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ABSTRACT
◥

Purpose: Myeloproliferative neoplasms (MPN) are character-
ized by the overproduction of differentiated myeloid cells. Muta-
tions in JAK2, CALR, and MPL are considered drivers of Bcr-
Abl�ve MPN, including essential thrombocythemia (ET), poly-
cythemia vera (PV), prefibrotic primary myelofibrosis (prePMF),
and overt myelofibrosis (MF). However, how these driver muta-
tions lead to phenotypically distinct and/or overlapping diseases
is unclear.

Experimental Design: To compare the genetic landscape of MF
to ET/PV/PrePMF, we sequenced 1,711 genes for mutations along
with whole transcriptome RNA sequencing of 137 patients with
MPN.

Results: In addition to driver mutations, 234 and 74 genes were
found to be mutated in overt MF (N ¼ 106) and ET/PV/PrePMF
(N ¼ 31), respectively. Overt MF had more mutations compared
with ET/PV/prePMF (5 vs. 4 per subject, P ¼ 0.006). Genes

frequently mutated inMF included high-risk genes (ASXL1, SRSF2,
EZH2, IDH1/2, and U2AF1) and Ras pathway genes. Mutations in
NRAS, KRAS, SRSF2, EZH2, IDH2, and NF1 were exclusive to MF.
Advancing age, higher DIPSS, and poor overall survival (OS)
correlated with increased variants in MF. Ras mutations were
associated with higher leukocytes and platelets and poor OS. The
comparison of gene expression showed upregulation of prolifera-
tion and inflammatory pathways in MF. Notably, ADGRL4, DNA-
SE1L3, PLEKHGB4, HSPG2, MAMDC2, and DPYSL3 were differ-
entially expressed in hematopoietic stem and differentiated cells.

Conclusions: Our results illustrate that evolution of MF from
ET/PV/PrePMF likely advances with age, accumulation of muta-
tions, and activation of proliferative pathways. The genes and
pathways identified by integrated genomics approach provide
insight into disease transformation and progression and potential
targets for therapeutic intervention.

Introduction
Essential thrombocythemia (ET), polycythemia vera (PV), and

prefibrotic primary myelofibrosis (PrePMF) are phenotypically het-
erogeneous myeloproliferative neoplasms (MPN), which all carry a
risk of progression to overt myelofibrosis (MF; ref. 1). Somatic muta-
tions in JAK2, CALR, or MPL are known drivers of these diseases, but
the clinical presentation and outcome of each disease is distinct. Other
somatic high-risk mutations including ASXL1, EZH2, IDH1/2, SRSF2,
and U2AF1 have also been reported in all MPN, and may bear
prognostic significance (2, 3). These secondary hits can be classified
in two categories: (i) epigenetic regulators (ASXL1, EZH2, and
IDH1/2) and (ii) spliceosome components (SRSF2 and U2AF1).

Although ASXL1 mutations alone have prognostic significance in
MF, ASXL1 inactivation alone in a mouse model results in myelo-
dysplasia without myelofibrosis (4), and EZH2 deletion inmice results
in MF only in a JAK2V617F background and not alone (5). Similarly,
how the driver genes and other recurrent somatic mutations interact,
leading to MF is yet to be understood. In addition to somatic muta-
tions, there is emerging evidence of germline genetic variants (6) and
inflammatory factors (7) that play a role in disease initiation and
progression. Evidence of specific pathways that are key regulators of
disease progression continues to grow.

The clinical utility of the molecular landscape of MF has been
scrutinized, and genetically based prognostic scoring systems have
been proposed such as MIPPS70 and GIPPS (8, 9). These models
identify high-risk patients and assist in treatment decisions including
allogeneic stem cell transplant (alloSCT) and treatment with investi-
gational new drugs, which have a higher risk-to-benefit ratio than
conventional therapies. However, the molecular events that drive
specific disease phenotypes and explain both clinical features and
laboratory findings of each disease are not fully understood. Cyto-
genetic andmolecular profiles of patients withMPN remain difficult to
interpret and apply toward personalization of therapy and improving
outcomes. This necessitates a more elaborate and extensive genetic
characterization of these diseases. Beyond improving outcomes with
existing therapies, a clear understanding of the extent and role of
mutations beyond the three driver genes can provide new targets for
drug discovery for MF.

Unlike ET/PV/PrePMF, MF is an aggressive disease characterized
by clonal proliferation of cells in the bone marrow as well as extra-
medullary sites such as spleen, liver, and lymph nodes. Other signs
include excess production of proinflammatory cytokines, progressive
bone marrow fibrosis, and a leucoerythroblastic phenotype in the
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peripheral blood. Patients with MF experience debilitating constitu-
tional symptoms (severe fatigue, weight loss, night sweats), massive
hepatosplenomegaly, profound cytopenias, risk of transformation to
acute leukemia, and significantly shortened life expectancy (10). About
0.8% to 14% of patients with ET/PV/PrePMF will progress to overt
MF over 10 to 15 years (11). Most MF patients (85%–90%) harbor
acquired mutations in JAK2, MPL, and CALR, like other less aggres-
sive MPN, but this fails to explain the more aggressive nature of MF.

On the basis of clinical presentation, MF clearly represents a
progression of ET/PV/PrePMF; nevertheless, molecular mutations
and transcriptional and epigenetic events associated with this pheno-
typic transition are not well defined. To better understand the molec-
ular events that underlie clinical characteristics of MPN and disease
pathophysiology, we studied themutational landscape of >1,700 genes
and the gene expression profile of peripheral blood and bone marrow
cells, and hematopoietic stem cells from patients with MPN with a
focus on MF landscape.

Materials and Methods
Patient sample collection and processing

Patients with malignancies were enrolled in the Mi-ONCOSEQ
study, approved by the University of Michigan institutional review
board. Eligibility to this study included adults over 18 years and sus-
pected or diagnosed with hematologicmalignancies and other cancers.
All patients provided written informed consent to genomic research
related to this study. The somatic and germline variant report was
included in the patient medical records for future use by providers and
patients. Peripheral blood samples and/or bone marrow aspirates and
buccal swabs were collected from enrolled patients. Bone marrow and
peripheral blood mononuclear cells were prepared by Ficoll density
gradient centrifugation. To obtain CD34þ cells, mononuclear cells
were enriched by incubating with CD34 antibody conjugated to
magnetic microbeads and performing MACS separation according
to the manufacturer’s instructions (Miltenyi Biotec).

Integrative high-throughput clinical sequencing
Nucleic acid preparation, sequencing library construction, and

high-throughput sequencing were performed using standard proto-

cols, which adhere to the Clinical Laboratory Improvement Amend-
ments. Paired-end whole-exome libraries from tumor and matched
normal DNA were prepared using the Agilent SureSelect human all
exon v4 probes (Agilent Technologies). Transcriptome libraries were
prepared from total RNA and captured by the Agilent SureSelect
human all exon v4 probes (12). All the libraries were sequenced using
the Illumina HiSeq2500 (Illumina Inc.). Aligned exome and tran-
scriptome sequences were analyzed to detect putative somatic muta-
tions, insertions, and deletions (indels), copy-number alterations, gene
fusions, and gene expression as described previously (13, 14).

Integrative clinical sequencing was performed using standard pro-
tocols of the CLIA-compliant (clinical laboratory improvement
amendments) sequencing laboratory. Total mononuclear cells or
CD34-enriched cells were disrupted by 5-mm beads on a Tissuelyser
II (Qiagen). GenomicDNAand total RNAwere purified from the same
sample using an AllPrep DNA/RNA/miRNA Kit (Qiagen). Matched
normal genomic DNA from buccal swabs was isolated using an
DNeasy Blood & Tissue Kit (Qiagen). RNA integrity was measured
on an Agilent 2100 Bioanalyzer using RNA Nano reagents (Agilent
Technologies). RNA sequencing was performed by exome-capture
transcriptome platform developed in our lab and as described previ-
ously (12). In brief, capture transcriptome libraries were prepared
using 1 to 2 mg of total RNA. Following the steps of cDNA synthesis,
end-repair, A-base addition, and ligation of adapters, precapture
libraries were size-selected by the PippenHT system (Sage Science).
Recovered fragments were enriched by PCR using Phusion DNA
polymerase (New England Biolabs) and index primers and purified
by AMPure XP beads (Beckman Coulter). Coding exons were then
captured by Agilent SureSelect Human All Exon v.4 probes following
the manufacturer’s protocol. Final sequencing libraries were analyzed
by Agilent 2100 Bioanalyzer for product size and concentration.

Exome libraries of matched pairs of tumor/normal DNAs were
prepared as previously described. In brief, 1 to 3mg of genomic DNA
was shearedusing aCovaris S2 to apeak target size of 250basepairs (bp).
Fragmented DNA was concentrated using AMPure beads, followed by
end-repair, A-base addition, ligation of the Illumina indexed adapters,
and size selection on 3% Nusieve agarose gels (Lonza). Fragments
between 300 to 350 bp were recovered, amplified using Illumina index
primers, and purified by AMPure beads. One microgram of the library
was hybridized to the Agilent SureSelect Human All Exon v.4. The
targeted exon fragments were captured and enriched following the
manufacturer’s protocol (Agilent). Paired-end whole-exome libraries
were analyzed by an Agilent 2100 Bioanalyzer and DNA 1000 reagents
and sequenced using an Illumina HiSeq 2000 or HiSeq 2500 (Illumina).

FastQC was used to assess read quality per lane. FASTQ conversion
was performed with bcl2fastq-1.8.4 in the CASAVA 1.8 pipeline.
Picard was used to monitor other sequencing metrics such as dupli-
cation rate, GC biases, and targeted coverage.

Somatic and germline mutation calling
The FASTQ files were aligned to the reference genome build hg19,

GRCh37 using Novoalign Multithreaded (version 3.02.08; Novocraft)
and converted into BAM files using Samtools (ver 0.1.19, RRID:
SCR_002105). BAM files were sorted, indexed, and marked for
duplicates with Novosort (version 1.03.02). SNV and small indels
were called by freebayes (version 1.0.1). Larger indels and exon-level
structural arrangements were called with pindel (version 0.2.5b9). The
variant calls from freebayes and pindel were compiled, annotated, and
matched against the RefSeq database as well as the COSMIC v90,
dbSNP v146, ExAC v0.3, and 1000 Genomes phase III databases. This
annotation was performed using snpEff and snpSift.

Translational Relevance

Mutations in JAK2, CALR, and MPL genes are considered
drivers of myeloproliferative neoplasia (MPN), including essential
thrombocythemia, polycythemia vera, prefibrotic primary myelo-
fibrosis (MF), and overt MF. Nevertheless, management of pre-
fibrotic MPN compared with overt MF is drastically different, and
it is not clear how prefibrotic MPN switches to fibrotic disease with
hallmarks of inflammation and bone marrow failure. We hypoth-
esize that there are further genetic events that lead to the transition
to overt MF. We therefore studied a broad panel of genes for
mutations along with whole-exome RNA-seq in MPN. Our find-
ings (i) provide genetic evidence of MF as a distinct disease as
compared with ET/PV/PrePMF based on mutational profile and
gene expression, (ii) underscore the need to monitor genetic
alterations in MPN beyond the “driver mutations” to predict
progression, and (iii) provide rationale to develop therapeutics for
MF beyond JAK2 inhibitors, which target proliferative and epige-
netic pathways.

Myelofibrosis NextGen Sequencing
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Variant callingwas based on tumor-normal variant allele frequency.
Following inspection of samples for tumor content using variant allele
fractions (VAF) and zygosity shift analysis, samples with less than 10%
tumor fraction were excluded from the study.

Determination of regions of uniparental disomy (UPD) begins with
the identification of all heterozygous SNP positions in the matched
normal sample. Variant fractions are then measured for these SNP in
the tumor sample and regions showing loss of heterozygosity are
determined. Copy-number status for each region in the tumor sample
is determined by coverage ratios of tumor versus matched normal.
Regions with LOH and copy-neutral status are classified as acquired
UPD.

RNA-sequencing analysis
In total, 129 RNA libraries were generated from PBMC or BMMC

samples (EV: 4, PV: 13, Pre-PMF: 7, and MF: 82), or CD34-positive
stem cells of MPN (EV: 4, PV: 1, Pre-PMF: 1, and MF: 17), as well as
CD34 depleted samples of MF (n ¼ 5). The data were assessed for
overall quality by FASTQC of each sample followed by TrimGalore
processing to trim low-quality bases and adapter sequences. Outlier
samples were identified by UMAP clustering (R package umap v
0.2.8.0; https://cran.r-project.org/web/packages/umap/index.html),
which showed extreme values at first and second UMAP dimensions
(UMAP_1> 2 andUMAP_2> 2.5) and excluded from the downstream
analysis (Supplementary Fig. S1). The differential gene expression
analysis was performed using R package edgeR (version 3.28.1; ref. 15)
and the generalized linear model (GLM). Unwanted variance was
removed by R package RUVseq (v1.20.0) “ruvr” method (16). The
significant differential genes were identified betweenMF versus others
(EV, PV, and pre-PMF) in PBMC/BMMC samples or CD34-enriched
samples respectively, or between RAS mutant versus RAS wild-type
in PBMC/BMMC samples using the cutoffs of FDR < 0.05 and an
absolute fold change ≥2. Gene set enrichment analysis (GSEA) imple-
mented in the Bioconductor package clusterProfiler (17) was applied
on the log2 fold change ranked gene list using Gene Ontology Bio-
logical Process (GOBP) and KEGG pathways (RRID:SCR_012773)
with the number of annotated genes greater than 20 and less than 1,000.
The significant enriched gene sets were reported using FDR < 0.05.

Statistical analyses
Statistical analysis of the mutation profile and clinical parameters

was performed as indicated in GraphPad Prism software (RRID:
SCR_002798). All survival analyses were based on log-rank (Mantel–
Cox) tests. Overall survival was calculated based on the date of
diagnosis as well as based on the date of sample collection (Supple-
mentary Figs. S2A–S2C).

Data availability
Sequencing data from the patients with MPN enrolled in this study

can be obtained from the Database of Genotypes and Phenotypes
(dbGaP) under accession No. phs000673.v2.p1 (https://www.ncbi.
nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000673.v2.p1).
The list of genes sequenced in the Mi-Oncoseq panel is presented
in Supplementary Table S1. Variant calls in MF and ET/PV/PrePMF
are summarized in Supplementary Tables S2 and S3, respectively.

Results
Patient characteristics

A total of 216 patients suspected of ET/PV/PrePMF/MF were
recruited to the sequencing study at the University of Michigan over

a period of 7 years from 2011 to 2018. Peripheral blood (PB) or bone
marrow (BM) samples were collected from patients during a regular
clinical care visit in active disease status either on treatment, off
treatment, or in between treatments. After thorough review of charts,
163 patients were confirmed for the diagnosis of ET, PV, PrePMF, or
MF as per the WHO 2016 diagnosis criteria. Other MPN diagnoses of
CML, CNL, and accelerated MF were excluded for this study. Next-
generation sequencing (NGS) testing of the 163 patients resulted in 139
samples that were confirmed to have adequate tumor content (see
Materials and Methods for details). The patient characteristics of this
cohort consisting of 108 MF and 31 ET/PV/PrePMF patients is
summarized in Table 1. Briefly, the MF cohort had 48 (45%) females
and 60 (55%) males with 24 post-ET, 30 post-PV, two post-MPN
unclassifiable, and 52 PMF patients. The ET/PV/PrePMF cohort
consisted of 14 females (45%) and 17 males (55%). The median age
of the MF cohort was 68, whereas for ET/PV/PrePMF, it was 63. As
expected from other studies, the clinical presentation of theMF cohort
was significantly different from ET/PV/PrePMF with lower hemoglo-
bin levels (10.4 g/dL vs. 12.4 g/dL), a higher leukocyte count
(12 � 109/dL vs. 10 � 109/dL), and a higher percentage of high-
risk abnormal karyotypes (46% vs. 18%). Furthermore, 54% of MF
patients had spleen lengths greater than 7 cm as measured by
physical exam, and 90% of the MF patients had a DIPSS score of
greater than 1 (18). Driver genes, JAK2, CALR, and MPL were
mutated in both cohorts, but notably only the MF cohort had two
patients with JAK2 and MPL mutations and four patients with no
driver gene mutations, referred to as triple-negative MF.

Table 1. Patient characteristics

Myelofibrosis ET/PV/PrePMF

N ¼ 108 N ¼ 31
8 ET, 14 PV,
9 PrePMF

Age at sample: median (range), y 68 (33–85) 63 (43–83)
≤60 y, N 29 13
>60 y, N 79 18

Sex, female: N (%) 48 (45%) 14 (45%)
Hemoglobin: median (range), g/dL 10.4 (5.8–15) 12.4 (10–19.6)
Leukocytes: median (range), 109/L 12 (2–203) 10.5 (3–22)
Spleen

≤7 cm 47 29
>7 cm 56 1

Not determined / splenectomy 3/2 1
Platelets: median (range), K/dL 189 (20–1,006) 436 (134–922)
Precedent disease

Post-ET 24 N/A
Post-PV 30
PMF 52
Post-MPN 2

DIPSS score
Low risk 11 N/A
Intermediate 1 risk 30
Intermediate 2 risk 41
High risk 26

Abnormal karyotype 49, 52% (13 ND) 10, 36% (3 ND)
Primary mutations

JAK2 75 25
CALR 18 5
MPL 13 1
Double 2 0
Triple negative 4 0

Kandarpa et al.
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Figure 1.

Oncoplot of the most frequently mutated genes in myelofibrosis and ET/PV/PrePMF. A, Summary of the most frequent (>4%) mutations in the MF cohort (N¼ 106)
based on a total of 237 genes and 490 unique variants. The Oncoplot arranges patients along the horizontal axis, while genes and their respective mutations are
presented vertically for each patient. The plot is divided into four parts: in the upper area is a bar graph of all somatic mutations in each patient: missense, nonsense
single-nucleotide variations, frameshift insertions and deletions, in-frame deletions and splice sitemutations per patient (see legend for color codes for variant type).
The middle panel summarizes all somatic variants found with a frequency of at least 5%. The right-hand panel summarizes the gene variants in a bar graph, and the
length of the bar depicts the frequency at which the gene is mutated. The lower panel is a heatmap depiction of clinical parameters of each patient. White blood cell
(WBC) count, platelet count (PLT), hemoglobin levels, DIPSS and spleen size are shown.B, Summary of themost frequentmutations in the ET/PV/PrePMF cohort (N
¼ 31) based on a total of 77 genes and 118 unique variants. The panel descriptions are same as in A.
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Somatic and germline variations in MPN
A panel of 1,711 genes (Supplementary Table S1) was sequenced to

identify somatic and germline variants in the MF and ET/PV/PrePMF
cohorts. SNV, indels, and splice site variants were identified. A total of
490 somatic variants were identified in 237 genes for the MF cohort,
and a total of 146 somatic variants were identified in 77 genes for the
ET/PV/PrePMF cohort. The most frequently altered genes in MF
(>6%) and ET/PV/PrePMF (>3%), respectively are summarized in the
oncoplots in Fig. 1A and B (see Supplementary Tables S2 and S3 for a
complete list of genes and variants). In the MF cohort, in addition to
the frequently mutated genes and variants reported in literature, we
also found 215 mutated genes (frequency of <4%) and 271 unique
variants. The oncoplots also show disease-related clinical character-
istics, WBC count, platelet count, hemoglobin, spleen size, and DIPSS
score. Positive trends were observed for JAK2 mutations associating
with higher WBC counts and CALR and MPL with higher platelet
counts in the MF cohort, but these associations did not reach
significance.

MFdemonstrated a significantly higher burden (P¼ 0.006)of somatic
mutations, with an average of 5.5mutations per case compared to 4.3 per
case in ET/PV/PrePMF (Fig. 2A). We also observed an increasing
mutationburden fromET (3.1/case)<PV (4.6/case)< prePMF(4.7/case)
< overt MF (5.5/case). The distribution in Fig. 2B shows the percentage
of patients with mutations in each disease.

Whenwe analyzed themutated genes in both cohorts, we found that
only 22 genes, accounting for 7.5% of the total, were shared between
them (Fig. 2C; Supplementary table S4). We identified 215 unique
genes in MF and 55 in ET/PV/PrePMF. The top 25 frequently altered
genes inMF are shown inFig. 2D, and for comparison, the incidence of
the same in ET/PV/PrePMF is also indicated. The genes that are often
mutated exclusively in MF include Ras pathway genes, NRAS, KRAS,
CBL, NF1, epigenetic regulators such as DNMT3A, SRSF2, U2AF1,
EZH2, SF3B1, IDH2, SH2B3, ZRSR2, SETD1B, and SETBP1, DNA
repair pathway TP53, and transcriptional regulators such as ETV6,
PHF6, and NOTCH1. Fourteen of the 106 MF patients had germline
mutations in the panel of genes sequenced. Of note, eight of the 14

Figure 2.

Somatic gene variants in MPN. A, The number of gene variants in MF (N ¼ 106) versus ET/PV/PrePMF (N ¼ 31). The difference between the two groups was
statistically significant (P¼0.0059), as calculated byMann–Whitney test.B,Bar chart of the percentage of patientswith number of genetic variants in each patient in
MF. ET, PV, and PrePMF cohorts. C, Venn diagram showing the number of common and distinct sets of genes that are mutated in MF and ET/PV/PrePMF. D, The
frequencyof recurrentlymutatedgenes that occur inmore than4%ofMFor ET/PV/PrePMFpatients. The asterisk (�) denotes genes that aremutated inMFat a higher
rate or exclusively in this cohort. The inset table summarizes these genes.
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patients had mutations in DNA repair pathway genes ATM/-
CHECK/TP53 (Supplementary Table S5). On the other hand, no
germline variants were identified in the ET/PV/PrePMF cohort.

Several somaticmutations in the top 12 frequentlymutated genes in
MF co-occur, as depicted in the Circos plot (A) and the cluster
dendrogram (B) in Fig. 3. We noted the co-occurrence of variants
in low-risk genes such as CALR and DNMT3A (6 of 17 of CALR
mutant cases) and the co-occurrence of variants in high-risk genes
such as JAK2 and ASXL1 (26 of 72 JAK2 mutant cases). Further,
N/KRAS co-occurred preferentially with MPL, EZH2, and U2AF1.
Circos and dendrogram analysis was also extended to the top 25
mutated genes (Supplementary Figs. S3A and S3B, respectively).

Age is a significant factor for increased somatic variants in MF
patients

The widely used prognostic scoring systems and risk models in MF
such as IPSS and DIPSS consider age as a prognostic factor. More
recently, mutation-enhanced international prognostic score system
(MIPSS) and genetically inspired prognostic scoring system (GIPSS)
have been introduced and include clinical and genetic factors in
themodels but not age.We analyzed the number of somatic mutations
as a function of age in our MF cohort and found that they directly
correlated (correlation coefficient of 0.8; Fig. 4A). This correlation
was not evident in the ET/PV/PrePMF cohort. Moreover, the
increased number of variants in MF patients was associated with
overall survival (OS), with a higher number of variants showing
poor survival (P ¼ 0.0026; Fig. 4B; Supplementary Fig. S2A). The
number of variants also correlated with the DIPSS score (Fig. 4C),
which is agnostic of genotype, suggesting disease severity is a
function of age, which in turn, influences genetic instability and
increased mutations.

High-risk somaticmutations in ASXL1, EZH2, IDH1/2, SRSF2, and
U2AF1 have been reported in MPN, and have been shown to bear
prognostic significance (2, 3). Overall survival of older patients with
MPN with no mutations in ASXL1 was similar to younger patients
with ASXL1 mutations. ASXL1 mutations in older patients showed
poor prognosis (Fig. 4D; Supplementary Fig. S2C). On the other hand,
U2AF1 in younger patients with MPN prognosticates poor survival,
and in older patients withMPN, the presence of U2AF1mutation does
not seem to be associated with survival difference (Fig. 4E).

UPD and JAK2 allele burden
The early description of acquired UPD came from studies in PV

with chromosomal UPD9p and later was linked to JAK2V617F
mutation and was reported in other MPN albeit rarely (19). In our
MF and ET/PV/PrePMF cohorts, we found a comparable incidence of
UPD spanning JAK2V617F (Fig. 5A). In addition to JAK2, UPD in
CALR, MPL, CBL, EZH2, and SETBP1 were also identified in MF
patients. The MF cohort also showed gain of JAK2 due to gene
duplication. As would be predicted, due to the complete loss of
wild-type JAK2 due to UPD, the VAF for JAK2V617F in MF cases
with UPD approached 1.0 (Fig. 5B). Previous studies have also
reported the relationship of acquired UPD in 9p and allele fraction
of JAK2V617F and have proposed two models: (i) expansion of
subclone and (ii) emergence of new clones (20). Taken together our
data as well as other reports strongly suggest that cells with both
mutant JAK2 and acquired UPD have a selective growth advantage
that leads to clonal expansion. Although other studies have shown a
higher rate of fibrotic transformation related toUPD (21), the presence
of UPD may not influence OS in MF or in ET/PV/PrePMF (Fig. 5C).

MIPSS and GIPSS consider ASXL1, EZH2, SRSF2, U2AF1, and
IDH1/2 genes for risk stratification. The frequency of the Tet2 variant

Figure 3.

Mutational complexity in myelofibrosis. A Circos plot (A) depicts the relative frequency and pairwise co-occurrence of the top 12 genes mutated in patients with MF.
The lengthof the arc corresponds to the frequencyofmutations in thefirst gene, and thewidth of the ribbon corresponds to the percentage of patientswho also hada
mutation in the second gene. Pairwise co-occurrence of mutated genes is denoted only once, beginning with the first gene in the clockwise direction. B, The relative
co-occurrence of mutated genes in dendrogram form; the genes on the same branch are co-mutated more frequently.
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allele in the MF age group >60 (N ¼ 23) was higher than in the age
group <60 (N ¼ 6; Fig. 5D). Higher age correlated with higher VAF
(P ¼ 0.03) for Tet2, but not for other genes. Nevertheless, KRAS and
DNMT3A trended toward higher allele fraction with age but did not
reach significance. High-risk genes included in MIPSS and GIPSS
along with NRAS, KRAS, CBL, and TP53, all together, also did not
show any significant increase in allele fraction with age.

Clinical presentation of MF with Ras family mutations
Ras family mutations have recently been implicated in poor

prognosis of MF (22, 23). In our MF cohort, the frequency of Ras
family variants, including NRAS, KRAS, CBL, NF1, and MAPK
genes, reached 25% of the studied cases (Fig. 1A; Supplementary
Table S6). These mutations are frequently subclonal alongside a
clonal driver mutation background, tumor VAF ranging from 0.01
to 0.95 (Fig. 6A). We hypothesized that if Ras is a poor prognostic
factor, the clinical presentation of cases with Ras-pathway var-
iants/mutants would be significantly different than with no Ras
variants. Although WBC counts (P ¼ 0.015) and platelet counts
(P ¼ 0.035) were significantly higher in Ras mutant MF cases versus
nonmutant MF (Fig. 6B), hemoglobin levels and spleen size were
not significantly different (Fig. 6B), and mutations did not have
any bearing on DIPSS score (data not shown). Furthermore, Ras

pathway mutant patients had poor OS (Fig. 6C; Supplementary
Fig. S2B). The overall survival of patients, both young (age ≤ 60 years)
and old (age > 60 years), with Ras mutations was comparable with
older patients with no Ras pathway mutations (Fig. 6D).

Gene expression differences in MF versus ET/PV/PrePMF
We studied gene expression using RNA-seq in the 99 MF and 30

ET/PV/PrePMF samples (Fig. 7A). To specifically study stem cell
compartment changes in MPN, we enriched CD34-positive stem cells
fromMPNbonemarrow aspirates forRNA-seq for a subset of patients.
Principal component analysis (PCA) revealed that the gene expression
profiles of CD34-positive samples were distinct, but those of the PB
andBMcellswere indistinguishable (Fig. 7B). Therefore, for all further
gene expression analysis, we analyzed CD34-positive stem cells sep-
arately from PBMC/BMMC. UMAP clustering and RUVr methods
were used to remove unwanted variation in the sample; therefore,
14 samples were excluded as outliers (see Materials and Methods
section for more details).

Unsupervised hierarchical clustering did not reveal any clear
cohorts or MPN subtypes (Supplementary Fig. S4A) or MF subtypes
(Supplementary Fig. S4B). We therefore proceeded with differential
gene expression analysis (Fig. 7C–F, and data summarized in Sup-
plementary Table S7). We first analyzed gene expression patterns in

Figure 4.

Correlation of the number of variants with clinical presentation. A, The number of genetic variants in different age groups of MF (black bars) and ET/PV/PrePMF
patients (open bars). The indicated trendline (R2¼ 0.8125) shows a linear relationship of the number of variants with age. B, The overall survival rate of MF patients
with 0 to 3 variants as compared with >4 variants (P ¼ 0.0026). C, The number of variants per patient in each DIPSS group. The trendline shows a correlation
(R2 ¼ 0.88) of the number of variants with DIPSS. D, The percent survival of patients with ASXL1 mutations in ≤60 and >60 age groups as compared with patients
without ASXL1 mutation in the same age brackets (P ¼ 0.0003). E is the same as D for U2AF1 gene mutations (P < 0.0001).
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the PBMC/BMMC specimens and found 322 differentially expressed
genes betweenMF versus ET/PV/PrePMF (P < 0.004, FDR < 0.05, and
FC > 2), including 223 upregulated and 99 downregulated genes
(Fig. 7C and E; Supplementary Table S6). The clinical characteristics
such as hemoglobin, white cell count, and spleen size did not distin-
guish any subset ofMPN. The highly downregulated genes (> fourfold)
included CLDN4, BMP3, CSMD2, APOD, PDE10A, CCL8, MXRA5,
and GPR1. Only genes COL4A5 and PRAMEwere highly upregulated
(>3.5-fold). In comparing gene expression between MF versus
ET/PV/PrePMF CD34-positive hematopoietic cells, only nine differ-
entially expressed genes were identified: five highly downregulated
(>fourfold; ADGRL4, IL33, TCF7L1, SDC1, andDNASE1L3) and four
highly upregulated (>fourfold; HSPG2, PLEKHG4B, MAMDC2, and
DPYSL3; Fig. 7D and F). Although the CD34-positive sample size was
small and the number of differentially expressed genes was small,
six of the nine genes were also differentially expressed in the
PBMC/BMMC sample set (Fig. 7G; Supplementary Fig. S5). Genes
commonly downregulated in MF CD34 and PBMC/BMMC were
ADGRL4 (P ¼ 4.4E�06) and DNASE1L3 (P ¼ 1.7E�05). Genes
commonly upregulated inMF CD34 and PBMC/BMMCwere HSPG2
(P¼ 4.9E�06), PLEKHG4B (P¼ 2.5E�05),MAMDC2 (P¼ 1.8E�05),
and DPYSL3 (P ¼ 1.9E�06).

On the basis of our mutational analysis and clinical correlates, we
hypothesize that Ras pathway mutations might be responsible for the
aggressive phenotype of MF (Fig. 6). We further analyzed if the Ras
pathway mutations influence gene expression that underlies prolifer-
ative phenotype. Differential gene expression in patients with
and without Ras pathway mutations found nine upregulated genes

(Supplementary Figs. S6A and S6B) and no downregulated genes.
Gene set enrichment analysis in the CD34 enriched stem cells with Ras
pathway mutations showed upregulated Ras signaling and PI3K
pathway (Supplementary Fig. S6C) both of which have a central role
in stem cell activation, cycling, and differentiation (24, 25). The
transition to enlarged spleen and extramedullary hematopoiesis is
also a hallmark of MF progression; therefore, we studied gene expres-
sion in patients with a large spleen (>7 cm below coastal margin by
physical exam) versus spleen ≤7 cm (Supplementary Figs. S7A and
S7B). Differential gene expression analysis identified 544 upregulated
and 303 downregulated genes, and RNA enrichment analysis showed
upregulated pathways related to immune response and cell–matrix
interactions (Supplementary Fig. S7C).

Discussion
MF is unique among hematologic malignancies, as the hallmark

feature of bone marrow fibrosis has both neoplastic contributors (i.e.,
clonal hematopoiesis and expansion of atypical megakaryocytes) and
nonneoplastic contributors (i.e., fibroblast proliferation induced by
inflammatory mediators; ref. 26). How and when the disease pro-
gresses from a prefibrotic MPN to overt MF is not clear. Driver
mutations alone cannot predicate the course of the disease; therefore,
we sought to determine what other genetic variants, that is, nondriver
mutations and/or gene expression changes, can contribute to the
progression from ET/PV/prePMF to MF. We sequenced 1,711 genes,
of which 227 were found to be mutated in the MF cohort as compared
to 77 in the ET/PV/PrePMF cohort. Nondriver mutations in ASXL1,

Figure 5.

UPD and allele burden. A, Summarizes the incidence of UPD/gain in the driver genes in MF and ET/PV/PrePMF cohorts. B, The relationship between UPD and allele
burden.P value of 7.4e�006 is based ona t test.C,Theoverall survival of patientswithUPD/gain in JAK2 comparedwith patientswhodidnot haveUPD/gain in JAK2.
D, VAF in patients with ASXL1, TET2, KRAS, DNMT3A, and high-risk mutations (see text). Patients are separated based on age to show the relationship of VAF with
age. Tet2 VAF was significantly different in patients ≤60 years compared with patients >60 years (P ¼ 0.005).
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EZH2, TET2, DNMT3A, SRSF2, and U2AF1 genes are frequently
detected in MPN and are associated with poor outcomes, in terms of
leukemic progression and OS (2) and often referred to as adverse or
high-risk variants (3). In this study, EZH2 and SRSF2 variants were
only found in the MF cohort and not in the ET/PV/PrePMF cohort
(Fig. 2E). In addition to the these “high-risk” gene mutations, we
also found CBL, NRAS, and KRAS genes were mutated in >10% of
cases in the MF cohort, and NRAS and KRAS mutations were
limited to the MF cohort.

Age is a common variable in MF prognosis scoring systems such as
IPSS (27) and DIPSS (18), which are the two main clinically derived
risk models in MF utilized in routine patient management. To better
guide treatment options, cytogenetics was incorporated into theDIPSS
model, resulting in DIPSS-plus (28), and more recently, both cytoge-
netics and mutation information were incorporated into MIPSS70-
plus (8). The karyotype alterations and genemutations incorporated in
these models are widely seen in many hematologic malignancies (29),
as well as in clonal hematopoiesis of indeterminate potential (CHIP),
also called age-related clonal hematopoiesis (ARCH). In our sample
set, we observed thatmutational burden increased with age for some of
the high-risk genes. We found that advancing age correlated with
increased incidence of mutations in MF patients (Fig. 4A). Moreover,

high-risk genes were more prevalent in older patients and the allele
burden is also higher in older patients (Fig. 5D). These data taken
together might suggest MF as a progression of CHIP leading to
accumulating newmutations inMF patients as evidenced by subclonal
mutations and clonal selection as evidenced by increasing allele
burden. Therefore, measuring driver mutation allele burden alone is
not predictive of transformation toMF, progression of disease, or even
treatment response in MF.

The distinguishing top 10% of the genesmost frequently mutated in
MFnotably includedNRAS (14%) andKRAS (15%;Fig. 1A). Recently,
RAS/CBLmutations were noted to predict resistance to JAK inhibitors
and were associated with poor prognostic features in MF (22). In
addition, MF patients with N/KRAS mutations had shorter 3-year
overall survival and a higher incidence of acute myeloid leukemia (23).
In our MF data set, we observed correlation of Ras mutations with
higher WBC and platelet counts, and no correlations with spleen size,
hemoglobin, or DIPSS (Fig. 6). RAS variants were reported to be
associated with advanced MF features including leukocytosis (23).
Higher WBC and platelet counts have also been linked to a prolifer-
ative disease that is more likely to progress to AML (30). The question
remains if acquisition of Ras mutations along with the canonical
driver gene mutations in JAK2, CALR, and MPL, can facilitate the

Figure 6.

Impact of Ras pathway gene mutations on clinical presentation in MF. Clinical characteristics of patients with Ras pathway gene (see list of genes in Supplemental
materials) mutations were compared with those with wild-type genes. A, VAF of Ras pathway mutations in MF patients (CBL n ¼ 17, CUX1 n ¼ 3, KRAS n ¼ 17, NF1
n¼9,NRASn¼ 24, PTPN11n¼ 5).B,WBC, platelets, hemoglobin, and spleen sizemeasuredbyphysical exam, respectively. Differences inWBC count (P¼0.015) and
platelets (P¼ 0.03) were significant. C, The overall survival of patients with Ras pathway mutations compared with patients without these mutations (P¼ 0.0154).
D, The overall survival of older and younger patients, >60 and ≤60 years, with and without Ras pathway mutations (P ¼ 0.0078).
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Figure 7.

MPN gene expression. Gene expression in ET, PV, PrePMF and MF cells or enriched CD34-positive hematopoietic stem cells was studied by RNA-seq. A, Table
summarizes the cell types and disease types included in the differential gene expression analyses. B, PCA of the gene expression patterns shows clustering of CD34
cells versus the BMMC/PBMC and lymphocyte-depleted PBMC. C, A volcano plot illustrates differentially expressed genes between the MF and the ET/PV/PrePMF
cohortswhen themononuclear cell (MC) samples were analyzed. The red dots represent 223 genes significantly upregulated and 99 downregulated.D,Volcano plot
illustrates differentially expressed genes between CD34-positive HSPC from MF versus ET/PV/PrePMF cohorts. The red dots show four genes significantly
upregulated and five downregulated. E, The heatmap represents gene expression differences of the populations in the volcano plot (C), with patients in columns and
genes in rows. Clinical characteristics of the patients are shown above the heatmap as a continuous variable or discrete variable as indicated in the figure legend. F,A
heatmap of gene expression differences of the populations in the volcano plot (D); components and labels are the same as in E. G, Bar graph shows log fold change
gene expression of the six genes that were found to be significantly differentially expressed in both the MC and CD34-enriched cells (CD34).
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progression of ET/PV/PrePMF to MF. Our data suggest that Ras
mutations frequently occur alongside MPL, EZH2, and U2AF1
mutations, as evidenced by the Circos plot and dendrogram for
co-occurrence of variants (Fig. 3). However, the significance of
these co-occurring mutations in disease progression needs to be
explored further.

Because driver mutations as well as high-risk mutations such as
ASXL1 and TET2 are present both in ET/PV/PrePMF and MF, we
studied progression-related gene expression changes in mononuclear
cells and CD34-positive hematopoietic stem cells by RNA-seq. Dif-
ferentially expressed genes in themononuclear cell compartment were
numerous (322 genes) as compared with the CD34 compartment
(nine genes), perhaps also due to the smaller sample size. Nevertheless,
each of the genes identified as differentially expressed in the CD34
compartments were also differentially expressed in mononuclear cells
(Fig. 7). Downregulated genes in MF included ADGRL4/ELTD1 and
DNASE1L3, which are associated with cardiac fibrosis and internal
organ fibrosis, respectively (31, 32). Upregulated genes inMF included
PLEKHG4B, HSPG2MAMDC2, and DPYSL3. HSPG2, also known as
perlecan, is implicated infibrosis as a result of uncontrolled response to
inflammation (33), and overexpression of HSPG2 was shown to
predict poor survival in AML (34). MAMDC2 was found to be
upregulated in CML stem cells and in the ECM during atherogene-
sis (35, 36). DPYSL3 has been implicated in liver fibrosis and is
expressed at higher levels as fibrosis advances (37). In the bone
marrow, DPYSL3 is important for osteogenic differentiation of mes-
enchymal cells and is co-operatively regulated by BMP and Runx2,
which are known to play a role in the pathogenesis of myeloid
malignancies (38–40).

Gene expression analysis comparing MF with and without RAS
pathway mutations identified upregulation of the RAS pathway and
PI3K pathway (Supplementary Fig. S6). The RAS–ERK pathway
and its crosstalk with the PI3K pathway promote cell survival,
growth, proliferation, and plasticity in many different cancers
including hematologic malignancies (25, 41). As the evidence for
the role of these pathways is accumulating, there are several
therapeutic strategies targeting the RAS pathway being explored
in clinical trials (42).

Understanding the disease transformation to MF has highlighted
many factors: (i) new mutations and accumulating mutations, which

may be a result of an unstable genome; (ii) epigenetic regulation, such
as chromatin remodeling, which can lead to reprogramming of the
hematopoietic system; (iii) aberrant pathway activation such as
RAS signaling, which can contribute to proliferative phenotype and
further disease transformation; and finally, (iv) inflammation, cyto-
kine secretion, and transformation of medullary and extramedullary
stroma to nourish the neoplastic clone. A concerted effort to intervene
in these areas holds promise in the treatment andmanagement of MF.
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