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Abstract

Discrimination of Philadelphia-negative myeloproliferative neoplasms (Ph-MPNs)
from reactive hypercytosis and myelofibrosis requires a constellation of testing in-
cluding driver mutation analysis and bone marrow biopsies. We searched for a bio-
marker that can more easily distinguish Ph-MPNs from reactive hypercytosis and
myelofibrosis by using RNA-seq analysis utilizing platelet-rich plasma (PRP)-derived
RNAs from patients with essential thrombocythemia (ET) and reactive thrombocy-
tosis, and CREB3L1 was found to have an extremely high impact in discriminating
the two disorders. To validate and further explore the result, expression levels of
CREB3L1 in PRP were quantified by reverse-transcription quantitative PCR and com-
pared among patients with ET, other Ph-MPNs, chronic myeloid leukemia (CML), and
reactive hypercytosis and myelofibrosis. A CREB3L1 expression cutoff value deter-
mined based on PRP of 18 healthy volunteers accurately discriminated 150 driver
mutation-positive Ph-MPNs from other entities (71 reactive hypercytosis and my-
elofibrosis, 6 CML, and 18 healthy volunteers) and showed both sensitivity and speci-
ficity of 1.0000. Importantly, CREB3L1 expression levels were significantly higher in
ET compared with reactive thrombocytosis (P < .0001), and polycythemia vera com-
pared with reactive erythrocytosis (P < .0001). Pathology-affirmed triple-negative
ET (TN-ET) patients were divided into a high- and low-CREB3L1-expression group,
and some patients in the low-expression group achieved a spontaneous remission
during the clinical course. In conclusion, CREB3L1 analysis has the potential to single-

handedly discriminate driver mutation-positive Ph-MPNs from reactive hypercytosis

Abbreviations: AUC, area under the receiver operating characteristic curve; BM, bone marrow; CML, chronic myeloid leukemia; CPM, counts per million mapped reads; CV, coefficient
of variation ; DDBJ, DNA Data Bank of Japan; DE, differential expression; DEG, differentially expressed gene; ET, essential thrombocythemia; FC, fold change; FDR, false discovery rate;

MF, myelofibrosis; PCA, principal component analysis; Ph-MPNs, Philadelphia-negative myeloproliferative neoplasms; PMF, primary myelofibrosis; PRP, platelet-rich plasma; PV,

polycythemia vera; RPKM, reads per kilobase of exon per million mapped reads; RT-qPCR, reverse-transcription quantitative PCR; TN-ET, pathology-affirmed triple-negative ET.
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1 | INTRODUCTION

Philadelphia-negative myeloproliferative neoplasms (Ph-MPNs) includ-
ing polycythemia vera (PV), essential thrombocythemia (ET), and pri-
mary myelofibrosis (PMF) are a group of clonal hematopoietic stem cell
diseases characterized by the overproduction of mature blood cells.
JAK2, CALR, and MPL mutations are well-recognized recurrent driver
mutations found in Ph-MPNs. In PV, 97% are JAK2V617F-mutated,
and the remaining 3% are positive for JAK2 exon12 mutations. In ET
and PMF, 50%-60% are JAK2V617F-mutated, 20%-30% are CALR-
mutated, a very small percentage are MPL-mutated, and 10%-20%
show no driver mutations and are so-called “triple-negative” ET/PMF.*
“ Diagnosis of Ph-MPNs requires not only driver mutation analysis,
but a bone marrow (BM) biopsy is ultimately necessary.” However,
erythrocytosis, thrombocytosis, and myelofibrosis (MF) can occur due
to various reactive causes other than Ph-MPNs, and discrimination of
Ph-MPNs from reactive cases is crucial because treatment strategies
differ greatly. In addition, reactive cases are not at all rare, and as for
thrombocytosis, more than 85% of all cases are reported to be due
to a reactive cause.® Furthermore, the diagnostic processes, including
diver mutation analysis and BM biopsies, that are indispensable for
discriminating Ph-MPNs from reactive cases are not only costly, but
also impose a physical burden on the patient. Therefore, simple and
universally utilizable methods that can discriminate Ph-MPNs from
reactive cases are eagerly awaited. Here, we compared gene expres-
sion profiles of platelet-rich plasma (PRP)-derived RNA of Ph-MPNs
and reactive cases and found that cyclic AMP-response element-binding
protein 3-like 1 (CREB3L1) expression levels can accurately discriminate
the two disorders.

2 | MATERIALS AND METHODS
2.1 | Sample collection

This study was conducted in accordance with the Declaration of

Helsinki and was approved by the ethics committee of Juntendo
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and myelofibrosis, and also may identify a subgroup within TN-ET showing distinct

clinical features including spontaneous remission.

biomarker, CREB3L1, Philadelphia-negative myeloproliferative neoplasms, platelet RNA, RNA-seq

University School of Medicine (IRB#2016119). Written informed con-
sent was obtained from all participants prior to sample collection. All
data collected were from the time of study entry. JAK2, CALR, and MPL
mutations were analyzed by methods previously published.7'9 All of
our Ph-MPN patients were strictly diagnosed according to the 2016
WHO criteria, and thus all had undergone BM biopsies. Chronic my-
eloid leukemia (CML) patients were also diagnosed according to the
2016 WHO criteria, and CREB3L1 analyses concerning CML patients
were done prior to treatment. In order to set equal terms with the
2016 WHO requirements for ET, PV, and PMF, all reactive thrombo-
cytosis patients had platelet counts > 450 x 10%/L, reactive erythro-
cytosis patients had either elevated hemoglobin levels (>165 g/L for
men, >160 g/L for women) or elevated hematocrit (>0.49 L/L for men,
>0.48 L/L for women), and reactive MF patients had MF grade > 1.
Peripheral blood samples (10 mL) were collected using 0.38%
w/v sodium citric acid as an anticoagulant, and PRP was isolated by
using AIIegra® X-12 centrifuge (Beckman Coulter) for 5 minutes at
233 (1000 rpm) without use of the brake. PRP was prepared by col-
lecting the plasma layer using a disposable dropper. The PRP was dis-
solved in TRIzol LS reagent (Thermo Fisher Scientific). PRP-derived
RNA was extracted from the lysate using an isopropanol precipi-
tation and stored at -80°C until use. We collected PRP from 9 ET
patients (3 patients with JAK2V617F, 3 patients with MPLW515L/K,
and 3 patients with CALR exon 9 frameshift mutation) and 6 patients
with reactive thrombocytosis (3 cases due to chronic inflammation
and 3 cases due to rebound thrombocytosis) for RNA-seq as a deri-
vation cohort, and, as a validation cohort, we further collected 150
driver mutation-positive Ph-MPN patients (78 ET, 30 PV, 16 overt
PMF, 7 prefibrotic PMF, and 19 post-PV/ET MF patients, Table S1),
6 patients with CML, 38 patients with reactive thrombocytosis (15
chemotherapy patients with rebound thrombocytosis following my-
elosuppression, 12 patients with iron deficiency anemia, 8 patients
with chronic inflammation, 2 patient with bleeding, and 1 patient
undergoing splenectomy), 30 patients with reactive erythrocytosis
(24 patients with an unknown cause, 5 patients with sleep apnea
syndrome, and 1 patient with hypoxia due to emphysema), and 3 pa-

tients with reactive MF (1 patient with multiple myeloma, 1 patient

FIGURE 1 RNA-seq analysis. A, Histogram showing area under the receiver operating characteristic curve (AUC) of the 303 genes.

Red bar expresses AUC > 0.95. B, Pareto plot showing the proportion of variances among principal components (PC) based on the reads

per kilobase of exon per million mapped reads (RPKM) of the 57 differentially expressed genes (DEGs) in 9 essential thrombocytosis (ET)
patients and 6 reactive thrombocytosis patients. PC1 and PC2 cover 88.25% of all variances (red bars). C, Primary component analysis (PCA)
plot using the RPKM of the 57 DEGs. Color-coded dots represent patients with the following entities: JAK2V617F ET (red), MPLW515L/K

ET (yellow), CALR exon 9 frameshift ET (blue), and reactive thrombocytosis (black). D, Box plot expressing the logarithm of counts per
million mapped reads (logCPM) of ET and reactive thrombocytosis. Dotted pink line shows the cutoff value discriminating ET from reactive

thrombocytosis.
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FIGURE 2 Reverse-transcription quantitative PCR (RT-gPCR) analysis. A, Violin plot comparing CREB3L1 expression levels

between different entities. Dotted orange line shows the cutoff value discriminating driver mutation-positive Philadelphia-negative
myeloproliferative neoplasms (Ph-MPNs) from chronic myeloid leukemia (CML), reactive hypercytosis, reactive myelofibrosis (MF), and
healthy controls. ET, essential thrombocythemia; PMF, primary myelofibrosis; PV, polycythemia vera. B, Receiver operating characteristic
(ROC) curve analysis of CREB3L1 expression for discriminating driver mutation-positive Ph-MPNs from other disorders. C, Violin plot
comparing CREB3L1 expression levels between Ph-MPN patients with different driver mutations.

with splenic marginal zone lymphoma, and 1 patient with primary
autoimmune MF) for reverse-transcription quantitative PCR (RT-

gPCR) analysis.

2.2 | RNA-seq analysis

The RNA-seq library was prepared from 300 ng of PRP-derived RNAs
by using TruSeq Stranded Total RNA Library Prep Kit with Ribo-Zero
Human/Mouse/Rat (lllumina) and then applied to HiSeq2500 ap-
paratus (Illumina) for RNA-seq. RNA-seq was performed at the fol-
lowing conditions: sequence mode, High Output Mode; sequence
read, 50 Single-End; Real-Time Analysis Software version, 1.17.20;
Basecaller "bcl2fastq" software version, 1.8.4; and HiSeq Flow Cell,
v3. The fastq data were aligned using hg19 human reference and
the STAR program (version 2.4.1d),'° and the read-count data were
obtained using the FeatureCount program (version 1.5.0-;31).11 For
both alighment and read-counting, Gencode V19 reference was
used.

2.3 | RT-qPCR analysis

In order to analyze expression levels of CREB3L1 in PRP-derived
RNA through RT-qPCR, we first explored for an internal control
gene. To do so, two sets of read-count data generated from fastq
targeting platelet RNA were prepared: One set was derived from the
abovementioned PRP-derived RNA of 9 ET patients and 6 patients
with reactive thrombocytosis in our study, and the other set was

1,2 which was based on 6

derived from fastq reported by Best et a
patients with various solid cancers and 11 healthy controls and was
downloaded from DNA Data Bank of Japan (DDBJ) Sequence Read
Archive (SRA accession: SRA260904, http://trace.ddbj.nig.ac.jp/
dra/index.html). Next, the two sets of read-count data were com-
pared to select commonly expressed genes regardless of the type
of disease. The genes satisfying both logarithm of counts per million
mapped reads (logCPM) > 10 and coefficient of variation (CV) <0.3
were screened, and B2M was defined as the internal control gene.
RT-gPCR was performed with a set of primers (forward primer:
GGA GAA TGC CAA CAG GAC, reverse primer: ACC AGA ACA AAG
CAC AAG G for CREB3L1; and forward: CTA TCC AGC GTA CTC
CAA AG, reverse: ACA AGT CTG AAT GCT CCA CT for B2M) and
THUNDERBIRD® SYBR gPCR Mix (Toyobo). The cDNA synthesized
with the random hexamers and oligo-dT primers used for RT-gPCR
was equivalent to 100 ng of PRP-derived RNA. The thermal con-

ditions of the RT-gPCR were as follows: an initial denaturation at

95°C for 1 minute, 45 cycles of denaturation at 95°C for 30 seconds,
annealing at 65°C for 30 seconds, and extension at 72°C for 30 sec-
onds. The relative expression levels of CREB3L1 in each sample
compared with the mean expression level of the 18 healthy controls
were calculated by the AACt method.

The cutoff value discriminating driver mutation-positive Ph-
MPNs from other entities was defined as the mean expression level
of the healthy controls +20c. Statistical analyses were carried out
using the R-software (version 3.6.1). The Kruskal-Wallis test was
applied for comparison of CREB3L1 expression levels between dif-
ferent entity groups. For continuous variables, the Mann-Whitney
U test and Holm's adjustment were applied as post hoc test, and P-
values less than .05 were considered significant.

3 | RESULTS

3.1 | CREB3L1 expression levels can accurately
distinguish driver mutation-positive ET from reactive
thrombocytosis

The procedures of how we identified CREB3L1 through RNA-seq are
shown in Figure S1. We performed RNA-seq analysis followed by
differential expression (DE) analysis using the edgeR package of R
(version 3.6.1)* to identify differentially expressed genes (DEGs) of
ET and reactive thrombocytosis. 303 genes (67 and 236 genes were
highly expressed in ET and reactive thrombocytosis, respectively)
satisfying false discovery rate (FDR) < 0.05, logarithm of fold change
(logFC) > 2.0 or <-2.0, and logCPM > 1.0 were first filtered through
DE analysis. The histogram of the area under the receiver operating
characteristic curve (AUC) of the 303 genes led us to define the AUC
cutoff as 0.95 (Figure 1A), and as a result, 57 genes (9 and 48 genes
were highly expressed in ET and reactive thrombocytosis, respec-
tively) were further filtered as DEGs (Table S2). Principal component
analysis (PCA) was performed in order to confirm the expression
profile of the DEGs in ET and reactive thrombocytosis utilizing reads
per kilobase of exon per million mapped reads (RPKM). PCA was per-
formed using the prcomp package of R. The cumulative frequency
of the principal components (PC) calculated by PCA indicated that
88.25% of all variances were attributable to the sum of PC1 and PC2
(Figure 1B). As expected, PCA revealed that the RNA expression
profile of the 57 DEGs was clearly different between ET and reactive
thrombocytosis (Figure 1C). Furthermore, PCA also demonstrated
that the expression profiles within ETs were similar regardless of the
driver mutation type, suggesting that the signaling pathways used

among ETs are common. On the other hand, the expression profiles
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FIGURE 3 CREB3L1 expressions in pathology-affirmed triple-negative essential thrombocythemia (TN-ET). A, Violin plot comparing
CREB3L1 expression levels among TN-ET patients. Dotted orange line shows the cutoff defined in the present study. B and C, Transition

of platelet (PLT, blue) counts, hemoglobin (Hb, red), and white blood cell (WBC, yellow) counts of two TN-ET patients without CREB3L1
overexpression and showing spontaneous remission. B, A 25-y-old man presenting with an increased PLT count of 1216 x 10°/L. Bone
marrow (BM) biopsy showed normocellular BM with marked increase in megakaryocytes. After 38 mo of follow-up, the PLT count
spontaneously decreased to normal range and was sustained at normal levels for 85 mo. C, A 50-y-old woman presenting with an increased
PLT count of 631 x 10%/L and a normocellular BM with an increase in mature megakaryocytes. PLT counts spontaneously decreased to

371 x 10%/L after 18 mo of follow-up and was maintained within normal range for 15 mo. D and E, Histopathological BM images of (B)

and (C) at the first and second bone marrow analysis (BMA), respectively. All BM images were obtained from the time points indicated as

arrowheads in (B) and (C).

of reactive thrombocytosis cases were diverse, which reflects the
heterogenous nature of this group. Because discriminating ET from
reactive thrombocytosis was more effective utilizing PC1 compared
with PC2 (Figure 1C), factor loadings of the 57 DEGs in PC1 were
calculated, and CREB3L1 was found to have the highest impact in
discriminating ET from reactive thrombocytosis (Table S2). When
the logCPM of patients with ET and reactive thrombocytosis were
compared, the box plot showed that the expression level of CREB3L1
was able to completely distinguish ET from reactive thrombocytosis
(P =.001770, Figure 1D).

Next, in a validation cohort including 78 ET patients and 38
patients with reactive thrombocytosis, we found that CREB3L1 ex-
pression levels in PRP-derived RNA analyzed through RT-gPCR were
able to accurately discriminate ET from reactive thrombocytosis in
all patients (P < .0001, Figure 2A).

3.2 | CREB3L1 is a distinct biomarker of driver
mutation-positive Ph-MPNs

Because other entities within Ph-MPNs such as PV and PMF also
often present with thrombocytosis, and also because PV, PMF, and
post-PV/ET MF are considered related disorders of ET, we next
extended our validation cohort to patients with Ph-MPNs other
than ET. We included 30 PV, 16 overt PMF, 7 pre PMF, 19 post-PV/
ET MF, 6 CML, 30 reactive erythrocytosis, 3 reactive MF, and 18
healthy volunteers. A clear cutoff line discriminating 150 Ph-MPNs
from other 89 entities was establishable based on the CREB3L1
expression levels of 18 healthy volunteers (Figure 2A), and sensi-
tivity and specificity for this testing were both 1.0000 (Figure 2B).
Furthermore, CREB3L1 expression levels were significantly higher
in 30 PV compared with 30 reactive erythrocytosis (P < .0001,
Figure 2A), whereas no significant differences in CREB3L1 expres-
sion levels were observed among CML, reactive cases, and healthy
volunteers.

In order to confirm that high expression of CREB3L1 is spe-
cific to platelets, CREB3L1 mRNA levels in purified granulocytes
and platelet-deprived plasma were quantified by RT-gPCR and
were found to be less than 1/1000 compared with PRP of Ph-
MPN patients (data not shown). CREB3L1 expression was found
to be significantly higher in Ph-MPN patients harboring JAK2 and
MPL mutations compared with patients with the CALR insertion 5
mutation (P = .0069 and P = .0133, respectively, Figure 2C), and

when limited to patients with ET, CREB3L1 expressions among
JAK2-mutated patients were still significantly higher compared
with patients with the CALR insertion 5 mutation (P = .03, data
not shown).

Spearman rank correlation method revealed a weak positive
correlation between CREB3L1 expression levels and lactase dehy-
drogenase values (Spearman's correlation coefficient [rs] = .2959,
P = .000632). No significant correlations were observed between
CREB3L1 expression levels and other clinical parameters including
JAK2V617F allele burdens (Figure S2).

3.3 | Triple-negative ET is divided into two groups
by CREB3L1 expression levels

We also examined CREB3L1 expression levels in 20 pathology-af-
firmed triple-negative ET (TN-ET) patients. All TN-ET patients were
confirmed not to have JAK2, MPL, and CALR mutations of atypical
genetic loci through amplicon-based target resequencing utilizing
the MiniSeq system (lllumina) (data not shown). Within 20 TN-ET
patients, CREB3L1 overexpression was observed in 12 patients and
absent in 8 patients (Figure 3A). Platelet and white blood cell counts
were significantly higher in patients with CREB3L1 overexpression
than in patients without CREB3L1 overexpression (Table S3). Also,
a trend towards higher CREB3L1 overexpression levels were seen in
females (P = .06233). Importantly, among TN-ET patients, two pa-
tients without CREB3L1 overexpression were initially diagnosed with
BM pathology-affirmed ET, but their platelet counts spontaneously
decreased to normal levels during the disease course (Figure 3B,C),
and disappearance of morphological characteristics of ET upon sec-
ond BM examinations performed after a decrease in platelet counts

was also confirmed (Figure 3D,E).

4 | DISCUSSION

Through comparison of gene expression profiles of PRP-derived
RNA, we found that CREB3L1 was highly expressed not only in ET
but also in PV, PMF, and post-PV/ET MF, and expression levels could
accurately discriminate driver-mutation-positive Ph-MPNs from re-
active hypercytosis, reactive MF, and CML.

CREB3L1, also known as Old Astrocyte Specifically Induced

Substance (OASIS), was originally identified in astrocytes as an
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endoplasmic reticulin (ER) stress transducer involved in the unfolded
protein response signaling pathway.'* CREB3L1 resides as a trans-
membrane molecule of the ER at steady state. Responding to ER
stress, CREB3L1 is transported from the ER to the Golgi apparatus
and then cleaved by S1P and S2P proteases to release the N-terminal
fragment. This fragment translocates to the nucleus and functions
as a transcription factor.'®> CREB3L1 is known to contribute to os-
teogenesis and bone angiogenesis by regulating Collagen Type 1 «
1 chain (COL1A1) and Hypoxia Inducible Factor 1 subunit o (HIF1a),
respectively.’®'” Also, CREB3L1 expression is reported to be sup-

1819 and is associated with metastatic risk

pressed in certain cancers
and treatment response in breast cancer.20%! Although the patho-
physiological role of CREB3L1 concerning Ph-MPNs is still veiled,
this is the first report demonstrating its potential of becoming the
cornerstone of Ph-MPN diagnosis.

The 2016 WHO criteria ultimately requires a BM biopsy in order
to discriminate Ph-MPNs from reactive cases, but this may not nec-
essarily be easy in the real-world setting because previous reports
have pointed out that pathological diagnosis of Ph-MPNs is not al-
ways reproducible even within expert hematopathologists.??2* Early
utilization of CREB3L1 testing in the diagnostic process can guide pa-
tients to an efficient diagnosis and free many patients with disorders
other than Ph-MPNs from unnecessary BM biopsies. In addition, PRP-
derived RNA could be stably stored at 4°C for at least 24 hours in
our preliminary observations (data not shown), implying that CREB3L1
testing has a potential for practical use in diagnosis of Ph-MPNs.

In the current study, patients with a pathology-affirmed diagno-
sis of PV who were positive for either JAK2V617F or JAK2 exon12
mutations were all found to have overexpression of CREB3L1. On the
other hand, patients without CREB3L1 overexpression and negative
for both JAK2V617F and JAK2 exonl12 mutations who underwent
BM biopsies were all pathologically excluded from a diagnosis of PV
(data not shown). Therefore, CREB3L1 analysis alone can reliably dis-
criminate PV and non-PV in patients with erythrocytosis. Under the
current algorithm for patients suspected of PV, JAK2V617F analysis
would be carried out first, and in JAK2V617F-negative cases, subse-
quent JAK2 exon12 analysis would be required. However, confirma-
tion of low CREB3L1 expression levels can single-handedly exclude
a diagnosis of PV, and early utilization of CREB3L1 analysis in the
diagnostic process can omit many patients from both JAK2V617F
and JAK2 exon12 analysis.

Patients with thrombocytosis but no erythrocytosis who were
positive for JAK2V617F, CALR, or MPL mutations along with a pa-
thology-affirmed diagnosis of ET or PMF (including prefibrotic PMF)
showed CREB3L1 overexpression. Conversely, triple-negative patients
with CREB3L1 overexpression were all pathologically diagnosed as ET.
Therefore, it can be concluded that patients with thrombocytosis but
no erythrocytosis who show CREB3L1 overexpression have either ET
or PMF. Although at this point a diagnosis of ET cannot be ruled out in
triple-negative patients with no CREB3L1 overexpression, we encoun-
tered two patients who achieved spontaneous remissions within such
patients. Moreover, clinical characteristics differed between TN-ET

patients with and without CREB3L1 overexpression such as platelet
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and white blood cell counts, suggestive that the two groups may be
different entities. Therefore, even if a patient is rendered a diagnosis of
TN-ET, a careful monitoring of the clinical course without upfront cy-
toreductive therapy should be considered in patients lacking CREB3L1
overexpression. TN-ET is a heterogenous disorder, and a large-scale
analysis including massively parallel sequencing is awaited, especially
in patients lacking CREB3L1 overexpression.

CREB3L1 expression levels distinguished not only Ph-MPNs
from reactive cases but also Ph-MPNs from CML. Although dis-
tinct entities, CML and Ph-MPNs are similar in that both are clonal
myeloid malignancies and both can present with hypercytosis.
This finding shows that CREB3L1 testing is not a mere discrimina-
tor of malignant and nonmalignant disease but is most probably
a more specific indicator of Ph-MPNs. Furthermore, we analyzed
CREB3L1 expression levels before and after successful allogeneic
stem cell transplantation in one post-ET MF and two overt PMF
patients and found that CREB3L1 expression levels decreased
from above to below the cutoff level along with a negative con-
version of driver mutations in all three cases (Figure S3), which is
further evidence of Ph-MPN-specificity.

The polycythemia rubra vera-1 (PRV-1) gene was also reported
to be overexpressed in Ph-MPNs, but the prevalence was inconsis-
tent and ranged from 69% to 100% for PV and 16% to 100% for ET.
Furthermore, a major disadvantage was that PRV-1 overexpression
was also found in a proportion of reactive erythrocytosis, reactive
thrombocytosis, and in healthy controls.?®> Compared with this,
CREB3L1 overexpression showed both a sensitivity and specificity of
1.0000 for diagnosing driver mutation-positive Ph-MPNs, and prac-
tical application of this method is much more realistic. Guo et al have
also studied the transcript signature of platelets from Ph-MPN pa-
tients and listed CREB3L1 along with hundreds of other DEGs of
Ph-MPNs and controls. However, the importance of this gene con-
cerning Ph-MPN diagnosis has not been addressed until now.?

In conclusion, although the etiological significance of CREB3L1
overexpression in Ph-MPNs has yet to be elucidated, CREB3L1 test-
ing is a promising method for discriminating Ph-MPNs from other
disorders in patients with hypercytosis or MF and has the potential
of becoming the hallmark of Ph-MPN diagnosis. Also, early utiliza-
tion of this method in the diagnostic process will free many patients

from time-consuming and costly testing.
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