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1 | INTRODUCTION

Prefibrotic primary myelofibrosis (Pre-PMF) has been classified as a separate entity
of myeloproliferative neoplasms (MPNs). Pre-PMF is clinically heterogeneous but a
specific prognostic model is lacking. Gene mutations have emerged as useful tools for
stratification of myelofibrosis patients. However, there have been limited studies com-
prehensively investigating the mutational spectrum and its clinicopathological signif-
icance in pre-PMF subjects. In this study, we addressed these issues by profiling the
mutation status of 141 genes in 172 Chinese MPN patients including 72 pre-PMF
cases. Our findings corroborated the clinical/molecular distinctiveness of pre-PMF and

suggested a refined risk classification strategy for this entity.
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schema for this entity is yet to be established. The high mutation risk
(HMR) status (defined by the presence of at least 1 mutated gene

The recent World Health Organization (WHO) classification has
divided primary myelofibrosis (PMF) into prefibrotic/early and overt
PMF [1]. The clinical severity of prefibrotic PMF (pre-PMF) varies
markedly from isolated thrombocytosis to symptoms of high-risk PMF
[2]. The International Prognostic Scoring System (IPSS) has been insuf-
ficient to stratify this group of patients [3]. A specific prognostic

including ASXL1, SRSF2, EZH2, and IDH1/2) [4] has been demonstrated
as a significant outcome predictor in pre-PMF [3]. Nonetheless, as
there is emerging evidence implicating different pathogenesis of PMF
in Chinese subjects [5-8], the prevalence and prognostic significance
of these HMR and/or other mutations in Chinese pre-PMF patients
remain to be determined. Here, we investigated the mutational
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landscape in 72 Chinese patients with pre-PMF, characterized their
differences from closely related myeloproliferative neoplasms (MPNs),
and suggested a better risk stratification approach.

2 | PATIENTS AND METHODS

We reviewed and recruited Chinese patients with essential throm-
bocythemia (ET) and PMF between 2005 and 2020 in our hospi-
tal fulfilling the 2016 WHO criteria [1] and with available diagnostic
DNA sample for molecular testing. Cases with equivocal bone mar-
row morphological findings had been excluded. The retrieved cohort
included 72 ET, 72 pre-PMF, and 28 overt PMF cases. Informed con-
sent was obtained from all patients, and the study was approved
by the Joint Chinese University of Hong Kong-New Territories East
Cluster Clinical Research Ethics Committee and followed the Dec-
laration of Helsinki. Of the 72 pre-PMF patients (M:F = 45:27;
median age = 65 years) (Table 1), 64 (89%) received treatment
(hydroxyurea alone [n = 53], anagrelide alone [n = 2], hydrox-
yurea/anagrelide [n = 5], hydroxyurea/anagrelide/interferon [n = 1],
hydroxyurea/thalidomide/prednisone [n = 1], interferon/anagrelide
[n = 1], and ruxolitinib [n = 1]). None of the patients underwent allo-
geneic stem cell transplantation.

Mutational profiling of 141 genes (Table S1) was performed by
targeted next-generation sequencing (NGS). Libraries were prepared
from diagnostic DNA from 151 bone marrow and 21 peripheral blood
samples using the QlAseq Targeted Human Myeloid Neoplasms Panel
(Qiagen) and sequenced on the Illumina NextSeq 500. The median
time from diagnosis to the date of NGS did not differ significantly
between the ET (35.5 months), pre-PMF (35.2 months), and overt PMF
(52.1 months) groups. Identification of high-confident somatic variants
was performed as previously described [9] (Detailed in the Support-
ing information). Categorical and continuous variables between groups
were analyzed by Fisher exact and Mann-Whitney tests, respectively.
Overall survival (OS) was measured from the date of diagnosis to date
of death or last follow-up. Variables with p < 0.1 in univariate Cox
regression analysis were included in multivariate analysis. Two-sided

p < 0.05 were considered statistically significant.

3 | RESULTS

Of the 72 pre-PMF patients studied, 19 patients died and 4 sustained
leukemic transformations. The median follow-up time was 46 months
(4-118 months). The causes of death included bleeding (n = 7), trans-
formation to AML (n = 4), infection (n = 3), second neoplasm (n = 2),
cardiac arrest (n = 1), respiratory failure (n = 1), and unknown (n = 1).
Twelve (17%) cases had no fibrosis in the bone marrow (MF-0). Cyto-
genetic data were unavailable from 22 (31%) patients (21 had no kary-
otyping done and 1 had failed karyotyping). Of the 50 (69%) avail-
able cases, 49 (98%) were of favorable (including 43 normal karyotype)
cytogenetics. A total of 153 mutations in 40 genes were identified in
the pre-PMF cohort (Figure 1A-C; Table S2), and the median variant
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allele frequency of all the mutations was 0.42. Mutually exclusive driver
mutations of JAK2 V617F, CALR (all type 1-like), and MPL (W515) were
detected in 56 (78%), 7 (10%), and 2 (3%) patients, respectively. Thir-
teen genes other than JAK2/CALR/MPL were recurrently mutated (>1
patient), among which TET2, ASXL1, SRSF2, DNMT3A, NF1, and ZRSR2
were altered in >5% of the cases. The number and distribution of
nondriver mutations did not vary significantly among the driver types
(Table S3). Overall, each patient carried 0-8 nondriver changes, which
increased with patients’ age (r=0.403, p =0.0005). ASXL1 was found to
co-mutate with NF1 (adjusted p = 0.039) after correction for multiple
comparisons.

Anemia (hemoglobin < 10 g/dl) (p < 0.0001), leukopenia (leuko-
cytes < 4 x 107/L) (p = 0.0003), thrombocytopenia (platelets < 100
x 107/L) (p < 0.0001), circulating blasts > 1% (p < 0.0001), constitu-
tional symptoms (p = 0.0001), splenomegaly (p < 0.0001) and nonfa-
vorable cytogenetics (p = 0.009) were less common in pre-PMF than
overt PMF patients (Table 1). Accordingly, pre-PMF subjects were
enriched in the lower-risk IPSS categories (80% vs. 25% of overt PMF,
p < 0.0001). Lactate dehydrogenase (LDH) levels were also lower in
pre-PMF than overt PMF (p < 0.0001). On the other hand, pre-PMF
patients were older (p = 0.04) with higher leukocyte counts and LDH
levels (both p < 0.0001), and more often had anemia (p = 0.013), consti-
tutional symptoms (p = 0.009), and a palpable spleen (p < 0.0001) than
ET subjects. Pre-PMF also contrasted with ET in male predominance
(p = 0.012). OS varied significantly among the three MPNs with pre-
PMF having an intermediate outcome (5-year OS rate: 41% vs. 73% vs.
94%, p < 0.0001) (Figure 1D). Regarding genetic changes, although
individual nondriver mutations were similarly distributed between the
two PMF groups, the mutational burden was higher in overt PMF
(p = 0.048). Compared with ET, pre-PMF patients had higher JAK2
V617F (p < 0.0001) and CALR (p = 0.025) mutant levels and more fre-
quent ASXL1 mutations (p = 0.009). HMR mutations were overall more
common in pre-PMF than ET (20% vs. 4%, p = 0.007) but no such differ-
ence was noted between pre-PMF and overt PMF.

Among the 72 pre-PMF patients, those with mutated CALR and
the JAK2/CALR/MPL triple negative (TN) genotype were younger
(p = 0.023) (Table S3). Leukocyte counts were highest in patients with
the TN status (p = 0.008). Among the JAK2-mutated cases, the V617F
allele burden correlated positively with leukocyte counts (r = 0.54,
p < 0.0001). Platelet counts were highest in CALR-mutated cases
(p = 0.015). Concerning nondriver mutations, TET2 (p = 0.027) and
STAG2 (p = 0.049) were associated with older age, with the former
also predominated in male subjects (27% vs. 4%, p = 0.024) (Table S4).
Moreover, TET2 (p = 0.009) and NF1 (p = 0.042) correlated with higher
leukocyte counts, and SRSF2 with lower hemoglobin levels (p = 0.046).
None of the driver and nondriver mutations was associated with con-
stitutional symptoms and splenomegaly. There was no specific muta-
tional signature for those subjects with leukemic transformations.

Univariate analysis indicated that age > 65 years (p = 0.007), leuko-
cytes > 25x 107/L (p=0.0001), TET2 (p = 0.005), TP53 (p = 0.001), and
>2 mutated HMR genes (p = 0.019) were associated with shortened OS
in the pre-PMF patients (Table S5). Higher JAK2 V617F allele burden

tended to confer poorer OS but no statistical significance was reached
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TABLE 1 Characteristics of the Chinese patients with WHO-defined pre-PMF, overt PMF, and ET
p Value
(Pre-PMF
Pre-PMF Overt PMF p Value (ET vs. overt
Variables’ ET(n=72) (n=72) (n=28) vs. Pre-PMF) PMF)
Age, median (range) 61(21-81) 65 (30-86) 64 (45-85) 0.040 0.682
Age > 65 years,n (%) 22 (31%) 33 (46%) 14 (50%) 0.086 0.824
Male sex, n (%) 29 (40%) 45 (63%) 17 (61%) 0.012 1.000
Hemoglobin, g/dl, median (range) 13.5(10-16.6) 13.1(7.3-15.9) 8.5(4.8-13.2) 0.075 <0.0001
Hemoglobin < 10 g/dl, n (%) 0(0%) 7 (10%) 20(71%) 0.013 <0.0001
Leukocytes, x 107/L, median (range) 8.8(4.9-17.4) 14.4 (5.5-96.4) 8.4(0.7-58.9) <0.0001 0.023
Leukocytes > 25 x 107/L, n (%) 0(0%) 7 (10%) 3(11%) 0.013 1.000
Leukocytes < 4 x 10°/L, n (%) 0(0%) 0 (0%) 6(21%) 1.000 0.0003
Platelets, x 107/L, median (range) 731(451-1989) 742(131-2147) 254(8-1160) 0.857 <0.0001
Platelets < 100 x 10%/L, n (%) 0(0%) 0(0%) 9 (32%) 1.000 <0.0001
LDH, U/L, median (range) 221(128-605) 290 (93-705) 607 (160-1346) <0.0001 <0.0001
LDH > normal range, n (%) 41 (67%) 56 (78%) 27 (96%) 0.012 0.035
Circulating blasts, %, median (range) 0(0-0) 0(0-1) 1(0-7) 0.159 <0.0001
Circulating blasts >1%, n (%) 0(0%) 1(1%) 18 (64%) 1.000 <0.0001
Constitutional symptoms, n (%) 2 (3%) 12 (17%) 16 (57%) 0.009 0.0001
Palpable splenomegaly, n (%) 0(0%) 22 (31%) 26 (93%) <0.0001 <0.0001
Leukemic transformation, n (%) 0 (0%) 4 (6%) 3(11%) 0.120 0.396
Death, n (%) 5(7%) 19 (26%) 18 (64%) 0.003 0.001
Follow-up time, months, median (range) 28 (3-175) 46 (4-118) 39(2-118) 0.124 0.024
Cytogenetics, n (%) / 0.009
Favorable / 49 (98%) 16 (80%)
Unfavorable / 1(2%) 1(5%)
Very high risk / 0 (0%) 3(15%)
Unknown / 22 8
IPSS risk stratification, n (%) / <0.0001
Low / 34 (47%) 1(4%)
Intermediate-1 / 24 (33%) 6(21%)
Intermediate-2 / 9 (13%) 6(21%)
High / 5(7%) 15 (54%)
Driver types, n (%) 0.272 0.054
JAK2V617F 51(71%) 56 (78%) 16 (57%)
CALR type 1-like 4(6%) 7 (10%) 7 (25%)
CALR type 2-like 3 (4%) 0 (0%) 1(4%)
CALR nontype 1/2-like 2 (3%) 0 (0%) 1(4%)
MPLW515 4(6%) 2 (3%) 1(4%)
Triple negative 8(11%) 7 (10%) 2(7%)
Allele burden, median (range)
JAK2V617F 0.25(0.05-0.70) 0.41(0.11-0.98) 0.48 (0.06-0.89) <0.0001 0.430
CALR 0.42(0.07-0.47) 0.46(0.31-0.55) 0.46(0.45-0.82) 0.025 0.604
MPLW515 0.19(0.14-0.30) 0.49 (0.30-0.68) 0.75(0.75-0.75) 0.200 0.667
Nondriver mutations, n (%)
TET2 11 (15%) 13 (18%) 2(7%) 0.824 0.223

(Continues)
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TABLE 1 (Continued)
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p Value
(Pre-PMF
Pre-PMF Overt PMF p Value (ET vs. overt

Variables’ ET(h=72) (n=72) (n=28) vs. Pre-PMF) PMF)
ASXL1 2(3%) 12(17%) 8(29%) 0.009 0.264
SRSF2 1(1%) 5(7%) 2(7%) 0.209 1.000
DNMT3A 8(11%) 4(6%) 2(7%) 0.367 0.671
NF1 0(0%) 4(6%) 1(4%) 0.120 1.000
ZRSR2 0(0%) 4(6%) 3(11%) 0.120 0.396
RUNX1 0(0%) 3(4%) 1(4%) 0.245 1.000
BCOR 1(1%) 2(3%) 0(0%) 1.000 0.484
FBXW7 0(0%) 2 (3%) 0(0%) 0.497 0.484
PDGFRA 0(0%) (3%) 0(0%) 0.497 0.484
PMS2 0(0%) 2 (3%) 2 (7%) 0.497 0.312
STAG2 0(0%) 2(3%) 0(0%) 0.497 0.484
TP53 0(0%) 2 (3%) 0(0%) 0.497 0.484
HMR, n (%) 0.007 0.510
0 69 (96%) 58 (81%) 20 (71%)
1 mutated gene 3 (4%) 10(14%) 5(18%)
>2 mutated genes 0(0%) 4(6%) 3(11%)
No. of nondriver mutations, median (range) 1(0-4) 1(0-8) 1(0-5) 0.185 0.048

LDH, lactate dehydrogenase.

*Clinical/laboratory findings were obtained at diagnosis. Cytogenetics was classified according to the revised cytogenetic stratification in PMF [16] and the
percentages were calculated from the available cases. CALR mutations were classified as previously described [17]. For nondriver mutations, only genes
recurrently mutated (> 1 patient) in the pre-PMF cases are shown. HMR genes include ASXL1, SRSF2, EZH2, and IDH1/2.

Note: Significant p values (< 0.05) are in bold.

(p=0.102). In multivariate analysis, older age (hazard ratio [HR] = 3.3),
elevated leukocyte counts (HR = 3.6), RUNX1 (HR = 8.0), and TP53
(HR = 8.2) mutations emerged as independent adverse factors for OS.
To construct a pre-PMF risk model, a weighted score of 1 was assigned
to age > 65 years and leukocytes > 25 x 107/L, whereas a score of 2
was assigned to RUNX1 and TP53 mutations according to the individual
HR of the factors. The overall score in our cohort ranged 0-4. On this
basis, a three-category risk model was devised with low- (score = 0),
intermediate- (score = 1), and high-risk (score > 2) patients represent-
ing 50%, 38%, and 13% of the cohort, respectively. Compared with
the low-risk group, the HR for death was 4.2 (95% confidence interval
[Cl] = 1.1-15.8) for the intermediate-risk and 14.6 (95% Cl = 3.8-55.4)
for the high-risk groups. The 5-year OS rate was 96% in low-risk, 62%
in intermediate-risk, and 28% in high-risk patients (p < 0.0001) (Fig-
ure 1E).

Contrary to this superior risk stratification, there was insufficient
distinction between adjacent risk groups when the IPSS system was
used for prognostic classification (Figure 1F). Also, the performance
of the HMR status in the stratification was suboptimal (Figure 1G).
Notably, among the nine high-risk pre-PMF patients stratified by the
current model, six were classified as low/intermediate risks according
to the IPSS. Conversely, two of the five high-risk IPSS patients fell to
the intermediate-risk group in the new system. Other prognostic scor-

ing systems (DIPSS+, MIPSS70+, GIPSS, and MIPSS70+ version 2.0)
[10] were inadequate in stratifying our pre-PMF subjects into distinct

risk groups (Figure S1).

4 | DISCUSSION

The differential clinicopathological features revealed in our compar-
ative study are consistent with the recognition of pre-PMF as a dis-
tinct entity. Molecularly, higher driver mutant burdens and mutated
ASXL1 might help further distinguish pre-PMF from ET, whereas overt
PMF was typified by more nondriver alterations. Factors affecting
pre-PMF prognosis are incompletely understood, and previous prog-
nostic models were developed primarily for overt PMF [2]. Here, we
proposed a 4-factor scoring system for refined risk classification of
pre-PMF patients. Besides advanced age and leukocytosis, our data
revealed that RUNX1 and TP53 also adversely impacted pre-PMF sur-
vival. These genes were mutated in 7% of our pre-PMF cohort in a
nonoverlapping manner and have also been associated with poor prog-
nosis in other myeloid neoplasms [11,12]. Importantly, previous stud-
ies have indicated the negative prognostic impacts of these mutations
in myelofibrosis patients [9,13,14], and particularly, mutated TP53 has
been identified as the worst subgroup [9,14]. If our findings could



® | WILEY

CHENGET AL.

(A)
JAK2-V617F

CALR
MPL-W515 | |

N
g | |

ASXL1
srsr2| 1l

KDR 1
MPL-nonW515 1
NPM1 1
NRAS |
RELN 1
SETBP1 |
SF3B1 1
SH2B3 1
WrT1 1

. M\?:L

ET (n=72)
0.6

Pre-PMF (n=72)
041

Percent survival

0.2
Overt PMF (n=28)

ET vs Pre-PMF, P=0.001
Pre-PMF vs Overt PMF, P=0A'@04 P<0.0001
T T T

0 50 100 15 200
oS (months)

1.0
0.8
0.6 I
0.4
0.2

nt-1 (n=24)
High (n=5)

0.0

3

Low (n=34)

Percent survival

Int-2 (n=9)

Low vs Int-1, P=0.068

Int-1 vs Int-2, P=0.297

Int-2 vs High, P=0.265 P=0.002]
0 20 40 60 80 100 120

0S (months)

0.0

FIGURE 1

(B)

56 (78%)
7 (10%)
2(3%)
7(10%)
13 (18%)
12 (17%)
5 (7%)
4(6%)
4(6%)
4(6%)

3 (4%)
2(3%)
2(3%)
2(3%)
2(3%)
2(3%)
2(3%)
1(1%)
1(1%)
1(1%)
1(1%)
1(1%)
1(1%)
1(1%) 35
1(1%)

Splice site (1%) Inframe (1%)

total n=153

G

._.
=
8

No. of patients

1(1%) 0 1 2 >3
No. of non-driver mutations

1.0 |L
=} Low (n=36)
Score=0
0.8
®
2
2 067 Intermediate (n=27)
2 Score=1
5
© 04
o
o
High (n=9)
0.2 Score=2
0.0 Low vs Intermediate, P=0.025
Y] Intermediate vs High, P=0.013 P<0.0001,
S S s S S
0 20 40 60 80 100 120
0OS (months)
1.0
0.8
- LMR (n=58)
s
2
2 067
3
I
€
8 041 HMR (n=14)
o
o
oo HMR>2 (n=4)
0.0 P=0.067|
T v T v T T T
0 20 40 60 8 100 120
0OS (months)

Mutations and prognosis in Chinese pre-PMF patients. (A) A waterfall plot showing the distribution of mutations in the pre-PMF

patients (n = 72). Genes mutated in the cohort are shown on the left of the plot, while the number and percentage of the patients with the gene
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be validated, this scoring system will be a useful tool to determine
the prognosis of Chinese patients with pre-PMF and guide clinical
management.

Here, we observed that the TN genotype was not associated with
poorer survival in our pre-PMF patients as previously reported [3].
Likewise, Gill et al. have shown that this genotype is not an adverse
factor in Chinese patients with overt PMF [8]. Of the five HMR genes,
only ASXL1 and SRSF2 were recurrently mutated in our pre-PMF
cases. When considered individually, SRSF2 (p = 0.042) but not ASXL1
(p = 0.127) was associated with shortened OS. Recent studies have
suggested that mutated ASXL1 confers a worse prognosis when associ-
ated with high-risk genes including SRSF2 and EZH2 [14]. Accordingly,
we observed that the presence of at least two mutated HMR genes
(ASXL1/SRSF2 [n = 3] and ASXL1/EZH2 [n = 1]) was significantly asso-
ciated with inferior OS in univariate but not multivariate analysis. We
also observed that mutated TET2 was a poor prognostic factor for OS
in our pre-PMF subjects in univariate analysis only, possibly related to
its confounding associations with other adverse factors including older
age and higher leukocyte counts. Of note, mutated U2AF1, a potential
high-risk marker found in 11% of Mayo Clinic pre-PMF subjects [15],
was absent in our pre-PMF patients. In view of the limited follow-up
time and infrequent gene mutations, larger collaborative studies are
warranted to confirm the present findings.

Due to missing cytogenetic data, the impact of cytogenetics on our
pre-PMF patients was not evaluated. Nonetheless, as nearly all the pre-
PMF cases carried a favorable karyotype, the prognostic value of cyto-
genetics is expected to be low. The high proportion of pre-PMF in our
cohort might be related to early bone marrow examination and the
revised classification that had led to better distinction between pre-
PMF and ET [1].

In summary, we have revealed the mutational spectrum and its clini-
copathological significance in Chinese pre-PMF patients and suggested
a specific prognostic model for this entity. Our findings highlight the
distinctiveness of pre-PMF, substantiating the need for accurate diag-
nosis and a separate stratification strategy to guide better disease man-

agement.
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