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Abstract

Background Essential thrombocythemia (ET) is one of the most common types of Ph-negative myeloproliferative
neoplasms, an infrequent group of blood cancers that arise from a CD34 + hematopoietic stem cell (HSC) in the bone
marrow (BM) primarily due to driver mutations in JAK2, CALR or MPL. These aberrations result in an overproduction

of mature myeloid cells in peripheral blood (PB). To date, no targeted therapies have been approved for ET patients,
so the study of the molecular mechanisms behind the disease and the identification of new therapeutic targets

may be of interest. For this reason, in this study, we have compared the transcriptomic profile of undifferentiated
CD34+ cells and mature myeloid cells from ET patients (CALR and JAK2-mutated) and healthy donors deposited in
publicly available databases. The study of the similarities and differences between these samples might help to better
understand the molecular mechanisms behind the disease according to the degree of maturation of the malignant
clone and the type of mutation and ultimately help identify new therapeutic targets for these patients.

Results The results show that most of the altered hallmarks in neutrophils were also found in CD34 + cells. However,
only a few genes showed a similar aberrant expression pattern in both types of cells. We have identified a signature
of six genes common to patients with CALR and JAK2 mutations (BP/, CRISP3, LTF, MMP8, and PTGST upregulated, and
PBXIP1 downregulated), a different signature of seven genes for patients with CALR mutations (BMP6, CEACAMS, ITK,
LCN2, and PRG2 upregulated, and MANTAT and MME downregulated) and a signature of 13 genes for patients with
JAK2 mutations (ARG1, CAST, CD177, CLEC5A, DAPP1, EPS15, IL18RAP, OLFM4, OLR1T, RIOK3, SELP, and THBST upregulated,
and IGHM downregulated).

Conclusions Our results highlight transcriptomic similarities and differences in ET patients according to the degree
of maturation of the malignant clone and the type of mutation. The genes and processes altered in both CD34 +cells
and mature neutrophils may reveal altered sustained processes that could be studied as future therapeutic targets for
ET patients.
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Background

Ph-negative myeloproliferative neoplasms (MPNs, ET:
essential thrombocythemia; PV: polycythemia vera;
PMEF: primary myelofibrosis) are an infrequent group of
blood cancers which arise from a CD34+hematopoietic
stem cell (HSC) in the bone marrow mainly due to driver
mutations in JAK2, CALR or MPL. These alterations
induce the transformation of normal cells into malig-
nant ones, finally causing an overproduction of mature
myeloid cells through multiple molecular mechanisms
[1, 2]. The main pathogenic mechanism seems to be the
constitutive activation of JAK2-related pathways (JAK2/
STAT, MAPK/ERK, and PI3K/AKT), but some other
non-canonical mechanisms derived from mutant JAK2
and CALR have also been described [1]. However, there
are still several issues that have not been fully resolved,
such as the fact that the same alterations can lead to dif-
ferent, although related, clinical phenotypes.

ET is one of the most common types of Ph-negative
MPNs, with an incidence of 1.2-3.0/100,000 per year [3].
This disease is characterized by excessive production of
megakaryocytes in the bone marrow, which results in a
high platelet count in the peripheral blood (thrombo-
cytosis). According to a recent Mayo Clinic study, ET
patients have a significantly shorter survival rate than
that of age- and sex-matched controls from the general
population. In some cases, this occurs because they show
leukemic or fibrotic transformation [4].

At this time, the only targeted therapy approved for
some Ph-negative MPN patients is ruxolitinib, a JAK1/
JAK2 inhibitor. This molecule has been approved for
patients with intermediate or high-risk MF and with PV
resistant or intolerant to chemotherapy [5]. However,
clinical trials suggest that ruxolitinib is not superior to
current second line treatments for ET [6]. In this sense,
the study of the molecular mechanisms behind the dis-
ease and the identification of new potential therapeutic
targets for ET patients may be of special interest.

For this reason, in this work we will compare the tran-
scriptomic profile of bone marrow (BM) CD34+ cells and
peripheral blood (PB) neutrophils from ET patients and
healthy donors deposited in publicly available databases.
The comparison of the differentially expressed genes in
these BM and PB JAK2 and CALR-mutated ET samples
compared to healthy donors might help to better under-
stand the altered processes and molecular mechanisms
underlying this disease according to the degree of mat-
uration of the malignant cell (immature CD34+HSCs
from BM vs. mature neutrophils from PB) and the type
of mutation. Furthermore, the identification of equally
altered hallmarks and similarly aberrantly expressed
genes in both types of cells of ET patients could pro-
vide clues about the conserved processes in mature
neutrophils, which may be quantitatively o functionally
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important in the pathogenesis of the disease for patients
harboring JAK2 or CALR mutations and ultimately could
help develop new therapeutic strategies.

Methods

Data source

Transcriptomic data from ET patients (GSE54644,
[U133AAofAv2] Affymetrix GeneChip HT-HG_U133A
Early Access Array; GSE103237, [HG-U219] Affyme-
trix Human Genome U219 Array) were obtained from
the publicly available Gene Expression Omnibus (GEO)
database (www.ncbi.nlm.nih.gov/geo). The GSE54644 set
contained expression data from PB neutrophils obtained
from 39 ET patients (14 CALR-mutated and 25 JAK2-
mutated) and 11 healthy donors [7]. On the other hand,
the GSE103237 dataset consisted of CD34+cell tran-
scriptomic data from BM obtained from 24 ET patients
(7 CALR-mutated and 17 JAK2-mutated) and 15 healthy
donors [8] (Table S1; Fig. 1).

For validation of the obtained results, RNA-seq
experiments were analyzed in an independent cohort of
patients with ET (3 CALR-mutated, 3 JAK2-mutated and
4 healthy donors) using peripheral blood mononuclear
cell (PBMC) samples (GSE156336, Illumina HiSeq 2500)
obtained from the GEO database (Table S1; Fig. 1).

The three datasets used in this study were the only ones
found in the GEO database when searching for transcrip-
tomic data of patients with ET with mutations in CALR
and JAK?2 that also contained data from healthy controls.

Data processing
The GEO2R tool (https://www.ncbi.nlm.nih.gov/geo/
geo2r/) was used to analyze microarray data (GSE54644
and GSE103237) applying lima precision weights
(vooma) and the Benjamini & Hochberg adjustment. For
each dataset, expression data from CALR-mutated and
JAK2-mutated ET patients were independently com-
pared with data from healthy individuals. All the tran-
scripts with an adjusted p-value<0.01 were considered
as differentially expressed genes (DEGs) (Table S2 for
CALR-mutated vs. healthy donors and Table S3 for JAK2-
mutated vs. healthy donors). Then, we analyzed the genes
that were similarly expressed in both PB and BM sam-
ples from CALR (Table S4) or JAK2-mutated (Table S5)
patients selecting those with log2 fold change (log2FC) <
-1 or >1. The expression of these genes was validated by
RNA-seq in independent PBMC samples from patients
with ET (GSE156336) using the GEO2R tool with Ben-
jamini & Hochberg adjusted p-values. Finally, we studied
their function and relationship with MPNs (Fig. 1).

Gene Set Enrichment Analysis (GSEA) of gene expres-
sion microarray data (GSE54644 and GSE103237) was
performed using the clusterProfiler R package [9] on
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Fig. 1 Bioinformatic analysis pipeline. The flowchart summarizes the steps and tools used for building signatures and analyzing the differences between
CD34 +cells from BM and PB neutrophils of ET patients, as well as for the validation of the results with RNA-seq data
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Fig. 2 Venn diagrams showing the number of DEGs observed in BM CD34 + cells and PB neutrophils from (a) CALR and (b) JAK2-mutated ET patients vs.

healthy donors (WT).

MSigDB databases for humans obtained with the R pack-
age msigdbr [10] (Fig. 1).

Graphics were created using GraphPad Prism 8.0.2
(GraphPad Software Inc., San Diego, CA, USA).

Results

Main similarities and differences between BM CD34 + cells
and PB neutrophils from JAK2 and CALR-mutated ET
patients

Analysis of microarray data revealed that the transcrip-
tomic differences between ET patients and healthy
donors are greater in immature CD34+cells from BM
than in mature neutrophils from PB. In fact, the amount
of DEGs (Fig. 2; Tables S2, S3) in CD34+cells was
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approximately double that in neutrophils for both CALR
and JAK2-mutated patients compared to healthy donors.

In general, patients with JAK2 mutations showed
greater transcriptomic differences when compared to
healthy donors than those with CALR mutations. Fur-
thermore, we only found 826 common DEGs (338 equally
expressed and 488 with opposite expression results)
when CD34+cells and neutrophils data from CALR-
mutated patients were compared with data from healthy
donors (Fig. 2a; Table S4), but there were 1983 common
DEGs (919 equally expressed and 1064 with opposite
expression results) when comparing data from both cell
types in patients with JAK2 mutations with data from
healthy donors (Fig. 2b; Table S5).

Comparison of the altered processes in BM CD34 + cells
and PB neutrophils from JAK2 and CALR-mutated ET
patients
Several hallmarks were exclusively altered in immature
CD34+cells or mature neutrophils. For CALR-mutated
patients, 17 hallmarks involved in a wide variety of
processes were found to be altered exclusively in BM
CD34+cells, but only one hallmark (mitotic spindle
assembly) was exclusively altered in PB neutrophils
(Fig. 3). For JAK2-mutated patients, 16 unique hallmarks
were found in BM CD34+cells, and none were found in
PB neutrophils (Fig. 4). Regarding the hallmarks exclu-
sively altered in BM CD34+cells, it is of interest to note
that some of them were shared between patients with
JAK2 and CALR mutations (allograft rejection, angio-
genesis, apical surface, reactive oxygen species path-
way, hedgehog signaling, pancreas beta cells, fatty acid
metabolism, and peroxisome), while others were only
found in patients with CALR mutations (epithelial-to-
mesenchymal transition, interferon alpha response, bile
acid metabolism, glycolysis, IL6/JAK/STAT3, PI3K/Akt/
mTOR and Notch signaling, and spermatogenesis) or
JAK?2 mutations (UV response, myogenesis, KRAS signal-
ing, Wnt/p-catenin, and upregulation of MYC and E2F
targets). When studying the general biological processes
in which these hallmarks were involved, we observed
that most of them were commonly altered in patients
with mutations in JAK2 and CALR, although the mecha-
nisms by which they are altered may differ. For example,
metabolism (biological process) is altered in patients
with JAK2 and CALR mutations, but the specific meta-
bolic pathways (hallmarks) altered in patients with each
mutation are different. On the other hand, only a few bio-
logical processes were exclusively altered in patients with
mutations in CALR (fibrosis) and JAK2 (apoptosis and
myogenesis).

Some hallmarks were exclusive to BM CD34+cells or
PB neutrophils, but most of the altered ones in PB neu-
trophils were also found altered in BM CD34+cells
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(Figs. 3 and 4). This is not surprising, since MPNs origi-
nate in the BM. We focused on them since, being con-
served in mature neutrophils (i.e., they remain altered
throughout the entire malignant hematopoietic lineage),
they might be relevant to the development or progres-
sion of the disease. In other words, the biological pro-
cesses in which they are involved could be important in
the pathogenesis of the disease, either quantitatively (due
to the significant alteration of one of the hallmarks of the
process) or functionally (because the cumulative altera-
tion of multiple hallmarks affects a relevant biological
process). Thus, the progression of the disease to MF or
the severity of symptoms presented in patients could ulti-
mately depend on these biological processes.

Potential hallmarks of interest for ET patients with CALR and
JAK2 mutations

Several hallmarks shared between samples from both
types of cells were common to both CALR and JAK2-
mutated patients. These were related to activation of
stress responses (hypoxia, UV and UPR), immunity
(inflammation, interferon gamma response, TNF-« acti-
vation via NFkB, complement, and IL2/STATS5 signal-
ing), metabolism (cholesterol homeostasis, adipogenesis,
metabolism of heme and xenobiotics, and androgen and
estrogen early and late responses), fibrosis (mMTORC1 and
TGE-P), cell adhesion disruption (apical junction), pro-
tein secretion, coagulation, and other processes typically
altered in cancer, such as apoptosis (p53 pathway) and
proliferation and survival (p53 pathway) (Figs. 3 and 4).

Potential hallmarks of interest for ET patients with CALR
mutations

Exclusively for patients with CALR mutations, the shared
hallmarks between BM CD34+cells and PB neutrophils
were involved in the activation of several processes,
such as immunity (KRAS signaling), apoptosis (Wnt/p-
catenin), proliferation and survival (Wnt/B-catenin and
KRAS signaling), and myogenesis. Interestingly, the G2M
checkpoint and MYC and E2F targets were enriched in
PB neutrophils but repressed in BM CD34+cells (Fig. 3).

Potential hallmarks of interest for ET patients with JAK2
mutations

Hallmarks of interest unique to patients with JAK2 muta-
tions were associated with the activation of immune
responses (interferon alpha response), metabolism (gly-
colysis and bile acid metabolism), proliferation and
survival (IL6/JAK/STAT3 and PI3K/Akt/mTOR path-
ways), cell adhesion (epithelial-to-mesenchymal transi-
tion), mitotic spindle assembly, and the G2M checkpoint
(Fig. 4).
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Fig. 3 Main altered processes in CD34+ cells from BM and PB neutrophils from ET patients with CALR mutations. Hallmarks found in (a) CD34 + cells
from BM and (b) neutrophils from PB samples from ET patients with CALR mutations using the GSEA normalized enrichment scores. A darker red color is
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Genes equally expressed in BM CD34 + cells and PB
neutrophils from ET patients

Analysis of aberrantly and similarly expressed genes
(up or downregulated) in BM and PB samples from
ET patients and their function is of particular inter-
est because they could reveal altered sustained bio-
logical processes that are triggered by CALR and JAK2
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mutations. In addition to functional hallmarks, we could
detect some similarly expressed genes in BM CD34+cells
and PB neutrophils of patients. These genes participate in
a wide variety of processes (Tables S4, S5) and as men-
tioned above, we focused on the functional analysis of the
genes which a log2FC < -1 or 21 in both types of samples
(Figs. 3,4 and 5).

a. Gene BY P8
CALR™ ut vs WT log2FC adjusted p-value log2FC adjusted p-value
BMP6 1.18 6.06E-03 1.17 6.20E-03
BMP6 BPIF  3.31 1.37E-05 1.78 5.40E-03
BPI% * 6 CEACAMS8 5.17 2.18E-06 1.53 4.93E-03
CEACAMS8
CRISP3- * CRISP3*  4.20 1.57E-06 1.50 3.10E-04
2 hs 4 ITK 1.64 6.71E-04 1.06 9.66E-03
c LTF-:E* 2 LCN2 4.38 7.32E-06 2.23 1.48E-03
@ MAN1A1- *
o MME- LTF 5.80 6.76E-06 2.50 3.53E-03
PAB!’)A(/’IPDg: : 0 MAN1A1 -1.10 4.74E-03 -1.29 1.80E-03
PRG2- MME -1.58 2.23E-04 -1.67 7.88E-03
PTGST_ —* 2 MMPS*  1.66 2.94E-05 1.03 2.08E-03
@@ Q@ PBXIP1*  -1.02 5.29E-06 -1.24 3.97E-04
PRG2 1.69 6.83E-03 1.04 2.26E-03
PTGST* 1.03 5.95E-04 1.07 4.01E-03
b. BM PB
Gene - -
log2FC adjusted p-value log2FC adjusted p-value
vs WT ARG1 4.11 1.03E-14 1.60 8.47E-03
BPI* 3.33 1.26E-10 1.77 8.28E-04
CAST 1.13 1.68E-09 1.13 4.34E-05
* 6 cD177  1.09 5.78E-07 2.63 1.74E-04
4 CLEC5A 1.13 1.10E-05 1.38 3.54E-04
CRISP3 -~ CRISP3* 5.42 1.20E-18 1.67 1.75E-04
2 DAPP1 1.16 2.52E-06 1.16 1.60E-06
@ GH. EPS15 1.00 1.42E-07 1.38 1.36E-06
g . 0 IGHM  -1.09 3.86E-05 -1.33 3.63E-03
o P8E * IL18RAP 1.00 2.58E-07 1.12 9.51E-03
2 LTF* 6.48 6.21E-17 2.37 4.39E-03
* MMP8*  5.31 6.97E-16 1.25 1.01E-03
i OLFM4 475 6.35E-12 1.63 6.67E-04
OLR1 2.04 2.17E-07 1.29 9.23E-05
I I PBXIP1* -1.30 6.22E-14 -1.19 3.43E-05
N & PTGST* 1.0 3.49E-04 1.57 9.91E-05
RIOK3 1.01 1.20E-07 1.52 1.36E-06
SELP 1.24 2.63E-03 1.04 1.44E-03
THBS1 1.09 3.54E-03 1.49 4.01E-03

Fig. 5 Heatmaps and tables showing data from similarly expressed genes in the BM CD34 + cells and PB neutrophils from patients with (a) CALR and (b)
JAK2 mutations that show a log2FC < -1 or > 1 and an adjusted p-value <0.01 compared with BM and PB samples from healthy controls. Mean fold change
values are represented, ranging from shades of red (positive fold change) to shades of green (negative fold change). The common genes found in CALR

and JAK2 mutated samples are identified with an asterisk
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A total of 13 genes (10 upregulated and 3 downregu-
lated) fulfilled these criteria in samples from patients
with CALR mutations (Fig. 5a) and 19 genes (17 upregu-
lated and 2 downregulated) in samples from patients har-
boring JAK2 mutations (Fig. 5b). Only six of these genes
were common to both types of mutations (marked with
an asterisk in Fig. 5).

Potential targets of interest for ET patients with CALR and
JAK2 mutations

All six DEGs that were found in common in samples
from patients with both types of mutations (BPI, CRISP3,
LTF, MMP8, PBXIP1, and PTGSI) were upregulated
except PBXIPI, which was downregulated (Fig. 5). The
majority of them participate in immune processes (BPI,
CRISP3, LTF), while the remaining ones are related to
fibrosis (MMPS), proliferation and survival (PBXIPI) or

Table 1
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metabolic processes involved in the biosynthesis of plate-
lets (PTGS1) (Figs. 3 and 4; Table 1). Interestingly, aber-
rations in all these genes have previously been linked to
blood cancers (Table 1).

The study of gene expression in PBMCs from an inde-
pendent cohort of patients by RNA-seq confirmed that
CRISP3, LTF, MMPS8, and PTGSI were significantly
upregulated in patients with mutations in CALR, and
PTGS1 in patients with mutations in JAK2. The expres-
sion of the remaining genes followed a similar trend as
observed in BM CD34+-cells and PB neutrophils in the
majority of cases, but the results were not statistically sig-
nificant (Supplementary Figs. 1, 2).

Functions and relationship with MPNs of the potential biomarkers of interest for ET patients with CALR and JAK2 mutations

Gene

Protein

Function and relationship with MPNs

BPI

CRISP3

LTF

MMP8

PBXIP1

PTGS1

Bactericidal perme-
ability increasing
protein

Cysteine-rich secre-
tory protein 8

Lactotransferrin

Matrix metallopro-
teinase 8

PBX homeobox
interacting protein 1

Prostaglandin-endo-
peroxide synthase 1

Encodes for an antimicrobial lipopolysaccharide binding protein stored in the azurophil granules of neutrophils, in
the granules of eosinophils and on the surface of monocytes. BPl-expression during myeloid differentiation can be
cooperatively and directly mediated by RUNX1, PU.1, and Sp3 [11].

RUNXT mutations are found in hematological malignancies [12] and the overexpression of RUNX1 has an important
role in the development of MPNs [13]. The involvement of the RUNXT pathway in the leukemic transformation of
MPNs also seems to be a common event [14]. PU.1 is a key transcription factor required for myeloid differentiation
and the p.V617F JAK2 mutation upregulates its expression in the PB of MPN patients [15]. The transcription factor
Sp3 is involved in the regulation of many hematopoietic-specific genes [16]. SP family members are also essential
for the transcriptional regulation of CALR [17].

Encodes for a member of the cysteine-rich secretory protein (CRISP) family within the CRISP, antigen 5 and
pathogenesis-related 1 proteins superfamily.

Previously described as upregulated as part of a 7-gene predictive signature of early primary prefibrotic myelofibro-
sis (prePMF) [18]. It has also been identified as a potential PB biomarker for multiple myeloma [19]. Its role in MPNs
remains unclear.

Encodes for a member of the transferrin protein family that is also found in the secondary granules of neutrophils
acting as a potent inhibitor of granulocyte-macrophage colony stimulating factor production when it binds to
monocytes and macrophages [22]. This protein is an important component of the non-specific immune system
and a major iron-binding protein in milk and body secretions with an antimicrobial activity and a broad spectrum
of properties, including regulation of iron homeostasis, host defense against a broad range of microbial infections,
anti-inflammatory activity, regulation of cellular growth and differentiation and protection against cancer develop-
ment and metastasis.

A decrease in the presence [23] and release [24] of lactotransferrin from the neutrophils has been reported in
patients with MPNs and may be responsible for an increased myeloid cells proliferation. This gene has been found
upregulated in PV, ET and PMF [25].

Encodes for a member of the matrix metalloproteinase (MMP) protein family involved in the breakdown of extracel-
lular matrix in several processes. MMP8 functions in the degradation of type |, Il and Il collagens.

Described as upregulated as part of a 7-gene predictive signature of early primary prefibrotic myelofibrosis (prePMF)
[18]. Upregulated in PB from patients with PMF and related neoplasms [20] and directly involved in HSC mobiliza-
tion and trafficking [21].

Encodes for a protein that inhibits the transcriptional activation potential of PBX1 homeodomain protein (PBX1) by
preventing its binding to DNA. This protein can also interact with estrogen receptors alpha and beta, promoting the
proliferation of some cancers.

PBX1 regulates the equilibrium between self-renewal and differentiation of HSCs and the stem cell transcriptional
program directed by this protein drives tumor progression in MPNs [26].

This enzyme catalyzes the conversion of arachidonate to prostaglandin with a dual function as both a cyclooxygen-
ase and as a peroxidase, regulates angiogenesis in endothelial cells and may promote cell proliferation during tumor
progression. It is involved in the biosynthesis pathway of prostanoids, in particular in the stomach and platelets.
PTGS1 overexpression has been previously implicated in MPNs [27] and mutations in this gene are associated with
bleeding and platelet disfunction [28].




Guijarro-Hernandez and Vizmanos BMC Genomic Data

Potential targets of interest for ET patients with mutations in
CALR

In the case of CALR-mutated ET patients, seven genes
were aberrantly expressed both in PB and BM samples
(BMP6, CEACAMS, ITK, LCN2, MANIAI, MME, and
PRG2). All of them were upregulated except for MANI1A1
and MME, which were downregulated (Fig. 5a). Most
of these genes participate in immune processes (/7K,
LCN2, and PRG2) and protein synthesis, processing,
and secretion (MANIAI and MAME). The remaining
ones are involved in fibrosis (BMP6) and cell adhesion
(CEACAMS) (Fig. 3; Table 2).

The results obtained by RNA-seq in PBMCs confirmed
that BMP6, CEACAMS, and LCN2 were upregulated in
patients with mutations in CALR. No significant results
were obtained for the remaining genes (Supplementary
Figs. 1, 2).
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Potential targets of special interest for JAK2-mutated ET
patients

In samples from ET patients with JAK2 mutations,
we focused on the analysis of 13 genes (ARG, CAST,
CD177, CLEC5A, DAPP1, EPS15 IGHM, ILISRAB
OLFM4, OLRI, RIOK3, SELP, and THBSI). All of them,
except IGHM, were upregulated in both BM and PB-
derived samples (Fig. 5b). Most of these genes participate
in processes related to immune response (ARG1, CD177,
CLEC5A, IGHM, ILISRAP, OLRI1, and RIOK3) or cell
adhesion (CD177, OLFM4, SELP, and THBSI), while
some of them are involved in processes such as protein
synthesis, processing, and secretion (CAST and EPS15)
apoptosis (OLRI), proliferation and survival (DAPPI), or
coagulation (THBSI) (Fig. 4; Table 3).

The results obtained in PBMCs confirmed that OLRI
was upregulated in patients with mutations in JAK2. No
significant results were obtained for the remaining genes,
although the trends were consistent with those observed
in BM CD34+cells and PB neutrophils in many cases
(Supplementary Figs. 1, 2).

Table 2 Functions and relationship with MPNs of the potential biomarkers of interest exclusively for ET patients with CALR mutations

Gene Protein Function and relationship with MPNs
BMP6 Bone morphogenetic  Encodes a secreted ligand of the TGF-B (transforming growth factor-beta) superfamily of proteins that
protein 6 plays essential roles in many developmental processes including cartilage and bone formation.
BMP6 is also an endogenous regulator of iron levels [29] that binds various TGF-3 receptors triggering
the recruitment and activation of SMAD transcription factors that regulate gene expression.
Bone morphogenetic proteins are overexpressed in PMF having a role in the aberrant BM matrix
homeostasis in these patients [30]. These proteins have been also described to regulate differentiation
of human promyelocytic leukemia cells [31] and BMP6 promoter methylation is likely to be a common
epigenetic event at later stages of adult T-cell leukemia [32].
CEACAMS8 Carcinoembryonic Encodes a cell surface glycoprotein that plays a role in cell adhesion in a calcium-independent
antigen-related cell manner.
adhesion molecule 8  Protein overexpressed in PMF and implicated in key processes involved in the pathogenesis of this
disease, such as cell adhesion, cellular invasiveness, angiogenesis and inflammation [33].
ITK IL2 inducible T cell Encodes an intracellular tyrosine kinase expressed in T-cells. It plays an essential role in regulation of
kinase the adaptive immune response and in T-cell growth, signaling and function. Common target in T-cell
diseases [37] but has not been previously linked to MPNs.

LCN2 Lipocalin 2 Encodes a protein of the lipocalin family of proteins that transport small hydrophobic molecules such
as lipids, steroid hormones, and retinoids. LCN2 is a neutrophil gelatinase-associated lipocalin that
plays a role in innate immunity and seems to be involved in multiple cellular processes, including
maintenance of skin homeostasis, and suppression of invasiveness and metastasis.

LCN2 is a proinflammatory mediator that contributes to MPNs initiation and progression [34]. It has
been found elevated in the plasma of MPN patients [35] and cells with the p.V617F mutation cause
DNA damage to adjacent normal cells through the secretion of this molecule [36].
MAN1A1 Mannosidase alpha Encodes a class | mammalian Golgi 1,2-mannosidase, a type Il transmembrane protein. This protein
class 1 A member 1 catalyzes the hydrolysis of three terminal mannose residues from peptide-bound Man(9)-GIcNAc(2)
oligosaccharides and it is involved in the asparagine N-linked glycosylation.
The reduced expression of this gene in some breast cancers leads to aberrant N-glycosylation and im-
paired survival [38] and is downregulated in the chronic phase of chronic myeloid leukemia (CML) [39].
MME Membrane metal- Encodes a type Il transmembrane glycoprotein present on leukemic cells of pre-B phenotype but also
loendopeptidase (also in normal tissues with an endopeptidase activity that cleaves peptides on the amino side of hydro-
known as CD10) phobic residues and inactivates several peptide hormones.
Important cell surface marker in the diagnosis of human acute lymphocytic leukemia (ALL) and found
downregulated in PV and PMF granulocytes but not in ET [40].
PRG2 Proteoglycan 2 Encodes a pro-eosinophil major basic protein, an eosinophilic marker.

Until date it has not been directly associated with MPNs.
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Table 3 Functions and relationship with MPNs of the potential biomarkers of interest exclusively for ET patients with JAK2 mutations

Gene Protein Function and relationship with MPNs

ARG1 Arginase 1 Encodes a protein that catalyzes the hydrolysis of arginine to ornithine and urea. Arginine metabolism is a
critical regulator of innate and adaptive immune responses.

The myeloid-derived suppressor cells of MPN patients show an increased expression of this protein lead-
ing to arginine depletion and suppressor T cell activity [41].

CAST Calpastatin Encodes a calpain inhibitor. The calpain/calpastatin system is involved in numerous membrane fusion
events, including platelet and erythrocyte aggregation.

This gene has not been directly associated with MPNs but decreased calpastatin expression and elevated
calpain activity has been observed in acute myeloid leukemia [42].

cD177 cb177 Encodes a glycosyl-phosphatidylinositol (GPI)-linked cell surface glycoprotein with a role in neutrophil acti-
vation. It can bind platelet endothelial cell adhesion molecule-1 and function in neutrophil transmigration.
The overexpression of this gene was proposed as a marker of abnormal neutrophil production in patients
with MPNs [43].

CLEC5A C-type lectin domain  Encodes a member of the C-type lectin/ C-type lectin-like domain (CTL/CTLD) superfamily of proteins criti-

containing 5 A cal for myeloid differentiation. Its dysregulation has been associated with myelodysplastic syndromes [25].

DAPP1 Dual adaptor of Encodes a protein located in plasma membrane predicted to be involved in signal transduction enabling
phosphotyrosine phosphatidylinositol-3,4,5-trisphosphate binding activity and phosphatidylinositol-3,4-bisphosphate bind-
and 3-phos- ing activity.
phoinositides 1 Positive regulator of tyrosine kinase-induced cell responses [44] but not related to MPNs until date.

EPS15 Epidermal growth Encodes a protein that is part of the EGFR pathway and present at clathrin-coated pits. It is involved in
factor receptor path-  receptor-mediated endocytosis of EGF and may be involved in the regulation of mitogenic signals and
way substrate 15 control of cell proliferation.

Its fusion with KMT2A has been observed in patients with acute myeloblastic leukemia [45].

IGHM Immunoglobulin Encodes the C-region of the immunoglobulin heavy chain mu, which defines the IgM isotype. Membrane-

heavy constant mu  bound IgM induces the phosphorylation of CD79A and CD79B by the Src family of protein tyrosine kinases
and it may cause death of cells by apoptosis.
Not previously associated with MPNs.

IL18RAP Interleukin 18 recep- Encodes an accessory subunit of the heterodimeric receptor for interleukin 18, a proinflammatory cytokine

tor accessory protein involved in inducing cell-mediated immunity. It enhances the IL18-binding activity of the IL18 receptor, so
it is involved in IL18-dependent signal transduction, leading to NFkB and JNK activation.
Not previously associated with MPNs.

OLFM4 Olfactomedin 4 Encodes a member of the olfactomedin family that is an extracellular matrix glycoprotein that facilitates

cell adhesion and promotes tumor growth.
Previously associated with myelofibrosis transformation of ET patients [46] and seems to be a survival fac-
tor for primitive leukemia cells [47].
OLR1 Oxidized low density Encodes a low-density lipoprotein receptor that belongs to the C-type lectin superfamily. It internalizes
lipoprotein recep- and degrades oxidized low-density lipoprotein and may be involved in the regulation of Fas-induced
tor 1 apoptosis.
This gene is upregulated in patients with chronic myelomonocytic leukemia [48].

RIOK3 RIO kinase 3 Encodes a member of the right open reading frame (RIO) kinase gene family, a serine/threonine kinase
with a role in the processing of the pre-40 S ribosomal subunit, 21 S pre-rRNA and in NFkB signaling path-
way inhibiting CASP10 isoform 7-mediated activation.

Not previously associated with MPNs.

SELP Selectin P Encodes a 140 kDa protein stored in the alpha-granules of platelets that is involved in platelet activation
and degranulation, as well as in the interaction of platelets with leukocytes.

Vascular endothelial expression of the p.V617F mutation in JAK2 has been described to increase the
expression of SELP promoting a pro-thrombotic state [49].

THBS1 Thrombospondin 1 Encodes a subunit of a disulfide-linked homotrimeric protein, an adhesive glycoprotein that mediates
cell-to-cell and cell-to-matrix interactions. This protein can bind to fibrinogen, fibronectin, laminin, type V
collagen and integrins alpha-V/beta-1 with roles in platelet aggregation, angiogenesis, and tumorigenesis.
THBST is overexpressed in PV and ET patients [50] and PMF megakaryocytes secrete this protein leading to
angiogenesis and myelofibrosis development [51].

Discussion small proportion of patients and, finally, it was possible to

The knowledge of the molecular pathogenesis of chronic
MPNs has undergone considerable progress in recent
decades, especially after the description of the pres-
ence of a single nucleotide mutation in JAK2 (p.V617F)
in the vast majority of patients with these diseases in
2005. Subsequently, MPL mutations were found in a

determine that the third major mutated gene was CALR
in 2013 thanks to the application of massive sequencing
technologies. Taken together, these aberrations activate
cell signaling primarily through the JAK2/STAT pathway,
justifying the relationship between these diseases, but
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also through other related signaling pathways that lead to
cell proliferation.

Apart from unveiling possible therapeutic targets and
a better understanding of the mechanisms that trig-
ger these diseases, the description of these alterations
represented a considerable diagnostic revolution since
it allowed the clonal nature of the disease to be demon-
strated in a simple way. However, there are still several
issues that have not been fully resolved, such as the fact
that the same alterations can lead to different, although
related, clinical phenotypes. Furthermore, in the case of
ET patients no targeted therapies have been approved
and there is still a certain percentage of patients with this
disease that do not show any of the genetic alterations
mentioned.

The present work aims to re-analyze the gene expres-
sion profiles deposited in public databases of patients
with ET with JAK2 and CALR mutations and healthy
donors obtained from both CD34+cells and mature neu-
trophils. The study of the transcriptional alterations con-
served between undifferentiated CD34+ cells and mature
myeloid cells might help to discover molecular players
of special importance for ET patients, pointing to new
potential therapeutic targets.

The GSE103237 dataset included CD34+cell tran-
scriptomic data from BM obtained from 24 ET patients
(7 CALR-mutated and 17 JAK2-mutated) and 15 healthy
donors [8]. In the original study, the authors focused on
the differences in the expression profile between CALR-
mutated and JAK2-mutated CD34+cells that supported
the existence of different clinical entities for patients with
both mutations. Thus, they showed that the expression of
several genes involved in DNA repair, chromatin remod-
eling, splicing, chromatid cohesion and several genes
involved in thrombin signaling and platelet activation
were downregulated, which could explain the lower risk
of thrombosis associated with CALR mutations.

On the other hand, the GSE54644 set contained expres-
sion data from PB neutrophils obtained from 39 ET
patients (14 CALR-mutated and 25 JAK2-mutated) and
11 healthy donors [7]. In this study the authors showed
that a transcriptional signature consistent with activated
JAK2 signaling was present in all MPN patients regard-
less of clinical phenotype or mutational status. These
results pointed to a shared mechanism of transformation
by JAK2 and CALR mutations, demonstrating the central
importance of the JAK2/STAT pathway in MPN patho-
genesis. Indeed, the mutant CALR was subsequently
shown to drive signaling by activating JAK2 through the
thrombopoietin receptor MPL [52-54].

General re-analysis of both datasets showed differences
and similarities between CD34+ cells and mature neutro-
phils from ET patients.
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With respect to the differences, more DEGs were found
in CD34+samples than in mature neutrophils. In fact,
immature BM CD34+cells show more exclusive altered
hallmarks (17 in CALR-mutated samples and 16 in JAK2-
mutated patients) participating in a wide variety of bio-
logical processes. Some of these processes were common
to JAK2 and CALR-mutated patients (allograft rejection,
angiogenesis, apical surface, reactive oxygen species
pathway, hedgehog signaling, pancreas beta cells, fatty
acid metabolism, and peroxisome).

Focusing on the similarities, BM CD34+cells and PB
neutrophils shared many of the altered hallmarks regard-
less of mutation type. In fact, all but one of the hallmarks
altered in neutrophils (mitotic spindle in CALR-mutated
patients) were also found to be altered in immature
CD34+cells. Interestingly, the majority of these hall-
marks were common to JAK2 and CALR-mutated
patients, providing evidence about shared mechanisms
of interest for both types of patients apart for the already
described JAK2/STAT activation [7] and not only in
mature neutrophils but also in immature CD34+cells.
Likewise, the differences between patients harboring
JAK2 and CALR mutations support previous analyses in
PB [8] but also translate these results to BM.

In addition to the hallmarks, we particularly focused
on similarly expressed genes in CD34+cells and mature
neutrophils since they might be relevant molecular play-
ers in ET pathogenesis that could be targeted. In this
sense, we could only observe the conservation of the
expression of 338 and 919 genes between the PB neutro-
phils and BM CD34+cells of CALR and JAK2-mutated
patients, respectively. Among them, we have obtained
an expression signature of six genes common to patients
with mutations in CALR and JAK2 (BPI, CRISP3, LTF,
MMPS8, and PTGSI upregulated, and PBXIPI down-
regulated), and two other expression signatures of seven
(BMP6, CEACAMS, ITK, LCN2, and PRG2 upregu-
lated, and MANIAI and MME downregulated) and 13
genes (ARGI, CAST, CD177, CLEC5A, DAPPI, EPSIS,
ILISRAB, OLFM4, OLRI, RIOK3, SELP, and THBSI
upregulated, and IGHM downregulated) exclusive to
patients with ET harboring mutations in CALR and JAK2,
respectively. The expression of many of these genes was
confirmed in PBMCs RNA-seq data from an indepen-
dent cohort of ET patients, although the small number
of patients and the heterogeneity among them resulted
in non-significant results in many cases. Additionally,
there might be some differences compared to the results
obtained from PB neutrophil samples due to the analy-
sis of different types of mature blood cells. The selected
genes that were common to CALR and JAK2-mutated
patients were involved in very specific biological pro-
cesses that could be relevant to the pathogenesis of the
disease, so it would be worthwhile to carry out further
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studies on these processes in both types of patients. For
example, MANIA1I, one of the genes exclusively down-
regulated in CALR-mutated patients is involved in
N-linked glycosylation. In support of our results, it has
recently been described that genes in the N-glycosylation
pathway are differentially depleted in mutant CALR-
transformed cells. In these cells, chemical inhibition of
N-glycosylation impaired their growth [55]. In addition,
it is important to note that most of these genes have been
previously related to MPNs or hematologic cancers.

Globally, the methodology used in this study consists
of a detailed bioinformatic analysis that takes advantage
of previously published data to observe them from a new
perspective and has allowed the identification of some
features and genes that may be relevant in the patho-
genesis of ET in patients with CALR or JAK2 mutations.
Strict criteria have been employed in the analysis of these
data to highlight only relevant processes and genes, and
the expression values of many of these highlighted genes
have been validated in an independent cohort of patients
using RNA-seq data. However, this study also has some
limitations. Firstly, the data available for each patient are
different in each of the databases, which has made it diffi-
cult to associate the results obtained with specific CALR
or JAK2 mutations. Moreover, the low number and het-
erogeneity of the patients included in the RNA-seq data-
set has not made it possible to confirm all the results
obtained in the analysis of the arrays. Finally, there is no
expression data for the intermediate cells between the
BM CD34+stem cells and the PB neutrophils or PBMCs,
as the only available datasets in GEO that include tran-
scriptomic data from ET patients with CALR or JAK2
mutations are those used in this study. This limitation,
combined with the fact that the analyzed samples from
each cell type are derived from different patients, makes
it impossible to analyze the dynamics of changes in the
clonogenicity of malignant cells in ET.

Conclusion

The comparison of the transcriptomic profile of bone
marrow (BM) CD34+cells and peripheral blood (PB)
neutrophils from ET patients and healthy donors high-
lights molecular similarities and differences accord-
ing to the degree of maturation of the malignant clone
and the type of mutation, which enables delving into
the molecular pathogenic mechanisms. Although our
results show that most of the altered hallmarks in neutro-
phils were also found in CD34+cells in both CALR and
JAK2-mutated patients, only a few genes showed a simi-
lar expression pattern in both types of cells. These genes
are of special interest since they may reveal altered sus-
tained biological processes throughout the entire malig-
nant hematopoietic lineage and might be relevant to the
development or progression of the disease. Thus, the
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progression of the disease to MF or the severity of symp-
toms presented in ET patients could ultimately depend
on these genes and processes and hence, they could be
studied as future therapeutic targets for ET patients
according to their driver mutation.

Abbreviations

ET essential thrombocythemia
HSC hematopoietic stem cell

BM bone marrow

JAK2 Janus kinase 2

CALR calreticulin

MPL thrombopoietin receptor

PB peripheral blood

MPNs myeloproliferative neoplasms
PV polycythemia vera

PMF primary myelofibrosis

GEO Gene Expression Omnibus

PBMCs  peripheral blood mononuclear cells
DEGs differentially expressed genes
GSEA Gene Set Enrichment Analysis
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