essential in
mediating resistance to endocrine therapies including fulvestrant (7). Because
KMT2D/MLL4 or pan-MLL inhibitors that target the enzymatic activity of
the SET-domain have only recently been published (27) and are not commer-
cially available, we genetically ablatedKMT2D in combinationwith PI3K/MLL1
dual inhibition and found that knockdown of KMT2D further enhances the
PI3K/MLL1-driven apoptosis (Fig. 4). The results presented here suggest a ther-
apeutic opportunity to design and test KMT2D/MLL4 or pan-MLL inhibitors
in PI3K-activated, HR+ breast cancers.

Authors’ Disclosures
No disclosures were reported.

Authors’ Contributions
R.B. Jones:Conceptualization, validation, investigation,methodology,writing-
review and editing. J. Farhi: Data curation, formal analysis, validation,
visualization, methodology, writing-review and editing. M. Adams: In-
vestigation. K.K. Parwani: Investigation. G.W. Cooper: Formal analysis,
investigation. M. Zecevic: Formal analysis, investigation. R.S. Lee: Investi-
gation. A.L. Hong: Resources, formal analysis, writing-review and editing.
J.M. Spangle: Conceptualization, resources, formal analysis, supervision,
funding acquisition, validation, investigation, visualization, methodology,
writing-original draft, writing-review and editing.

Acknowledgments and Funding Sources
We thank the Spangle and Hong laboratories for helpful project discus-
sions, and Dr. Yong Wan (Emory) for experimental advice and reagents. This
study was supported by grants from the NIH (R00 CA204601, to J.M. Span-
gle and T32GM008490, to G.W. Cooper), the Winship Cancer Institute of
Emory University (Winship Invest$ to J.M. Spangle), American Cancer Society
(MRSG-18-202-01, to A.L. Hong), and the Department of Defense (W81XWH-
19-0281, to A.L. Hong). This study was supported in part by the Cancer
Tissue and Pathology shared resource of Winship Cancer Institute of Emory
University and NIH/NCI (P30CA138292).

Note
Supplementary data for this article are available at Cancer Research Comm-
unications Online (https://aacrjournals.org/cancerrescommun/).

Received April 15, 2022; revised October 03, 2022; accepted November 14, 2022;
published first December 06, 2022.

References
1. Thorpe LM, Yuzugullu H, Zhao JJ. PI3K in cancer: divergent roles of isoforms,

modes of activation and therapeutic targeting. Nat Rev Cancer 2015;15: 7-24.

2. Andre F, Ciruelos E, Rubovszky G, Campone M, Loibl S, Rugo HS, et al. Alpelisib
for PIK3CA-mutated, hormone receptor-positive advanced breast cancer.
N Engl J Med 2019;380: 1929-40.

3. Cheung P, Allis CD, Sassone-Corsi P. Signaling to chromatin through histone
modifications. Cell 2000;103: 263-71.

4. Cha TL, Zhou BP, Xia W, Wu Y, Yang CC, Chen CT, et al. Akt-mediated phos-
phorylation of EZH2 suppresses methylation of lysine 27 in histone H3. Science
2005;310: 306-10.

5. Huang WC, Chen CC. Akt phosphorylation of p300 at Ser-1834 is essential for
its histone acetyltransferase and transcriptional activity. Mol Cell Biol 2005;25:
6592-602.

6. Spangle JM, Dreijerink KM, Groner AC, Cheng H, Ohlson CE, Reyes J, et al.
PI3K/AKT signaling regulates H3K4 methylation in breast cancer. Cell Rep
2016;15: 2692-704.

7. Toska E, Osmanbeyoglu HU, Castel P, Chan C, Hendrickson RC, Elkabets M, et al.
PI3K pathway regulates ER-dependent transcription in breast cancer through
the epigenetic regulator KMT2D. Science 2017;355: 1324-30.

8. Li S, Shen L, Chen KN. Association between H3K4 methylation and cancer
prognosis: a meta-analysis. Thorac Cancer 2018;9: 794-9.

9. Benard A, Goossens-Beumer IJ, van Hoesel AQ, de Graaf W, Horati H, Putter H,
et al. Histone trimethylation at H3K4, H3K9 and H4K20 correlates with patient
survival and tumor recurrence in early-stage colon cancer. BMC Cancer 2014;14:
531.

10. Mungamuri SK, Murk W, Grumolato L, Bernstein E, Aaronson SA. Chromatin
modifications sequentially enhance ErbB2 expression in ErbB2-positive breast
cancers. Cell Rep 2013;5: 302-13.

11. Cenik BK, Shilatifard A. COMPASS and SWI/SNF complexes in development and
disease. Nat Rev Genet 2021;22: 38-58.

12. Wooten DJ, Albert R. Synergy: a Python library for calculating, analyzing and
visualizing drug combination synergy. Bioinformatics 2021;37: 1473-4.

13. Borkin D, He S, Miao H, Kempinska K, Pollock J, Chase J, et al. Pharmacologic
inhibition of the Menin-MLL interaction blocks progression of MLL leukemia in
vivo. Cancer Cell 2015;27: 589-602.

14. Grembecka J, He S, Shi A, Purohit T, Muntean AG, Sorenson RJ, et al. Menin-
MLL inhibitors reverse oncogenic activity of MLL fusion proteins in leukemia.
Nat Chem Biol 2012;8: 277-84.

AACRJournals.org Cancer Res Commun; 2(12) December 2022 1577

D
ow

nloaded from
 http://aacrjournals.org/cancerrescom

m
un/article-pdf/2/12/1569/3285322/crc-22-0158.pdf by guest on 19 M

ay 2023

https://aacrjournals.org/cancerrescommun/


Jones et al.

15. Dent S, Cortes J, Im YH, Dieras V, Harbeck N, Krop IE, et al. Phase III random-
ized study of taselisib or placebo with fulvestrant in estrogen receptor-positive,
PIK3CA-mutant, HER2-negative, advanced breast cancer: the SANDPIPER trial.
Ann Oncol 2021;32: 197-207.

16. Schoffski P, Cresta S, Mayer IA, Wildiers H, Damian S, Gendreau S, et al. A phase
Ib study of pictilisib (GDC-0941) in combination with paclitaxel, with and with-
out bevacizumab or trastuzumab, and with letrozole in advanced breast cancer.
Breast Cancer Res 2018;20: 109.

17. Karatas H, Townsend EC, Cao F, Chen Y, Bernard D, Liu L, et al. High-affinity,
small-molecule peptidomimetic inhibitors of MLL1/WDR5 protein-protein
interaction. J Am Chem Soc 2013;135: 669-82.

18. Kempinska K, Malik B, Borkin D, Klossowski S, Shukla S, Miao H, et al. Pharmaco-
logic inhibition of the menin-MLL interaction leads to transcriptional repression
of PEG10 and blocks hepatocellular carcinoma. Mol Cancer Ther 2018;17: 26-38.

19. Okkenhaug K, Graupera M, Vanhaesebroeck B. Targeting PI3K in cancer: im-
pact on tumor cells, their protective stroma, angiogenesis, and immunotherapy.
Cancer Discov 2016;6: 1090-105.

20. Roell KR, Reif DM, Motsinger-Reif AA. An introduction to terminology and
methodology of chemical synergy-perspectives from across disciplines. Front
Pharmacol 2017;8: 158.

21. Ianevski A, Giri AK, Aittokallio T. SynergyFinder 2.0: visual analytics of multi-
drug combination synergies. Nucleic Acids Res 2020;48: W488-93.

22. Toska E, Castel P, Chhangawala S, Arruabarrena-Aristorena A, Chan C, Hristidis
VC, et al. PI3K inhibition activates SGK1 via a feedback loop to promote
chromatin-based regulation of ER-dependent gene expression. Cell Rep
2019;27: 294-306.

23. Chen Y, Anastassiadis K, Kranz A, Stewart AF, Arndt K, Waskow C, et al.
MLL2, Not MLL1, plays a major role in sustaining MLL-rearranged acute myeloid
leukemia. Cancer Cell 2017;31: 755-70.

24. Denissov S, Hofemeister H, Marks H, Kranz A, Ciotta G, Singh S, et al. Mll2 is
required for H3K4 trimethylation on bivalent promoters in embryonic stem cells,
whereas Mll1 is redundant. Development 2014;141: 526-37.

25. Soh UJ, Low BC. BNIP2 extra long inhibits RhoA and cellular transformation by
Lbc RhoGEF via its BCH domain. J Cell Sci 2008;121: 1739-49.

26. Malik R, Khan AP, Asangani IA, Cieslik M, Prensner JR, Wang X, et al. Targeting
the MLL complex in castration-resistant prostate cancer. Nat Med 2015;21: 344-
52.

27. Yu Q, Liao Z, Liu D, Xie W, Liu Z, Liao G, et al. Small molecule inhibitors of
the prostate cancer target KMT2D. Biochem Biophys Res Commun 2020;533:
540-7.

1578 Cancer Res Commun; 2(12) December 2022 https://doi.org/10.1158/2767-9764.CRC-22-0158 | CANCER RESEARCH COMMUNICATIONS

D
ow

nloaded from
 http://aacrjournals.org/cancerrescom

m
un/article-pdf/2/12/1569/3285322/crc-22-0158.pdf by guest on 19 M

ay 2023



<<
  /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


