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The JAK-STAT signaling pathway is differentially activated in CALR-positive compared with

JAK2V617F-positive ET patients

Philadelphia chromosome—negative myeloproliferative neoplasms
(MPNS), including polycythemia vera, essential thrombocythemia
(ET), and primary myelofibrosis, are clonal hematopoietic stem cell
disorders frequently associated with a somatic JAK2V617F mutation."
The gain-of-function JAK2V617F mutation is associated with ligand-
independent activation of cytokine signaling pathways. Tyrosine
phosphorylation and activation of signal transducer and activator of
transcription 5 (STATS) and STAT3 appear to play a central role in
MPN pathogenesis.”

Two independent studies reported recurrent mutations of the CALR
gene in the majority of JAK2 wild-type ET and primary myelofibrosis
patients.>* JAK2 and CALR mutations are often mutually exclusive,
suggesting that the latter may also activate cytokine signaling. Indeed,
expression of mutant CALR in Ba/F3 cells was reported to result in
cytokine-independent proliferation with increased phospho-STATS
expression and sensitivity to JAK2 inhibition.* However, these data
contrast with the observation that MARIMO cells, derived from an ET
patient harboring an endogenous CALR mutation, contain very low
levels of tyrosine-phosphorylated and unphosphorylated JAK2 and
STATS5, and are insensitive to JAK2 inhibition.’

Rampal et al subsequently reported in this journal that a gene
expression signature of JAK2 activation is shared by peripheral
blood granulocytes from JAK2-mutant and CALR-mutant MPN
patients.® Microarray gene expression data for 93 MPN patients
and 11 age-matched controls were described, providing a valuable
resource for the MPN field.® Gene set enrichment analysis (GSEA)
was used to propose that similar JAK-STAT transcriptional profiles
were induced in JAK2-mutant and CALR-mutant patients.’®

GSEA is a widely used tool for analyzing microarray data. How-
ever, one drawback is that it relies on predefined gene sets often pro-
duced from published information or collected from other databases.”
The availability of biologically relevant data sets for GSEA is therefore
a limitation to an otherwise powerful analytical tool. Rampal et al used
RNA interference—mediated knockdown of JAK2 in the JAK2 homo-
zygous mutant human erythroleukemia cell line to create a JAK2V617F
short hairpin RNA knockdown signature, which was enriched to a
similar extent in JAK2-mutant and CALR-mutant patients.® Their
conclusion that both groups of patients also shared a STAT signature
was based on the use of a previously published data set of genes dif-
ferentially expressed between in vitro—differentiated wild-type mouse
embryonic stem cells and embryonic stem cells overexpressing STATSA
protein.® Constitutively active STATSA in this system is expressed
from day 0 and therefore many of the expression differences identified
by microarray analysis of day 5 cells may be due to indirect effects.®

Recently, we have identified direct STAT targets that are activated
in primary in vitro—cultured human megakaryocytes by performing
genome-wide chromatin immunoprecipitation sequencing (ChIP-seq)
analysis for phosphorylated STAT3 and STATS following throm-
bopoietin (TPO) stimulation (Figure 1A-B; unpublished data). This
created an opportunity to use these gene sets, derived from a cell
type central to MPN pathogenesis, to reevaluate the gene expression
data presented by Rampal and colleagues (Figure 1C-D).

Using GSEA, we see markedly different STAT activation signatures
between JAK2-mutant and CALR-mutant ET patients (Figure 1D).
Overlapping subsets of direct STAT1 and STAT3 targets were in-
duced in JAK2-, but not in CALR-mutant, patients when compared

with normal controls. Gene ontology analysis of induced genes re-
vealed contrasting biological processes, with the JAK-STAT cascade
enriched in JAK2-mutant patients, whereas response to unfolded pro-
tein genes was enriched in CALR-mutant patients. To corroborate that
genes enriched in JAK2-mutant patients, when compared with CALR,
are JAK-activated STAT targets, we performed gene ontology analysis
on the leading-edge genes shared between the 2 megakaryocyte
phospho-STAT datasets used in GSEA, which identified JAK-
STAT signaling as the top enriched pathway and included several
paradigmatic JAK-STAT targets.

GSEA is critically dependent on the availability of biologically
relevant gene sets. Our results demonstrate that direct STAT3 and
STATS target genes, identified by ChIP-seq studies of a cell type
central to ET pathogenesis (megakaryocytes), are upregulated in cells
from JAK2- but not CALR-mutant ET patients. Therefore, although we
concur with Rampal and colleagues that a JAK?2 activation signal may
be present in CALR-mutant ET granulocytes, our results indicate that
downstream signaling mechanisms other than STAT3 and STATS
are likely involved in the pathogenesis of CALR-mutant MPNs. Com-
parative analysis of normal and ET-derived primary megakaryocytes
will likely be required to fully resolve potential differences in path-
ologic signaling between JAK2- and CALR-mutant MPNs.
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Figure 1. Megakaryocytic STAT targets are enriched
in granulocytes from ET JAK2-mutant patients but
not ET CALR-mutant patients. (A) Schematic of mega-
karyocyte (MK) cells derived from cord blood (CB)
mononuclear cells (MNCs). After an 11-day culture in
stem cell growth media (SCGM, Cell Genix) supple-
mented with 100 ng/mL TPO (Cell Genix) and 10 ng/mL
interleukin-1B (IL-1B, Miltenyi), mature MK cells were
treated with 50 ng/mL TPO for 30 minutes and used for
ChIP with pSTAT3 and pSTATS5 antibodies (Cell Signal-
ing Technologies). (B) Example of a density plot trans-
formed from raw ChIP-seq data reads, displayed in the
UCSC Genome Browser. CISH gene structure is shown
above the tracks. Venn diagrams depict peak and
gene overlaps from ChIP-seq data. Genomic coordinates
of STAT-bound peaks were converted to gene lists using
UCSC as the gene source. (For a complete list of STAT-
bound peaks and genes, see supplementary Tables 1
and 2). (C) ET patient granulocytes were genotyped and
expression-profiled by Rampal et al®; samples that were
independently positive for JAK2V617F and CALR were
processed in GSEA” with pSTAT3 and pSTAT5 ChiP-
Seq data sets from TPO-treated MK cells. (D) GSEA
results showing activated STAT signatures enriched in
ET patients with JAK2V617F (JAK2) mutation relative to
both normal and ET patients positive for CALR mutation
(CALR). All 3 GSEA comparisons (JAK2 vs normal,
CALR vs normal and JAK2 vs CALR) were evaluated
with leading-edge analysis (see supplementary Table 3)
to determine which genes contributed to the normalized
enrichment score (NES).” Leading-edge genes are core-
enriched genes that are ordered in a ranked gene list (as
depicted as black and white bars below a GSEA profile)
and appear at, or before, an automatically generated
enrichment score threshold.” Gene ontology analysis
was performed for leading-edge genes using Enrichr®
and the Functional Annotation tool of the Database for
Annotation, Visualization and Integrated Discovery'®,
version 6.7 (david.abcc.ncifcrf.gov). Nonredundant gene
ontology biological process terms with P values < .001
are shown below a Venn diagram of leading-edge genes
enriched in JAK2-mutant patients compared with con-
trols, and CALR-mutant patients compared with controls
(for full gene ontology biological process table of terms,
see supplementary Tables 4-6). For GSEA comparing
JAK2 against CALR patients, the 76 leading-edge genes
shared by both pSTAT ChlIP-seq datasets in MK cells are
also shown as a heat map indicating relative expression.
Gene expression is denoted pink to red, indicating moderate
(mod) to high expression. Gene ontology analysis of
these 76 shared leading-edge genes was performed
and the main Kyoto Encyclopedia of Genes and Ge-
nomes pathway is depicted. *Key canonical JAK-STAT
target genes. All P values shown were evaluated by the
modified Fisher’s exact test. FDR, false discovery rate;
GTPase, guanosine triphosphatase. All supplementary
tables are freely available at http://hscl.cimr.cam.ac.uk/
genomic_supplementary.html.
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To the editor:

An analysis of the thromboembolic outcomes of 2472 splenectomized individuals

The diseases associated with the reason for splenectomy play
an important role in the rate of infections in splenectomized
patients.' Our hypothesis was that the same reasoning would
apply to the rates of venous thromboembolism (VTE) after sple-
nectomy and that these findings could inform future preventive
care.

All patients undergoing a splenectomy in Victoria, Australia,
were identified by using linked hospital discharge data with
International Classification of Diseases, 10th Revision, Australian
Modification (ICD-10-AM) diagnostic codes.” The sampling frame
included patients between July 1, 1998, and December 31, 2006,
who were =15 years of age. This sampling frame was selected to ensure
adequate numbers of patients in each of the splenectomy indication
groups for statistical power. Splenectomy indications were divided
into 6 mutually exclusive groups, and patients who had multiple
indications were ordered hierarchically: (1) trauma, (2) therapeutic
malignant (planned; malignant disease such as lymphoma or leu-
kemia), (3) therapeutic hematologic (planned; hematologic disease
such as idiopathic thrombocytopenic purpura [ITP] or hemolytic

Table 1. Adjusted rates of first VTE in splenectomized patients

anemia), (4) therapeutic other (local infections or congenital abnor-
malities of the spleen), (5) iatrogenic malignant (unplanned; un-
intended accompaniment to surgery for malignant disease), and (6)
iatrogenic nonmalignant (unplanned; unintended consequence of
surgery for nonmalignant disease).

VTE was divided by using ICD-10-AM codes into lower-extremity
acute deep vein thrombosis (DVT), pulmonary embolism (PE), and
portal vein thrombosis (PVT). This classification was based on studies
using similar coding methodologies.> The groups were not mutually
exclusive. Patients who had VTE that occurred in the first 30 days
after splenectomy were excluded to avoid inclusion of complications
potentially resulting from the primary surgery or related admission.
Incidence rates of first VTE were calculated for sex, age group, and
indication for splenectomy. Multivariate Cox proportional hazards
regression models were fitted to compute hazard ratios adjusted for
age, sex, and indication for splenectomy. Hazards proportionality was
assessed by using analysis of scaled Schoenfeld residuals. All re-
ported P values were two-tailed and, for each analysis, P < .05
was considered significant. We used Stata, version 131.0 (STATA,

Incidence rates per

Events 100 person-years Unadjusted (univariable) Adjusted (multivariable)
No. of patients No. % Value 95% CI HR 95% ClI P HR 95% ClI P

Sex

Male 1325 68 5.1 1.17 0.92 to 1.48 1 1

Female 1147 74 6.5 1.45 1.15t0 1.82 1.25 0.90 to 1.74 179 1.17 0.84 to 1.63 .366
Age group (y)

<50 947 27 29 0.62 0.42 to 0.90 1 1

50+ 1525 115 7.5 1.75 1.46 to 2.11 2.75 1.81to 4.18 <.001 2.57 1.62 to 4.09 <.001
Splenectomy indication

Therapeutic malignancy 269 21 7.8 1.74 1.14 to 2.67 2.23 1.23 to 4.06 .008 1.32 0.70 to 2.49 .395

Therapeutic hematologic 583 36 6.2 1.33 0.96 to 1.85 1.75 1.03 to 2.98 .038 1.28 0.74 to 2.22 .372

Therapeutic other 138 8 5.8 1.35 0.67 to 2.70 1.68 0.75 to 3.76 211 1.38 0.61 to 3.12 .438

latrogenic noncancer 350 16 4.6 1.01 0.62 to 1.64 1.30 0.68 to 2.47 426 0.80 0.41 to 1.57 514

latrogenic cancer 497 39 7.9 1.89 1.38 to 2.58 2.32 1.38 to 3.91 .002 1.30 0.73 to 2.30 .371

Trauma 635 22 3.5 0.79 0.52 to 1.20 1 1

HR, hazard ratio.
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