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Abstract

Atypical chronic myeloid leukemia (@CML) is a BCR-ABL1-negative clonal disorder, which belongs to the myelodysplastic/
myeloproliferative group. This disease is characterized by recurrent somatic mutations in SETBP1, ASXL1 and ETNKT genes, as well as
high genetic heterogeneity, thus posing a great therapeutic challenge. To provide a comprehensive genomic characterization of aCML
we applied a high-throughput sequencing strategy to 43 aCML samples, including both whole-exome and RNA-sequencing data. Our
dataset identifies ASXL1, SETBP1, and ETNK1 as the most frequently mutated genes with a total of 43.2%, 29.7 and 16.2%,
respectively. We characterized the clonal architecture of 7 aCML patients by means of colony assays and targeted resequencing. The
results indicate that ETINK7 variants occur early in the clonal evolution history of aCML, while SETBPT mutations often represent a late
event. The presence of actionable mutations conferred both ex vivo and in vivo sensitivity to specific inhibitors with evidence of strong in
vitro synergism in case of multiple targeting. In one patient, a clinical response was obtained. Stratification based on RNA-sequencing
identified two different populations in terms of overall survival, and differential gene expression analysis identified 38 significantly
overexpressed genes in the worse outcome group. Three genes correctly classified patients for overall survival.

Introduction

Atypical chronic myeloid leukemia (aCML) is a rare BCR-
ABL1-negative clonal disorder belonging to the myelodysplastic/
myeloproliferative group." Its incidence is 1% to 2% of t(9;22)
BCR-ABLI1-positive CML.2 This disorder affects elderly
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patients with a median age ranging between 60 and 76 years,
with an apparent male predominance.®” Patients present clinical
features in common with BCR-ABLI1-positive CML including
splenomegaly, elevated white blood cells (WBC) count with a
predominance of granulocytes and immature myeloid cells, and
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moderate anemia. According to the 2016 revision of the WHO
classification for myeloid neoplasms, the median overall survival
for aCML patients is 24 months. Moreover, no established
standards of care exist for its treatment.® Until 2012, the
molecular lesions responsible for the onset of this leukemia
remained unknown. The use of Next Generation Sequencing
techniques (NGS) allowed our and other groups to identify
recurrent somatic mutations occurring in SETBP1 and ETNK1
genes,>”10 later confirmed by several other independent
studies.!™'® The application of NGS technologies demonstrated
the presence of several other mutations involving ASXL1, CBL,
EZH2, NRAS, TET2, CSFR3R, and U2AF1 genes. The
identification of somatic variants occurring in a large number
of genes clearly indicates that the genetic basis of aCML is
heterogeneous, in striking contrast with classical CML. This
heterogeneity poses a great challenge to the dissection of the
molecular steps required for aCML leukemogenesis. Here we
report a comprehensive analysis including mutation profiling,
gene expression analysis and clinical outcome in a cohort of 43
aCML patients. We experimentally validated actionable
mutations and identified the clonal hierarchy of multiple
mutated genes. For a patient carrying both ETNK1 G245V and
NRAS G12D mutations, in addition to targeting them ex vivo,
we established a patient-derived xenograft in order to test
the activity of the MEK inhibitor trametinib in vivo. Finally,
we found 3 differentially expressed genes, allowing the
clustering of our patients’ cohort into 2 groups based on their
survival.

Materials and methods

Patients

Diagnosis of aCML was performed according to the World
Health Organization 2016 classification. All patients provided
written informed consent, which was approved by the institu-
tional ethics committee. This study was conducted in accordance
with the Declaration of Helsinki. Bone marrow (BM) samples
were collected at diagnosis, and leukemic cells were obtained by
separation on a Ficoll-Paque Plus gradient (GE Healthcare,
Milan, Italy). Surface markers were evaluated by fluorescence-
activated cell sorting (FACS) analysis, and myeloid cells (positive
for CD33, CD13 or CD117 staining) made up > 80% of the total
cells.

Whole exome sequencing

Ten million cells were used for genomic DNA extraction by
using PureLink Genomic DNA kit (Thermo Fisher, Milan, Italy)
according to manufacturer’s instructions. 1 pg of gDNA was used
to generate exome libraries (Galseq, Monza, Italy). Mean exon
coverage was 80x. To identify somatically acquired mutations
we compared DNA from leukocytes and constitutive DNA
extracted from lymphocytes or buccal swabs. Bioinformatic
analysis was performed as already described in.®

MethoCult™ colonies assay and combined
treatment

One million peripheral blood (PB) or 2 x 10° BM cells were
seeded in methylcellulose-based medium Methocult H4034
(StemCell Technologies, Meda, Italy), according to manufac-
turer’s instructions, and plated in 6-well dishes. After 2 weeks of
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incubation at 37°C, 5% CO,, individual colonies were picked,
washed in PBS, and lysed in 20 pL of the following buffer: 10 mM
Tris-HCl, 50mM NaCl, 6.25 mM MgCl,, 0.045% NP40, 0.45%
Tween-20; pH 7.6. On average 50 colonies per sample were
isolated. After adding 1 L of 20 wg/mL proteinase K, the lysate
was incubated at 56°C for 1 hour and at 95°C for 15 minutes.
Subsequently, the sample was amplified using dedicated barcod-
ed primers by PCR, and underwent deep-sequencing. For
combined treatment, 2 x 10° BM-derived cells were seeded in
methylcellulose-based medium in presence of phosphoethanol-
amine 1 mM (Merck Life Science, Milan, Italy), trametinib 10 nM
(Selleck Chemicals, Rome, Italy), trametinib 100nM and
combination of them. After 2 weeks of incubation, colonies
were counted. Expected additive effect of the combination
viability is the product of the 2 singlet viabilities. For actionable
mutations targeting, all the inhibitors used (crizotinib,
dasatinib, imatinib, and ruxolitinib) were purchased from Selleck
Chemicals.

Deep-sequencing

Amplicon libraries were generated starting from 500 ng PCR
product, purified on agarose gel, end-repaired and adenylated at
3’ ends before ligation of Truseq DNA Adapter Indices, and then
amplified with 6-cycles PCR. Libraries were sequenced on an
Illumina HiSeq 2500 instrument with paired-end reads 150 bp
long. Paired fastq were initially deindexed using a custom,
home-made tool and subsequently aligned to the reference
human genome (hg38) using BWA.'” Coverage was >2000x
for all samples. Bam alignment files were generated from
SAM using Samtools.?® Variant calls were performed using
CEQer2.%!

Clonal architecture analysis

Each methylcellulose colony was sequenced to reconstruct the
clonal architecture of the corresponding sample. The indexed
(barcoded) amplicons underwent NGS sequencing and were
analyzed after deindexing using dedicated in-house bioinformat-
ics tools. A generic mutation A was considered to be an earlier
event compared to mutation B if A was identified in individual
colonies in absence of mutation B.

aCML patient-derived xenograft (PDX)
establishment

Ten 6 weeks-old NOD.Cg-Prkdc“Pll2rg™!WilS,] (NSG)
mice were purchased from Charles River (Milan, Italy), kept
under standard conditions following the guidelines of the
University of Milano-Bicocca ethical committee for animal
welfare, and treated in accordance with European Community
guidelines as approved by the Italian Ministry of Health. The
protocol was approved by the Italian Ministry of Health and by
the Institutional Committee for Animal Welfare. Mice were sub-
lethally irradiated with 200 c¢Gy, and after 24 hours 107 CMLPh-
042 ficoll-purified bone marrow cells were i.v. transplanted
through tail vein injection. 80ug/ml gentamicin was added to
drinking water to prevent infections. Mice body weight was
evaluated three times a week for the whole experiment duration.
Peripheral blood collection was carried out every 15 days after
transplantation to check human bone marrow cells engraftment.
Human CD45+ cells engraftment occurred after 45 days from
transplantation, then mice were randomized in 2 groups to
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receive vehicle alone (3 mice) or 1 mg/kg trametinib suspended in
0.5% carboxymethylcellulose/0.1% Tween80 by oral gavage
once a day for 66 days (4 mice). Animals showing signs of
morbidity (weight loss, hunched posture, unsteady gait,
respiratory distress) were sacrificed before the end of the
experiment. Sternum, spleen, lung, heart, liver, bowel, kidney,
femur, tibia, and vertebrae were surgically extracted and paraffin
fixed in buffer neutral formalin for immunohistochemistry
experiments.

Analysis of human cells in peripheral blood by flow
cytometry

Human cells engraftment was check every 15 days by flow
cytometry. For the blood collection, mice were placed under a
heat lamp to promote peripheral vasodilatation and were
mechanically restrained using a plexiglass chamber. Then, a
small transverse cut was performed in the lateral tail vein with a
sterile lancet. Blood drops were collected with a micropipette and
mixed with 10 ul EDTA 0.5 M. A maximum volume of 100 p.l of
blood was collected. After blood collection, a slight pressure was
applied to ensure the bleeding stop. 100 pl EDTA-anticoagulated
peripheral blood were lysed twice in red blood cells lysis buffer
(140 mM NH,4CI, 8mM Tris, pH 7.2) at RT for 5 minutes, and
then cells were washed and suspended in PBS. Subsequently, cells
were stained with the Alexa Fluor® 700-conjugated anti-human
CD45 (HI30; Biolegend, San Diego, CA, USA) and PE-
conjugated anti-mouse CD45 (30-F11; Biolegend) antibodies,
at RT for 30 minutes. Dual-color flow cytometry was performed
on MoFlo Astrios cell sorter equipped with Summit 6.3 software
(both from Beckman Coulter, Miami). The acquisition process
was stopped when at least 5000 events were collected in the
population gate. Off-line analysis was performed using Kaluza
1.3 software (Beckman Coulter). Engraftment occurred in 70%
of mice.

Immunohistochemistry staining

Formalin fixed sections were processed using automated tissue
processors and embedded in paraffin. Then we obtained 2 pm
sections for haematoxylin and eosin staining and immunohisto-
chemical staining with an anti-CD45 antibody (Anti-CD45
ab10559, Abcam). Immunohistochemistry was performed on a
Dako Omnis platform (Glostrup, Denmark) with a dilution of
1:1500 of the antibody with an initial concentration of 1 mg/ml.
Slides were digitally scanned using a ScanScope CS digital
scanner (Aperio, Park Center Dr., Vista, CA, USA).

Cytogenetic analysis and western blot

For cytogenetic analysis and western blot details, please see
Supplemental Digital Content, http:/links.lww.com/HS/A105.

RNA-sequencing

Ten million cells were lysed in TRIzol (Thermo Fisher
Scientific) and RNA was extracted according to manufacturer’s
instructions. 2 pg of RNA (concentration 400ng/pl) were used
for library preparation (Galseq, Monza, Italy); the average
per-sample read count was 35 M. For batch effect correction,
please see Supplemental Digital Content, http:/links.lww.com/
HS/A105.
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Patients’ stratification

We analyzed batch corrected RNA-sequencing expression data
to assess the presence of any clinically relevant subtype within our
cohort. To do so, we first removed genes at low variance
(variance < 0.01) and mitochondrial gene counts and normalized
the remaining counts across patients. We then performed
clustering analysis using CIMLR.>?> In short, this method
constructs a set of multiple Gaussian Kernels from RNA-
sequencing data and uses them to effectively reduce noise and
separate patients presenting different profiles. In our cohort,
CIMLR discovered two distinct subtypes (Supplementary Fig. 3,
http://links.lww.com/HS/A105).

Features selection and pathway enrichment

To achieve an understanding of the genes that are differentiat-
ing the two discovered subtypes, we first consider a list of known
cancer-related genes*>™2° (Supplementary Table 1, http://links.
lww.com/HS/A106) and performed t-test for each gene in the list
to assess whether a significant difference in expression was
present (t-test p value adjusted for false discovery rate p<0.01).
We then selected genes among the significant ones that were
differentially expressed in more than 75% of the patients of a
cluster and conjunctively less than 25% of the patients in the
other cluster to obtain a final list of 38 genes. This further filter
aims at ensuring the biological relevance of the selected genes in
terms of differential gene expression between the two clusters. We
finally performed pathway enrichment considering these 38 genes
by using the Max Plank Institute for Molecular Genetics
ConsensusPathDB-human CPDB tool, setting the original list
of known cancer-related genes as a background reference.

Patients’ classification

We further reduced the list of 38 differentially expressed genes
by considering only the top 3 genes. Briefly, we selected all the
genes differentially expressed in more than 80% of the patients of
a cluster and conjunctively less than 20% of the patients in the
other cluster. We constructed a random forest classifier?” using
these genes. This method is used for classification and specifically
performs the construction of multiple decision trees at training
time and estimate the resulting class as the mode of the classes
inferred by the individual trees. These analyses were implemented
using the caret R package (version 6.0-84).

Next generation sequencing data

The NGS data discussed in this publication have been
deposited in NCBD’s Sequence Read Archive (SRA) and are
accessible through accession number PRJNA60458.

Results

Clinical characteristics of patients

The clinical characteristics of aCML patients are summarized
in Supplementary Table 2, http:/links.lww.com/HS/A107. The
median age at diagnosis was 63 years (range 38-85). The average
blast percentage was 2.8% (range 0-17.0; SD 4.1) in peripheral
blood and 3.4% (range 0-19.0; SD 3.8) in bone marrow.
Splenomegaly was observed in 69.8% and bone marrow fibrosis
(mostly MF1) in 37.2% of cases.
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Mutation profiling

Whole Exome Sequencing (WES) was performed on 37 aCML
samples. All the somatic mutations identified were scored
according to OncoScore.*® Six patients revealed the presence of
a single somatic mutation, 14 patients carried 2 mutations,
8 patients showed the co-presence of 3 mutations, while 4 or
§ mutations were present in 4 patients. Interestingly, 5 patients
showed no mutations in known oncogenes, splicing factors,
epigenetic factors, and cancer-related genes, and they carried a
normal karyotype (Fig. 1; Supplementary Table 3, http:/links.
lww.com/HS/A108; Supplementary Table 4, http:/links.lww.com/
HS/A109); however, in all cases we identified somatic, likely
passenger mutations, which supports the existence of clonal
hematopoiesis also for these patients (Supplementary Tables 5,
http:/links.lww.com/HS/A110, 6, http:/links.lww.com/HS/A111,
7, http://links.lww.com/HS/A112, 8, http://links.lww.com/HS/
A113, and 9, http://links.lww.com/HS/A114). The most frequent
mutation in our cohort was represented by ASX1.1 (43.2%). Other
frequently mutated genes were SETBP1 (29.7%), TET2 (27.0%),
and KRAS/NRAS (21.6%), confirming our previous results.®
Mutations in EZH2 occurred in 18.9% of patients, while ETNK1
mutations were present in 16.2% of cases, again supporting
our previous findings.” In 13.5% of patients RUNX1 or SRSF2
mutations were detected. Furthermore, 3 patients showed
mutation of CBL or CREBBP (8.1% of cases), while CSF3R
and KIT mutations occurred in one patient each.

Targeting of actionable mutations

In 27% of cases (10/37 patients) actionable mutations
occurring in KIT, NRAS, KRAS, and CSF3R genes were found.
All these mutated genes could be targeted with clinically available
drugs, such as dasatinib, trametinib or ruxolitinib®® (Supplemen-
tary Table 4, http:/links.lww.com/HS/A109). In order to test
whether these drugs were able to affect the growth of the

leukemic clones in aCML cases, we performed colony assays in
presence or absence of selected inhibitors on bone marrow-
derived cells from four RAS mutated patients (CMLPh-003,
CMLPh-039, CMLPh-006 and CMLPh-042, carrying NRAS
G12R, NRAS GI12D, KRAS A146V, and NRAS G12D
mutations, respectively), from a KIT D816V positive patient
(CMLPh-010), and from a CSF3R T618I mutated patient
(CMLPh-040) (Figs. 2 and 4A, C). Patients with RAS mutations
showed sensitivity to the MEK inhibitor trametinib, with 50%
growth inhibition around 10 nM for NRAS mutated patients and
around 50nM for the patients with KRAS mutation (Figs. 2A-C
and 4A, C), while unrelated inhibitors used as negative controls,
such as imatinib, dasatinib and crizotinib, were inactive. CMLPh-
010 patient presented a KIT D816 V mutation which is known to
be highly sensitive to dasatinib, but resistant to imatinib.*
Colony assays showed high sensitivity to dasatinib starting at 10
nM, while growth was almost completely abrogated at 0.1 uM;
in contrast, imatinib was ineffective even at 3puM (Fig. 2D).
CMLPh-040 cells, bearing a CSF3R somatic mutation, were
grown in presence of increasing concentrations of dasatinib,
ruxolitinib, or crizotinib as negative control (Fig. 2E). Dasatinib
completely inhibited cell growth already at 0.1 uM, while
ruxolitinib showed a 50% inhibition at 0.1 wM and completely
inhibited cell growth starting from 0.3 wM. Crizotinib did not
affect colonies formation at any concentration. Taken together,
these results indicate that the presence of KIT, RAS, and CSF3R
mutations in aCML cells predicts sensitivity to clinically available
inhibitors, at least ex vivo. Given the very poor prognosis of this
disorder, these findings suggest a possible targeted treatment for a
subset of aCML patients.

Hierarchical architecture of aCML patients

The temporal reconstruction of the different mutations
occurring in a clonal disorder can have important biological,
prognostic and therapeutic repercussions. For these reasons, in
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Figure 2. Colony formation assay. X axis represents different treatments and Y axis represents total number of colonies formed, normalized to 100 (colony
counts in control conditions). Results are shown as the mean+s.d. (n=2). (A) Patient CMLPh-003 carrying NRAS G12R mutation. (B) Patient CMLPh-006 carrying
KRAS A146V mutation. (C) Patient CMLPh-039 carrying NRAS G12R mutation. (D) Patient CMLPh-010 carrying KIT D816V mutation. (E) Patient CMLPh-040

carrying CSF3R T618| mutation.

patients whose bone marrow cells were available, we studied
clonal evolution through the analysis of individual leukemic
clones by methylcellulose assays (Fig. 3). The clonal architecture
could be reconstructed in 7 patients. According to exome
sequencing, patient CMLPh-003 was mutated in both SETBP1
and NRAS. Clonal analysis confirmed the presence of SETBP1

G870S in all the tested clones, while heterozygous NRAS G12R
mutation was detected in 67% (Fig. 3A). Notably in the
remaining 33 % another heterozygous NRAS variant, G12D, was
detected. Retrospective reanalysis of exome data confirmed the
presence of the newly identified variant, which had been
previously filtered-out from exome data because of the low
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Figure 3. Clonal architecture of aCML patients. Schematic representation
of the clonal architecture of 7 aCML patients whose bone marrow mononuclear
cells were grown in semisolid medium and underwent targeted resequencing
based on previously identified somatic mutations. CBLhet indicates a
heterozygous somatic mutation; CBLhom indicates a homozygous somatic
CBL mutation.

frequency. Patient CMLPh-005 carried mutations in ASXLI,
CBL and SETBP1 genes. Targeted analysis performed on 68
clones revealed a complex, branching evolution, with 63 clones
carrying all the 3 variants. Of them, 47 (74.6%) had a
heterozygous and 16 (25.4%) a homozygous CBL variant. Four
clones (4.2%) carried ASXL1 and SETBP1 but not CBL
mutations, while only a single clone was mutated in ASXL1
and CBL in absence of SETBP1 mutations, indicating that CBL
mutations occurred independently in two different subclones
(Fig. 3B). Allelic imbalance analysis of exome data using CEQer*!
revealed that CBL homozygosity was caused by a telomeric
somatic uniparental disomy. Patient CMLPh-008 was mutated in
ETNK1 and EZH2, carrying both EZH2 D608G and R634H
variants. All the 27 clones analyzed carried ETNK1 mutation,
while one was WT for both EZH2 D608G and R634H,
indicating that both mutations occurred late in the clonal
evolution of this patient (Fig. 3C). Patient CMLPh-013 carried
ASXL1, ETNK1, NRAS and SETBP1 mutations. Of the 39
clones analyzed, 34 (82.9%) showed the coexistence of all
mutations, 4 were mutated in ASXL1, ETNK1 and NRAS and 1
in ETNK1 and NRAS, suggesting that ETNK1 and NRAS were
early events, ASXL1 an intermediate one and SETBP1 a late
occurring mutation (Fig. 3D). Patient CMLPh-019 was charac-
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terized by the presence of a complex mutational status, with
mutations occurring in SETBP1, ETNK1, ASXL1 and CBL
genes. Targeted resequencing analysis revealed the presence of all
the 4 variants in 44/60 (73.3%) clones; in 15/60 (25%) we
detected the presence of mutated ETNK1, ASXL1 and CBL. Of
these 15 clones, 33% carried heterozygous and 67% homozy-
gous CBL mutations. In one clone (1.7%) we detected
heterozygous ETNK1 and homozygous CBL, indicating a strong
selective pressure towards the acquisition of homozygous CBL
mutations (Fig. 3E). Allelic imbalance analysis of CMLPh-019
exome revealed that CBL homozygosity was caused by a somatic
uniparental disomy event occurring in the telomeric region of the
long arm of chromosome 11 (Supplementary Fig. 4, http:/links.
lww.com/HS/A105). Patient CMLPh-022 was mutated in both
SETBP1 and CSF3R. Clonal analysis found the presence of
SETBP1 in all the 40 clones analyzed, while CSF3R mutation was
detected in 47.5% of colonies, suggesting that CSF3R mutations
occurred later than SETBP1 (Fig. 3F). Patient CMLPh-026 was
mutated in ASXL1 and SETBP1. Targeted analysis revealed the
presence of mutated ASXL1 in all the 58 clones analyzed, while
heterozygous SETBP1 mutation was detected in 50 clones
(86.2%), indicating that ASXL.1 mutations occurred earlier than
SETBP1 ones (Fig. 3G).

Altogether, these results indicate that, when ETNKI and
SETBP1 mutations are co-present, ETNK1 variants occur earlier
in the clonal evolution history of aCML, while SETBPI
mutations generally represent late events; interestingly, in two
cases where ASXL1 was mutated together with SETBP1, ASXL1
mutations occupied an intermediate hierarchical position. CBL
mutations, when present, showed a strong tendency toward
reaching homozygosity through somatic uniparental disomy.

Combined targeting treatment of ETNK1 and NRAS
mutations

In patient CMLPh-042, ETNK1 G245V and NRAS G12D were
found to be early mutational events (Supplementary Table 10,
http://links.lww.com/HS/A115). From the available sequencing
data, we could not determine which of the 2 mutations arose first.
We decided to target both mutations ex vivo: trametinib was used
to block the NRAS pathway: at 10nM it was able to reduce ERK
phosphorylation (Supplementary Fig. 5, http:/links.lww.com/HS/
A105). ETNK1 was targeted with the use of phosphoethanolamine
(P-Et), which was found to abrogate the effects of ETNK1
mutations (Fontana et al Nat Commun., in press). Colonies grown
from the patient showed a strong synergistic effect of the
combination treatment of trametinib 10nM and P-Et 1mM,
according to the Bliss Independence Principle®! (expected additive
effect of P-Et 1 mM + trametinib 10 nM combination: 146 colonies;
observed colonies: 0; Fig. 4A, C).

Subsequently, a patient-derived xenograft (PDX) model was
established. Treatment with 1 mg/kg trametinib allowed animals
to live until the end of the experiment, while untreated animals
showed signs of leukemia and were sacrificed (Fig. 5). Due to the
limited number of animals transplanted, statistical significance
was borderline (p=0.07). However, analysis of human cells in
peripheral blood assessed by flow cytometry showed a complete
reduction of human CD45+ cells in the treated animals compared
to untreated ones (Fig. 5), and immunohistochemistry revealed
the absence of human CD45 cells in the treated animals in both
spleen and bone marrow, at difference from untreated ones
(Fig. 5).
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Figure 4. Effects of trametinib and phosphoethanolamine in patient CMLPh-042. (A) Colony-forming assay at the onset: bone marrow derived cells were left
untreated or treated with phosphoethanolamine 1 mm, trametinib 10nM, trametinib 100nM, or combination of the two drugs. Colonies were counted after 15 days.
(B) Colony-forming assay performed at relapse after treatment with trametinib 1 mg/day.(C) Number of colonies at the onset. (D) Number of colonies at relapse.

CMLPh-042 was treated on a named patient protocol with
trametinib, at 1 mg/day. Unfortunately, no clinical grade P-Et was
available. A hematological response was obtained with normali-
zation of WBC, reduction of approximately 50% in the volume of
the spleen and discontinuation of hydroxyurea (2g/day). After
3 months of treatment the patient became severely anemic,

transfusion dependent, the spleen volume and leukocyte numbers
started to grow again, and trametinib was discontinued at month
4. Colonies grown at this time point showed complete resistance
to trametinib (Fig. 4B, D), a testimony to the selection process
which developed over 3 months, in spite of only a transient
clinical response. Conventional cytogenetic analysis performed at
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Figure 5. In-vivo experiments. (A) Overall survival (OS) of mice treated with 1 mg/kg trametinib by oral gavage once a day (red line) as compared with controls
(black line). OS were analyzed using Kaplan-Meier plot and the log-rank test. (B) Analysis of human CD45 cells in peripheral blood assessed by flow cytometry in
PDX models treated with 1 mg/kg trametinib compared to controls. Representative plots are shown. (C) Immunohistochemistry (human CD45 expression) of bone
and spleen PDX models treated with 1 mg/kg trametinib by oral gavage once a day compared to controls. Representative images are shown. Scale bar: 200 um.

the time of relapse revealed the presence of isocromosome 17q
(karyotype: 46,Y,i(17)(q10)[16]/46,XY[4]) with the loss of one
copy of 17p, which includes the p53 locus, suggesting a possible
mechanism of acquired resistance to MEK inhibition (Supple-
mentary Fig. 6, http:/links.lww.com/HS/A105).3? These data
confirm that targeting the effects of a single mutation event can
result in a clinical response, but of limited duration.

Patients stratification based on RNA-sequencing
data

RNA-sequencing was performed on all 43 patients; no fusions
were detected.>® Stratification based on whole-transcriptome
data?? identified two clearly different populations (26 and 17
patients) in terms of Overall Survival (OS), with 2 year OS of
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Figure 6. Overall survival curve (Kaplan-Meier curve). Overall survival curve censored at 24 months shows significantly different outcomes (low-rank p=

0.004).

69.23% [95% IC: 48.21%-86.67%] and 35.29% [95% IC:
14.21%-61.67%] respectively (log-rank test for trend: p=0.004,
Fig. 6; Supplementary Table 11, http:/links.lww.com/HS/A116).
The group with better prognosis showed a higher frequency of
ETNK1 mutations (22.7% vs 6.7%; hypergeometric test: p=
0.032). We performed differential gene expression analysis to
detect genes that were differentially expressed between the two
patients’ populations. Functional enrichment annotation of the
differentially expressed genes revealed several biological processes
involved (Supplementary Tables 12, http:/links.lww.com/HS/
A117-13, http:/Mlinks.lww.com/HS/A118), including gene tran-
scription and cell differentiation, cell cycle regulation, mitochon-
drial activity, DNA repair. From these lists, we selected cancer-
related GO terms (Fig. 7A) as well as cancer-related pathways
(Fig. 7B) to perform clustering analysis. These analyses clearly
showed 2 distinct clusters based on patients’ outcome: cancer-
related terms were highly enriched in patients with poor prognosis.
Further analysis revealed 38 overexpressed genes in the group with
negative clinical outcome (t-test p value adjusted for false discovery
rate,>* Padj<0.01; Table 1). To further reduce the number of
classifier genes, we then considered expression data for the 3 most
significant genes from the previous list (namely DNPH1, GFI1B,
and PARP1). Using these 3 genes, we built a classifier model that is
able to separate patients according to the respective subtype (better
vs worse prognosis). The results showed that overexpression of
these 3 genes is highly predictive of poor prognosis, and a random
forest algorithm?” applied to the 3 most significant genes achieves a
95.03% accuracy (out-of-bag error rate of 4.65%) assessed by
means of 10 fold cross validation (Fig. 8).

Discussion

In the last decade, the application of NGS techniques
dramatically improved our understanding of several issues in

the biology of neoplasias. However, this knowledge has
rarely been translated into better prognosis or treatment
tools. In the present work, we analyzed both mutation profiles
and RNA-sequencing expression data from a large cohort of
aCML patients. aCML is a highly heterogeneous disorder
characterized by both myelodysplastic and myeloproliferative
features.! Several mutations in different genes are responsible
for the onset of the disease. In our cohort, mutations in ASXL1
gene were the most frequent alteration (16/37 cases), as already
reported by other recent studies.’*™” Additional frequent
mutations involved SETBP1, ETNK1, TET2 and RAS genes.
This mutation profile is very close to that of a recent French
report from Julien et al,*® where SETBP1 mutations occur in
30.3% of the aCML cases, ETNKI in 7.4% of patients,
while ASXL1 was found mutated in 68.8% of cases.
Surprisingly, however, our profile is different from a recently
published study,®® in which Zhang and colleagues report
the frequency of SETBP1 mutations to be as low as 7.4 % (2/27).
The explanation for this difference is at present unclear;
however, it may be caused by a different genetic background
for the European/US aCML populations. In the context of
the differential diagnosis of aCML and related clonal disorders
such as CNL, CSF3R mutations are particular noteworthy.?*=*!
In our study, we found only one patient out of 37 carrying
a CSF3R mutation. This result confirms the rarity of such
event in the mutational landscape of aCML. In addition to
the high and distinctive heterogeneity of this disease, the lack
of detailed information regarding the clonal hierarchy of
the mutations contributes to make treatment approaches
to this disorder even more difficult. Given the genetic
complexity of aCML, we tried to reconstruct the clonal
hierarchy of the observed mutations in order to identify
early versus late occurring mutations. The clonal architecture
of 7 aCML patients was characterized by colony assays and
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Figure 7. Gene ontology and pathway heatmaps. (A) Heatmap showing expression for a set of selected cancer-related GO terms is presented. (B) Heatmap
showing expression for a set of selected cancer-related pathways is presented.

targeted resequencing. Our findings suggest that, when
present, ETNK1 variants occur at the initial stages of clonal
evolution history of aCML. These results are in line with
our recent findings regarding the role of ETNKI in the
induction of a mutator phenotype (Fontana et al Nat Commun.,
in press).

The knowledge of the clonal progression can be useful to
suggest treatment priorities. The inclusion of early occurring
mutations in the targeting strategy carries the advantage of
hitting all leukemic cells. Surprisingly, it is important to note
that, in contrast to gene expression results, the presence of
mutations, either as single or combined events, and weighted by

10

their respective OncoScore, failed to predict clinical outcome.
This finding would seem to contradict what previously asserted
by our group.® Unfortunately, the rarity of the disease and
the complexity and heterogeneity of the somatic drivers
involved in this disorder, where SETBPI is often present
together with several other driver mutations such as ASXL1,
ETNK1, TET2 or others, makes a clear dissection of the
prognostic effect of individual variants extremely challenging.
Probably, a larger cohort of aCML patients will be required
to thoroughly analyze this point. In contrast, transcriptomic
data demonstrated the presence of two distinct populations
which significantly differed in terms of overall survival. Based
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Differentially expressed genes between the two clusters of patients.

Median Good Median Bad Log2 fold change Good p value
Gene Name Prognosis Prognosis prognosis/Bad prognosis Two-Sided OncoScore Is Oncogene?
AlMP2 54.50 185.00 —1.76 0.00004 50.49 1
AURKA 60.50 184.00 —1.60 0.00407 75.65 1
CDK4 203.00 802.00 —1.98 0.00074 74.80 1
CHST10 20.50 78.00 -1.93 0.00317 30.00 1
DNAJC11 199.50 532.00 —1.42 0.00006 33.33 1
DNPH1 18.00 95.00 —2.40 0.00003 45.99 1
El24 138.00 430.00 —1.64 0.00200 45.75 1
ERCC2 119.00 304.00 -1.35 0.00048 72.57 1
EXTL2 24.50 99.00 —2.01 0.03693 42.60 1
FAM189B 78.50 227.00 —1.53 0.00029 0.00 0
GADD45GIP1 57.50 274.00 —2.25 0.00010 52.13 1
GATAT 26.50 318.00 —3.58 0.00188 44.21 1
GFI1B 31.00 348.00 —3.49 0.00203 44,22 1
GNA12 175.50 502.00 —1.52 0.00103 34.94 1
H2AFX 84.50 376.00 —2.15 0.00225 70.66 1
HSPD1 825.00 2040.00 —1.31 0.00686 31.55 1
IDH2 614.00 1830.00 —1.58 0.00136 78.73 1
KEAP1 160.50 445,00 —1.47 0.00005 41.29 1
KIT 136.50 722.00 —2.40 0.00880 31.28 1
MENT 216.00 598.00 —1.47 0.00053 88.03 1
MYBBP1A 212.50 599.00 —1.50 0.00017 55.23 1
Myc 177.50 1031.00 —2.54 0.00095 69.59 1
NMET 13.00 79.00 —2.60 0.00165 82.83 1
PA2G4 323.50 960.00 —1.57 0.00224 61.57 1
PARP1 329.50 1437.00 —-2.12 0.00227 56.94 1
PBX1 34.50 186.00 —2.43 0.00173 79.54 1
PDZK1IP1 3.00 27.00 -3.17 0.00371 50.88 1
PIR 3.50 23.00 —2.72 0.00122 12.07 0
POLRMT 196.00 485.00 -1.31 0.00005 14.73 0
RITAT 34.00 126.00 —1.89 0.00004 12.30 0
RNF43 22.50 58.00 -1.37 0.00460 80.49 1
SALL2 21.00 50.00 —1.25 0.00734 58.62 1
SLC39A4 29.50 101.00 -1.78 0.00059 18.08 0
SMARCB1 264.50 608.00 -1.20 0.00172 80.79 1
TAL1 62.50 525.00 -3.07 0.00057 74.33 1
TCF3 223.00 769.00 -1.79 0.00005 47.38 1
TIMP3 16.00 190.00 —3.57 0.00019 50.28 1
TP53 159.00 608.00 —1.94 0.00006 90.62 1

The table reports a list of 38 genes significantly higher expressed in the cluster with bad prognosis. Median expression values for the 2 clusters, Log2 fold change Good vs Bad prognosis, and t-tests to assess their
differences are also reported. Their OncoScore as well as their classification as oncogenes (marked as 1 in the table) are presented.

on these findings, we identify a 3-genes signature capable of
stratifying aCML patients according to their prognoses with
high accuracy. The 3 identified genes are known oncogenes
and play roles in cellular proliferation, DNA repair, tumor
transformation (Supplementary Table 14, http://links.lww.
com/HS/A119). A limitation of these results resides in the lack
of a validation cohort which will need future work, and in
the limited number of aCML patients under study, due to the
rarity of the disease. The fact that mutation analysis did not
prove clinically informative but gene expression profiles did,
raises important considerations. While mutations certainly
affect gene functions, several non-mutational mechanisms can
also affect gene activity (eg, promoter methylation, histone
modifications, gene amplifications and deletions). All these
mechanisms result in altered gene expression, the analysis of
which could provide clinical insights into the disease behavior.
In addition, gene expression profiles also reflect the impact of a

11

certain mutation on the genetic background of each individual
patient.

Our ex vivo and in vivo results also indicate that the presence of
actionable mutations could indeed inform therapy and drive
synergistic combinations; in one case where NRAS and ETNK1
mutations were simultaneously present, trametinib gave evidence
of clinical, albeit limited, therapeutic activity.

In conclusion, our work provides novel insights on aCML
clonal evolution and suggests the presence of 2 subtypes of aCML
characterized by distinct RNA expression profiles, showing
different clinical outcomes. Further studies will be required to
confirm our findings. In general, it will be important to obtain
more insights into the molecular mechanisms governing aCML
development and progression, and to convert them into better
treatment strategy modalities, since no effective therapies are
available to date for aCML and the outcome is almost invariably
fatal.

85U8017 SUOWILWIOD @A 181D 8ol jdde 8Ly Aq peuienof ae seole YO ‘@SN o Sa|nJ 0} AreiqiT8uUO /8|1 UO (SUORIPUOD-pUe-SWBI W0 A3 1M A eIg1feulU0//SdNY) SUORIPUOD pUe SWie 1 84} 88S *[5202/T0/9T] uo Akeiqiauliuo A8]iM 00001g OLe|IA IS BAIUN AQ £6£0000000000000'6SH/L60T OT/I0p/L0d A8 | IMAfe.d |Buluo//Sdny ol pepeojumod ‘9 ‘0202 ‘Tv262.52


http://links.lww.com/HS/A119
http://links.lww.com/HS/A119
http://www.hemaspherejournal.com

Fontana et al

Atypical Chronic Myeloid Leukemia Characterization

3
Figure 8. Heatmap showing fold change for the threetop differentially expressed genes used to classify good vs ba

Color Key

Expression fold change

e Good Prognosis
e==» Bad Prognosis

5 55
£ Z Z Z
[ £ &

020

Ph-004
Ph-008
Ph-009
Ph-023

Ph.

presented.

Ph-024
Ph-025

027

Ph-026
Ph.

1 DNPH1

PARP1

GFIM1B

028

Ph-029
Ph-030
Ph-034
Ph-035
Ph-016
Ph021
Ph-032
Ph-033
Ph-036
Ph-037
Ph-039
Ph-040
Ph-042
Ph-045

Ph.
Ph-041

2
g
2 s
d

prognosis subtypes is

Sources of Funding

This work was supported by Fondazione AIRC per la Ricerca

sul Cancro 2018 (1G-22082) to RP, Fondazione AIRC per la
Ricerca sul Cancro 2015 (IG-17727) to RP, Fondazione AIRC
per la Ricerca sul Cancro 2017 (IG-20112) to CGP.

Acknowledgments

We kindly acknowledge the contributions of Michela Viltadi

for technical help.

References

1.

10.

Arber DA, Orazi A, Hasserjian R, et al. The 2016 revision to the World
Health Organization classification of myeloid neoplasms and acute
leukemia. Blood. 2016;127:2391-2405.

. Vardiman JW, Bain B, Inbert M. Jaffe E, Harris NL, Stein H, Vardiman J,

et al. Atypical chronic myeloid leukemia. WHO classification of tumors:
pathology and genetics of tumours of haematopoietic and lymphoid
tissues. Lyon: IARC Press; 2001;53-57.

. Oscier D. Atypical chronic myeloid leukemias. Pathologie-biologie.

1997;45:587-593.

. Breccia M, Biondo F, Latagliata R, et al. Identification of risk factors in

atypical chronic myeloid leukemia. Haematologica. 2006;91:1566-
1568.

. Cazzola M, Malcovati L, Invernizzi R. Myelodysplastic/myeloprolifera-

tive neoplasms. Hematol Am Soc Hematol Educ Program. 2011;1:264—
272.

. Piazza R, Valletta S, Winkelmann N, et al. Recurrent SETBP1 mutations

in atypical chronic myeloid leukemia. Nat Genet. 2013;45:18-24.

. Gotlib J, Maxson JE, George TI, et al. The new genetics of chronic

neutrophilic leukemia and atypical CML: implications for diagnosis and
treatment. Blood. 2013;122:1707-1711.

. Gotlib J. How | treat atypical chronic myeloid leukemia. Blood.

2017;129:838-845.

. Gambacorti-Passerini CB, Donadoni C, Parmiani A, et al. Recurrent

ETNK1 mutations in atypical chronic myeloid leukemia. Blood. 2015;
125:499-503.

Makishima H, Yoshida K, Nguyen N, et al. Somatic SETBP1 mutations
in myeloid malignancies. Nat Genet. 2013;45:942-946.

12

11.

12.

13.

14.

15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

Lasho TL, Finke CM, Zblewski D, et al. Novel recurrent mutations in
ethanolamine kinase 1 (ETNK1) gene in systemic mastocytosis with
eosinophilia and chronic myelomonocytic leukemia. Blood Cancer J.
2015;5:275.

Meggendorfer M, Bacher U, Alpermann T, et al. SETBP1 mutations
occur in 9% of MDS/MPN and in 4% of MPN cases and are strongly
associated with atypical CML, monosomy 7, isochromosome i(17)
(910), ASXL1 and CBL mutations. Leukemia. 2013;27:1852-1860.
Sakaguchi H, Okuno Y, Muramatsu H, et al. Exome sequencing
identifies secondary mutations of SETBP1 and JAK3 in juvenile
myelomonocytic leukemia. Nat Genet. 2013;45:937-941.

Inoue D, Kitaura J, Matsui H, et al. SETBP1 mutations drive
leukemic transformation in ASXL1-mutated MDS. Leukemia. 2015;29:
847-857.

Fabiani E, Falconi G, Fianchi L, et al. SETBP1 mutations in 106 patients
with therapy-related myeloid neoplasms. Haematologica. 2014;99:
e152-e153.

Patnaik MM, ltzykson R, Lasho T, et al. ASXL1 and SETBP1
mutations and their prognostic contribution in chronic myelomonocytic
leukemia: a two-center study of 466 patients. Leukemia. 2014;28:2206—
2212.

. Thol F, Suchanek KJ, Koenecke C, et al. SETBP1 mutation analysis in

944 patients with MDS and AML. Leukemia. 2013;27:2072-2075.
Wang XA, Muramatsu H, Okuno Y, et al. GATA2 and secondary
mutations in familial myelodysplastic syndromes and pediatric myeloid
malignancies. Haematologica. 2015;100:E398-E401.

Li H, Durbin R. Fast and accurate short read alignment with Burrows-
Wheeler transform. Bioinformatics. 2009;25:1754-1760.

Li H, Handsaker B, Wysoker A, et al. The sequence alignment/map
format and SAMtools. Bioinformatics. 2009;25:2078-2079.

Piazza R, Magistroni V, Pirola A, et al. CEQer: a graphical tool for copy
number and allelic imbalance detection from whole-exome sequencing
data. PloS One. 2013;8:€74825.

Ramazzotti D, Lal A, Wang B, et al. Multi-omic tumor data reveal
diversity of molecular mechanisms that correlate with survival. Nat
Commun. 2018;9:4453.

Bailey MH, Tokheim C, Porta-Pardo E, et al. Comprehensive
characterization of cancer driver genes and mutations. Cell. 2018;
173:371-385. e318.

Liu'Y, Sun J, Zhao M. ONGene: a literature-based database for human
oncogenes. J Genet Genomics. 2017;44:119-121.

Zhao M, Sun J, Zhao Z. TSGene: a web resource for tumor suppressor
genes. Nucleic Acids Res. 2013;41:D970-976.

85U8017 SUOWILWIOD @A 181D 8ol jdde 8Ly Aq peuienof ae seole YO ‘@SN o Sa|nJ 0} AreiqiT8uUO /8|1 UO (SUORIPUOD-pUe-SWBI W0 A3 1M A eIg1feulU0//SdNY) SUORIPUOD pUe SWie 1 84} 88S *[5202/T0/9T] uo Akeiqiauliuo A8]iM 00001g OLe|IA IS BAIUN AQ £6£0000000000000'6SH/L60T OT/I0p/L0d A8 | IMAfe.d |Buluo//Sdny ol pepeojumod ‘9 ‘0202 ‘Tv262.52



HemaSphere (2020) 4:6

26.

27.

28.

29.

30.

31.

32.

33.

Zhao M, Kim P, Mitra R, et al. TSGene 2.0: an updated literature-based
knowledgebase for tumor suppressor genes. Nucleic Acids Res 2016.
2016;44:D1023-1031.

Ho TK. Random Decision Forests. Proceedings of the 3rd International
Conference on Document Analysis and Recognition, Montreal, QC, 14—
16 August 1995, IEEE. 1995;1:278-282.

Piazza R, Mologni L, Ramazzotti D, et al. Oncoscore, a Novel, internet-
based tool to assess the oncogenic potential of genes can differentiate
Between CP-CML and BC-CML associated genes, and between CP-
CML patients with good and bad prognosis. Blood. 2016;128:
Schwartz LC, Mascarenhas J. Current and evolving understanding of
atypical chronic myeloid leukemia. Blood Rev. 2019;33:74-81.
Schittenhelm MM, Shiraga S, Schroeder A, et al. Dasatinib (BMS-
354825), a dual SRC/ABL kinase inhibitor, inhibits the kinase activity
of wild-type, juxtamembrane, and activation loop mutant KIT
isoforms associated with human malignancies. Cancer Res. 2006;66:
473-481.

Bliss Cl. The calculation of microbial assays. Bacteriol Rev. 1956;
20:243-258.

Najem A, Krayem M, Sales F, et al. P53 and MITF/Bcl-2 identified as key
pathways in the acquired resistance of NRAS-mutant melanoma to
MEK inhibition. Eur J Cancer. 2017;83:154-165.

Piazza R, Pirola A, Spinelli R, et al. FusionAnalyser: a new graphical,
event-driven tool for fusion rearrangements discovery. Nucleic Acids
Res. 2012;40:e123.

13

34.

35.

36.

37.

38.

39.

40.

41.

www.hemaspherejournal.com

Yoav B, Daniel Y. The control of the false discovery rate in multiple
testing under dependency. Ann Stat. 2001;29:1165-1188.
Meggendorfer M, Haferlach T, Alpermann T, et al. Specific molecular
mutation patterns delineate chronic neutrophilic leukemia, atypical
chronic myeloid leukemia, and chronic myelomonocytic leukemia.
Haematologica. 2014;99:

Zhang H, Wilmot B, Bottomly D, et al. Genomic landscape of
neutrophilic leukemias of ambiguous diagnosis. Blood. 2019;134:
867-879.

Faisal M, Stark H, Busche G, et al. Comprehensive mutation profiling
and mRNA expression analysis in atypical chronic myeloid leukemia in
comparison with chronic myelomonocytic leukemia. Cancer Med.
2019;8:742-750.

Julien V, Rea D, Thepot S, et al. Current treatments do not improve the
prognosis of patients with atypical CML and unclassified MDS/MPN. A
joint report from Fi-LMC, FIM, Gfch and GFM. Blood. 2019;134
(Supplement_1):2954.

Pardanani A, Lasho TL, Laborde RR, et al. CSF3R T618l is a highly
prevalent and specific mutation in chronic neutrophilic leukemia.
Leukemia. 2013;27:1870-1873.

Maxson JE, Tyner JW. Genomics of chronic neutrophilic leukemia.
Blood. 2017;129:715-722.

Wang SA, Hasserjian RP, Fox PS, et al. Atypical chronic myeloid
leukemia is clinically distinct from unclassifiable myelodysplastic/
myeloproliferative neoplasms. Blood. 2014;123:2645-2651.

85U8017 SUOWILWIOD @A 181D 8ol jdde 8Ly Aq peuienof ae seole YO ‘@SN o Sa|nJ 0} AreiqiT8uUO /8|1 UO (SUORIPUOD-pUe-SWBI W0 A3 1M A eIg1feulU0//SdNY) SUORIPUOD pUe SWie 1 84} 88S *[5202/T0/9T] uo Akeiqiauliuo A8]iM 00001g OLe|IA IS BAIUN AQ £6£0000000000000'6SH/L60T OT/I0p/L0d A8 | IMAfe.d |Buluo//Sdny ol pepeojumod ‘9 ‘0202 ‘Tv262.52


http://www.hemaspherejournal.com

	Integrated Genomic, Functional, and Prognostic Characterization of Atypical Chronic Myeloid Leukemia
	Introduction
	Materials and methods
	Patients
	Whole exome sequencing
	MethoCult&x2122; colonies assay and combined treatment
	Deep-sequencing
	Clonal architecture analysis
	aCML patient-derived xenograft (PDX) establishment
	Analysis of human cells in peripheral blood by flow cytometry
	Immunohistochemistry staining
	Cytogenetic analysis and western blot
	RNA-sequencing
	Patients' stratification
	Features selection and pathway enrichment
	Patients' classification
	Next generation sequencing data

	Results
	Clinical characteristics of patients
	Mutation profiling
	Targeting of actionable mutations
	Hierarchical architecture of aCML patients
	Combined targeting treatment of ETNK1 and NRAS mutations
	Patients stratification based on RNA-sequencing data

	Discussion
	Sources of Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /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 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /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 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /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 (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU (Use these settings to create Adobe PDF documents for Quad Graphics' Midland MI Facility.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks true
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /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 12
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /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 [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


