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Abstract
Philadelphia negative (Ph-neg) myeloproliferative neoplasms (MPN) are a heterogenous group of clonal stem cell disorders.
Approved treatment options include hydroxyurea, anagrelide, and ruxolitinib, which are not curative. The concept of synthetic
lethality may become an additional therapeutic strategy in these diseases. In our study, we show that DNA repair is altered in
classical Ph-neg MPN, as analyzed by gene expression analysis of 11 genes involved in the homologous recombination repair
pathway (HRR), the non-homologous end-joining pathway (NHEJ), and the single-strand break repair pathway (SSB).
Altogether, peripheral blood-derived cells from 57 patients with classical Ph-neg MPN and 13 healthy controls were analyzed.
LIG3 as an essential part of the SSB was significantly lower expressed compared to controls in all three entities (essential
thrombocythemia (ET), polycythemia vera (PV), and myelofibrosis (MF)). In addition, while genes of other DNA-repair
pathways showed—possibly compensatory—increased expression in ET (HRR, NHEJ) and PV (NHEJ), MF samples displayed
downregulation of all genes involved in NHEJ. With regard to the JAK2 mutational status (analyzed in ET and MF only), no
upregulation of the HRR was detected. Though further studies are needed, based on these findings, we conclude that synthetic
lethality may become a promising strategy in treating patients with Ph-neg MPN.
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Introduction/Background

Myeloproliferative neoplasms (MPN) are a heterogeneous group
of clonal stem cell disorders. In Philadelphia chromosome nega-
tive (Ph-neg) MPN, despite considerable advances in symptom-
atic therapy in the last decade, therapeutic options are still limited,
especially for myelofibrosis, and survival is decreased in most

patients [1–4]. The concept of synthetic lethality provides an
alternative strategy to overcome inherent treatment resistance
by exploiting tumor-specific vulnerabilities. It is based on the
mechanism that neoplastic cells accumulate genetic aberrations
and become susceptible to therapeutic approaches, whereas non-
neoplastic cells do not acquire these alterations [5, 6], and, thus,
such treatment will not or only minimally affect non-neoplastic
cells. The concept of synthetic lethality has been applied to—
among others—impairment of cell cycle as well as DNA repair
mechanism pathways [7, 8].

As an example, cells harboring BRCA1 and BRCA2 mu-
tations, both part of the homologous recombination repair
pathway (HRR), are dependent on PARP as part of the
single-strand break repair (SSB) pathway. Previous studies
revealed that inhibiting PARP in BRCA mutated but not
non-mutated cells induce apoptosis. As a consequence,
PARP inhibitors were developed and approved for the treat-
ment of patients with BRCA-mutated ovarian cancer [9].

Altered DNA repair pathways have also been implicated in
the pathogenesis of myeloproliferative neoplasms (MPN).
Recent works demonstrate a downregulation of BRCA1 by
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BCR-ABL in chronic myeloid leukemia (CML) [10].
Furthermore, impairing RAD52 (part of HRR) in BRCA1/2-
deficient cells induced accumulation of double-strand breaks
and synthetic lethality in these cells, without significantly
impairing normal cells [11–13].

Based on these results in CML and Philadelphia-negMPN,
the aim of our study was to investigate the activity of DNA
repair mechanism in Ph-neg MPN by gene expression analy-
sis to detect whether synthetic lethality could be a possible
therapeutic concept in these entities. In line with this, genes
of the HRR (BRCA1, BRCA2, RAD52, RPA1, RPA2), NHEJ
(LIG4, PRKDC, XRCC5, XRCC6), and SSB (PARP, LIG3)
were analyzed in a respective cohort of Ph-neg MPN patients.

Materials and methods

Patients and controls

Fifty-seven patients from the Aachen MPN-registry of pa-
tients with classical, Ph-negMPN (essential thrombocythemia
(ET), polycythemia vera (PV), and myelofibrosis (MF)) and
13 controls were included in our study. All patients and con-
trols provided written informed consent, as approved by the
ethics committee (EK 127/12 and EK 099/14).

Blood preparation and gene expression analysis

Peripheral blood was used to isolate mononuclear cell
(MNCs) for further workup. In the next step, mRNA was
isolated and the concentration was measured using the
NanoDrop® system. 1 μg of mRNA was further used for
cDNA synthesis according to the in-house standard protocol.

For expression analysis, real-time PCR (RT-PCR) was ap-
plied using the SYBR® Green technology. 11 genes of DNA
repair pathways (BRCA1, BRCA2, LIG3, LIG4, PARP1,
PRKDC, RAD52, RPA1, RPA2, PALP2, XRCC5, XRCC6)
were analyzed as well as GAPDH as housekeeping and refer-
ence gene (primer list: Supplement Table 1). RT-PCR run on a
7500 Fast real-time PCR-platform, for control and analyzing
the 7500 Software v2.0.3 was used.

Statistics

Gene expression data (each gene in percentage of GAPDH
as comparator) of each entity was compared to expression
levels of normal controls. For statistical analysis, the non-
parametric Mann-Whitney U test was used (IBM SPSS
statistics 23; Prism 7 for Windows, Version 7.04, ©
GraphPad Software Inc.) to test for statistically significant
differences of expression level of each gene and entity (ET,
PV, MF) versus controls though normal distribution was
not given in the different cohorts.

Results

After exclusion of 12 samples due to insufficient sample qual-
ity, the final analysis included 46 evaluable samples of MPN
patients (17 PV, 15 ET, 14 MF (9 primary MF, 5 secondary
MF)) and 12 healthy controls. The JAK2 mutational status
was obtained from all samples and was detected in approxi-
mately 94% of PV, 67% of ET, and 86% ofMF cases (Table 1,
suppl. Table 4).

Gene expression data from the ET samples revealed
statistically significant different expression compared to
controls in the following genes (Table 2; Fig. 1; suppl.
Table 2): In the genes affecting the base excision repair
for LIG3 a lower expression could be detected (p < 0.05)
compared to controls, but no difference was seen for
PARP. In the genes which are involved in NHEJ-pathway,
a statistically significant higher expression was seen for
PRKDC (p < 0.05) and XRCC5 (p < 0.01), but no differ-
ence for LIG4 and XRCC6. For genes of the HRR, statis-
tically significant upregulation was detected for BRCA1
(p < 0.05) and highly significant for BRCA2 (p < 0.001),
whereas no differences were seen for RAD52, RPA1, and
RPA2 (see Table 2).

In PV, a different expression pattern was revealed com-
pared to ET (Table 2, Fig. 2; suppl. Table 2). While LIG3
expression was lower and PRKDC expression was higher
compared to controls, which was comparable to ET, genes
of the HRR pathway were differentially regulated in PV,
with expression of RAD52 being decreased, whereas no
differences were seen for BRCA1, BRCA2, RPA1, and
RPA2, which was different from ET and MF.

MF samples showed a quite different expression pat-
tern compared to the other two entities (Table 2, Fig. 3;
suppl. Table 2). Nine of the analyzed 11 genes revealed a
significant downregulation, only BRCA1 and BRCA2
were not significantly altered. None of the genes of the
NHEJ (LIG4, PRKDC, XRCC5, XRCC6) and the SSB
(LIG3, PARP1) showed expression levels comparable to
healthy controls.

Furthermore, we analyzed differences in gene expres-
sion in our cohort according to JAK2 state (positive/neg-
ative). In ET, a significant downregulation of the HRR
pathway was detected in JAK2 positive samples, whereas
no difference was seen regarding the MF samples.

Table 1 JAK2 positivity

Entity n (total) JAK2 positive, n (%) JAK2 negative, n (%)

PV 17 16 (94) 1 (6)

ET 15 10 (67) 5 (33)

MF 14 12 (86) 2 (14)
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Discussion

In MPN, despite recent advances in symptomatic therapy, the
options are still limited and further therapeutic approaches are
desirable. Synthetic lethality as therapeutic concept shows

promising preliminary data in the entity, so we analyzed a
respective cohort of MPN samples with regard to DNA-
repair mechanism.

Our study revealed a significant downregulation of LIG3 in
all three analyzed MPN entities. LIG3 is an essential part of

Fig. 1 a, b Expression of the
analyzed gene set in ET.
Expression in percentage of
GAPDH as comparator is shown
on the y-axis. For each gene,
difference of expression
compared to control is indicated
with significance levels (ns = not
significant; * = < 0.05; ** = <
0.01; *** = < 0.001. See also
Table 2).

Table 2 Significance level of expression difference (MPN vs controls)

BRCA1 BRCA2 RAD52 RPA1 RPA2 LIG4 PRKDC XRCC5 XRCC6 LIG3 PARP1

ET *↑ ***↑ ns ns ns ns *↑ **↑ ns *↓ ns

PV ns ns *↓ ns ns ns *↑ ns ns ***↓ ns

MF ns ns **↓ ***↓ **↓ ***↓ *↓ **↓ ***↓ ***↓ ***↓

Statistically significant differences in gene expression in ET/PV/MF vs controls. Genes of the homologous recombination repair (HRR) are shown in
bold, genes of the non-homologous end joining (NHEJ) are shown in italics, genes of the single strand break repair (SSB) are shown in bold italics

↑ = higher expression compared to control, ↓ = lower expression compared to control

*< 0.05

**< 0.01

***< 0.001
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the SSB, since inhibiting LIG3 in a mouse model led to early
death [14]. In addition, LIG3 may function as a backup for
impaired function of the NHEJ pathway [15]. In line with this,
downregulation of LIG3 may cause genetic aberrations in Ph-
neg MPN especially in MF, in which also components of
NHEJ show a lower expression. However, LIG3 is also part
of the alternative non-homologous end-joining pathway (A-
EJ). An upregulation of LIG3 was shown in BCR-ABL pos-
itive cell lines (CML in chronic phase), potentially replacing
HRR by the more error-prone DNA-repair pathway (A-EJ)
and subjecting these cells to genetic instability [16]. In con-
trast to that study, which analyzed cultured cell lines, we used
“fresh”RNA from patients’ blood samples which may explain
these differences in results. In addition, A-EJ is not the only
error-prone DNA repair mechanism. When both A-EJ and
NHEJ are reduced, HRR may compensate for the efficient
repair. However, excessive HRR, especially when combined
with inefficient mismatch repair (MMR), can be responsible
for genomic instability as described in CML [17–19]. This
hypothesis is further supported by the report that the JAK2
kinase appears to regulate MMR [20]. Furthermore,

downregulation of LIG3 may reduce base excision repair
(BER) activity, resulting in genomic instability [21].

When studying the MPN subentities in detail, in ET sam-
ples, there was no downregulation of the analyzed genes de-
tected except for LIG3. Compared to the control cohort, even
an upregulation of the HRR pathway could be revealed in ET
cohort. Our data show that DNA repair is not notably down-
regulated in ET. As cytogenetic aberrations may be caused by
insufficient DNA-repair mechanisms [22], our finding is in
accordance with the fact that additional mutations other than
the three driver mutations (JAK2V617F, CALR, MPL) are
infrequent in ET and cytogenetic aberrations are rare in ET
(5–7%) [23]. In PV, cytogenetic abnormalities are detected in
a slightly higher proportion (~ 20%) and the frequency can
increase during clinical course [24]. We detected a significant
downregulation of RAD52 as part of the HRR pathway ab-
normalities in PV.

In the MF samples, our analysis revealed a statistically
significant downregulation of most of the analyzed genes,
including all genes of the SSB and NHEJ pathways and three
genes (RAD52, RPA1, RPA2) which are relevant in HRR

Fig. 2 a, b Expression of the
analyzed gene set in PV.
Expression in percentage of
GAPDH as comparator is shown
on the y-axis. For each gene,
difference of expression
compared to control is indicated
with significance levels (ns = not
significant; * = < 0.05; ** = <
0.01; *** = < 0.001. See also
Table 2).
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pathway. Comparing MF to ET/PV, cytogenetic aberrations
are more frequent and complex in patients with MF [25, 26].
In addition, further somatic mutations besides the classical
MPN defining mutations (JAK/CALR/MPL) are detected
more frequently in MF compared to ET/PV [27]. The distinct
downregulation of DNA repair mechanisms in our cohort may
be an explanation for these findings.

Previous studies could reveal synthetic lethality as pos-
sible therapeutic approach in CML [10]. Even in Ph-neg
MPN, recent works showed sensitivity to PARP inhibitors
in ruxolitinib-treated patients, as ruxolitinib causes HRR
and NHEJ pathway impairment [12]. Since patients’ sam-
ples in our study were obtained in the pre-ruxolitinib era,
ruxolinitib was excluded as confounding factor in our
analysis.

As data exist that JAK2 V617F activates the HRR pathway
[28], we analyzed expression differences among JAK2 posi-
tive and negative samples in ET and MF (PV was excluded
due to small number of JAK2 negative samples). To conclude

our analysis regarding this point, JAK2 positive and negative
samples in the complete cohort showed no statistically signif-
icant differences in gene expression levels (Suppl. Table 3).
With regard to the already mentioned previous data [28], this
discrepancy may be caused by different analyzed material as
well as different methodic approaches.

Finally, we have to address some limitations and advan-
tages of our study. Although we analyzed a respective cohort
of MPN samples, the number of samples is still small, and so
far only mRNA expression data was analyzed, but for better
understanding of DNA regulation in Ph-neg MPN and prov-
ing our hypotheses, further experimental evaluation on protein
level is essential. As JAK2 can influence DNA repair, it would
have been interesting to investigate the correlation of our
DNA repair gene expression data with JAK2 allele burden.
However, since allele burden measurements were not yet rou-
tinely assessed, these data are not available. While this may be
a limitation of our cohort, its advantage is that it reflects a real-
world setting without pre-selection.

Fig. 3 a, b Expression of the
analyzed gene set in MF.
Expression in percentage of
GAPDH as comparator is shown
on the y-axis. For each gene,
difference of expression
compared to control is indicated
with significance levels (ns = not
significant; * = < 0.05; ** = <
0.01; *** = < 0.001. See also
Table 2).

Ann Hematol (2019) 98:2703–2709 2707



Conclusion

In conclusion, our study demonstrated significantly different
gene expression in DNA-repair pathways in Ph-neg MPN
compared to controls as well as marked differences among
the three entities. Influence of JAK2 V617F mutational state
on gene expression could not be shown in our cohort, but
especially in MF samples all analyzed DNA repair mecha-
nisms are distinctly downregulated. Even though further stud-
ies are needed, data of this study suggests synthetic lethality as
potential new approach in the therapy of Ph-neg MPN.
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