Deletion of miR-451 curbs JAK2(V617F)-induced
erythrocytosis in polycythemia vera by oxidative
stress-mediated erythroblast apoptosis and
hemolysis

Myeloproliferative neoplasms (MPN) are chronic blood
cancers characterized by overproduction of blood cells of
the erythroid and myeloid lineages. Thrombosis, progres-
sion to myelofibrosis, and transformation to acute
leukemia represent major causes of morbidity and mor-
tality in MPN patients. Polycythemia vera (PV) is an MPN

that presents with erythrocytosis, and is often accompa-
nied by leukocytosis and thrombocytosis.! Current treat-
ment for PV focuses on reducing thrombotic risks by
phlebotomy and chemotherapy, but not all patients
respond (or they are intolerant), and some forms of
chemotherapy may increase the risk for leukemic trans-
formation.” More than 95% of PV patients harbor an acti-
vating driver allele of the tyrosine kinase JAK2,
JAK2V617F, and thus JAK2 kinase inhibitors have been
developed and approved for use in PV. However, these
drugs cause dose-limiting cytopenias and toxicity, in part
because they do not distinguish between JAK2V617F and
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wild-type JAK2, and JAK2 is essential for the generation
of multiple blood cell Iineages and has functions beyond
the hematopoietic system.” Novel therapeutic strategies
are needed that can specifically target PV cells. Here, we
show proof-of-principle evidence that inhibition of an
erythroid-specific micoRNA, miR-451, specifically
restrains erythrocytosis in PV.

MicroRNA (miR) are small non-coding RNA that regu-
late the translation and stability of target mRNA, thus
dictating the production of target proteins. They are
often expressed in a tissue and developmental-specific
manner, and play important roles in the development
and physiology of most tissues. miR-451 is expressed
almost exclusively by erythroid cells and promotes termi-
nal erythroid maturation.”” Removal of miR-451 does not
significantly affect steady-state erythropoiesis; however,
miR-451 knockout sensitizes animals to oxidant-induced
hemolysis.** This sensitivity arises because miR-451 dele-
tion derepresses 14-3-3C expression. 14-3-3C suppresses
FoxO3-induced anti-oxidant gene expression, which pro-
tects against reactive oxygen species (ROS). Growing evi-
dence has demonstrated that ROS can stimulate cancer
cell proliferation and neoplastic transformation, but high
levels of ROS are cytotoxic. JAK2V617F induces ROS,
and miR-451 is up-regulated both in PV CD34" cells and
in the SET2 cell line that expresses JAK2V617F."*"* We
therefore hypothesized that miR-451 inhibition might
promote ROS-induced hemolysis to curb JAK2Vé617F-dri-
ven erythrocytosis while sparing normal erythrocytes
and other blood cells.

To test the hypothesis, we genetically deleted miR-451
in a murine JAK2Vé617F-induced PV model." Bone mar-
row cells from miR-451" or miR-45""" littermates were
transduced to express either JAK2V617F or wild-type
(WT) JAK2, then transplanted into lethally irradiated WT
recipient mice. As expected, mice reconstituted with
miR-451"" cells expressing JAK2V617F (WT-J2VF) devel-
oped PV with elevated hematocrits, hemoglobin, red
blood cell (RBC) counts, and white blood cell (WBC)
counts (Figure 1A). In contrast, mice reconstituted with
miR-451" cells expressing JAK2V617F  (KO-J2VF)
showed normal RBC parameters after 6-weeks post
transplant (Figure 1A). A mild increase in hemoglobin
and hematocrit in KO-J2VF mice was observed at earlier
time points, which may reflect transient contribution
from transduced progenitor cells. Consistent with the
fact that miR-451 is almost exclusively expressed in ery-
throid cells, and thus its deletion was not expected to
affect WBC numbers, WBC counts were similarly and
significantly elevated in both WT-J2VF and KO-J2VF ani-
mals (Figure 1A). As controls, blood parameters of ani-
mals receiving either miR-451"* cells or miR-451" cells
expressing WT JAK2 (WT-J2WT or KO-J2WT) were sim-
ilar and in the normal range (Figure 1A). Therefore, dele-
tion of miR-451 specifically curbs erythrocytosis but not
leukocytosis in JAK2Vé17F-induced PV development.

We quantified erythroid cells in the bone marrow and
spleen using the erythroid lineage marker Ter119.
Ter119" erythroid cells were dramatically increased in
WT-J2VF animals compared to WT-J2WT mice, particu-
larly in the spleen, consistent with erythrocytosis. In KO-
J2VF mice, this increase was significantly reduced (Figure
1B and C). We further categorized erythroid precursors
into three subsets with progressive differentiation stages
based on the expression of Ter119, the transferrin recep-
tor (CD71), and cell size (FSC): EryA
(TER119™CD71"FSC"¢")  for basophilic; EryB
(TER119"#*CD71"¢"FSC**") for late basophilic and poly-
chromatic; and EryC (TER119""CD71°*ESC°") for

orthochromatic erythroblasts and reticulocytes.” In both
bone marrow and spleen, KO-J2VF mice showed a dra-
matic decrease in EryC cells compared to WT-J2VF mice
(Figure 1D and E and Ownline Supplementary Figure S1).
These results demonstrated that deletion of miR-451
restrained erythroid output in JAK2V617F-induced PV,
suppressing the expansion of late erythroblast EryC cells.
Morphological analysis supported a shift toward earlier
erythroblasts in KO-J2VF versus WT-J2VF mice (Online
Supplementary Figure S2).

To examine the mechanisms underlying how deletion
of miR451 restrains PV, we measured ROS levels in EryA,
EryB and EryC cells of WT-J2VF and KO-J2VF animals.
JAK2 or JAK2Vé17F was expressed bicistronically with
GFP, so GFP" cells were gated for analyses. ROS levels
decreased progressively as erythroid precursors mature
due to upregulation of anti-oxidant genes during ery-
throid differentiation (Figure 2A)." Strikingly, the levels of
ROS were significantly increased only in KO-J2VF EryC
cells but not in earlier erythroblast subsets (Figure 2A and
B), consistent with a specific loss of EryC cells in KO-
J2VF animals. The increase in EryC ROS levels was not
observed in WT-J2VF mice or KO-J2WT mice (Online
Supplementary Figure S3), indicating a synergistic effect of
combining expression of JAK2(V617F) with deletion of
miR-451. In line with these results, EryC cells from KO-
J2VF mice showed hightened apoptosis compared to
those from WT-J2VF mice (Figure 2C and  Ounline
Supplementary Figure S4).

We next determined whether JAK2V617F-expressing
RBC are also more sensitive to oxidant-induced hemoly-
sis when devoid of miR-451. We found that GFP fluores-
cence (the indicator for JAK2Vé17F expression) was not
detected in RBC, thus an alternative method was needed
to identify WT-J2VF and KO-J2VF erythrocytes. We took
advantage of a transgenic mouse line that expresses
Kusabira Orange in all tissues including RBC (kindly pro-
vided by Dr. Nakauchi).” GFP" cells from the bone mar-
row of WT-J2VF and KO-J2VF mice were sorted and sub-
sequently transplanted into lethally irradiated Kusabira
Orange mice. In these secondary recipients, WT-J2VF or
KO-J2VF RBC were identified by the lack of Kusabira
Orange fluorescence (transplanted donor cells), while
residual control RBC from the recipient mice were posi-
tive for Kusabira Orange fluorescence (control cells).
Consistent with results in EryC cells, KO-J2VF RBC
expressed significantly higher levels of ROS in compari-
son to WT-J2VF RBC, while control RBC showed similar-
ly low ROS levels in both animals (Figure 2D). KO-J2VF
RBC also contained fewer cellular free (reduced) thiols
(Online Supplementary Figure S5). Consequently, upon
exposure to hydrogen peroxide (H:0O:), a physiological
ROS precursor, KO-J2VF RBC exhibited enhanced
hemolysis (Figure 2E).

To gain further molecular insights, we examined
known anti-oxidant genes downstream of miR-451.* We
found that expression levels of Gpx1 (encoding glu-
tathione peroxidase 1) and Cat (encoding catalase) were
significantly lower in sorted EryA and EryB cells from
KO-J2VF mice compared to those from WT-J2VF mice
(Figure 2F). Moreover, sorted KO-J2VF RBC showed
reduced catalase protein levels compared to WT-J2VF
RBC (Figure 2G). Reduced expression of Gpx1 and Cat
may thus contribute to the heightened ROS levels and
augmented apoptosis and hemolysis in KO-J2VF cells.

To corroborate the role of ROS in restraining erythro-
cytosis by miR-451 inhibition i vivo, we treated WT-J2VF
and KO-J2VF animals with a well established anti-oxi-
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Figure 2. miR-451 deletion synergizes with JAK2V617F in sensitizing reactive oxygen species (ROS)-induced death of late erythroblasts and red blood cells
(RBC). (A and B) Quantitative analyses of ROS in GFP* erythroblast subsets. Cells were incubated with 2.5 uM CellROX Deep Red reagent (Life Technologies)
for 30 minutes (min) at 37 °C after surface markers staining. Median fluorescence intensity (MFI) was quantified by flow cytometry in (A). (B) Cell numbers are
normalized to mode (highest peak in histogram). (C) Quantitative analyses of Annexin V-binding in GFP* erythroblast subsets. Apoptosis was quantified by stain-
ing with annexin V (BD Pharmingen) and a vital dye (7-AAD, BD Pharmingen). Apoptotic cells were identified as Annexin V* 7AAD". (D) Higher levels of ROS are
detected in knockout (KO)-J2VF RBC. Cell numbers are normalized to mode. (E) KO-J2VF RBC are more sensitive to H-0:-induced hemolysis. Erythrocytes were
washed, resuspended in PBS with 20 mM glucose, and incubated with various concentrations of H202 for 3 hours (h) in a standard tissue culture incubator
(37°C, 5% CO0:2). Hemolysis was quantified by flow cytometry. (F) Gpx1 and Cat gene expression in sorted EryA and EryB cells was quantified by real-time poly-
merase chain reaction (RT-PCR) analysis. Relative mRNA expression was normalized to actin. (G) Cell lysates from sorted wild-type (WT)-J2VF and knockout
(KO)-J2VF RBC were immuno-blotted with antibodies to catalase or hemoglobin  as loading controls. (H) N-acetylcystein (NAC) dose-dependently increases
RBC numbers in KO-J2VF mice. 25 or 50 mg/kg NAC were administrated in WT-J2VF or KO-J2VF mice for two days. (I) Model of miR-451 deletion in curbing
JAK2(V617F)-induced erythrocytosis. *P<0.05; ***P<0.001.
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dant N-acetylcysteine (NAC). NAC treatments in KO-
J2VF mice showed a dose-dependent increase in RBC
numbers compared to vehicle-treated controls, while no
significant difference in RBC numbers was observed in
NAC treated WT-J2VF mice (Figure 2H). In parallel, WBC
numbers were not affected by NAC treatments (Figure
2H).

Together, these results demonstrated that miR-451
deficiency sensitizes erythroid precursors and RBC to
oxidative stress-induced destruction, thereby inhibiting
erythrocytosis in PV (Figure 2I). Interestingly, the
involvement of ROS in MPN is more complex. In con-
trast to our short-term NAC treatment, long-term treat-
ment of JAK2V617F mice alleviates PV, possibly by elim-
inating a ROS-mediated pro-survival/proliferative signal
in earlier progenitors.” These results also do not rule out
other mechanisms by which miR-451 might restrain
JAK2V617F-driven erythrocytosis, such as those that reg-
ulate erythroblast maturation. This may explain the
increase in apotosis of KO-J2VF EryB cells, which
showed similar ROS levels as EryB cells in WT-J2VF ani-
mals.

In summary, deletion of the erythroid-specific miR-451
is well-tolerated under normal homeostasis, but in PV
erythroblasts and RBC its removal leads to a heightened
sensitivity to oxidative stress-induced apoptosis and
hemolysis. miRNA inhibitors are currently being
explored as therapeutics.” We propose that lineage-spe-
cific modulators, such as miR-451 inhibitors, may repre-
sent a new personalized way in treating PV. It is impor-
tant to note that PV is a stem cell disease, and miR-451
suppression only impacts late erythroid precursors and
RBC. miR-451 inhibitors should thus be used in conjunc-
tion with JAK2 inhibitors or other treatments that target
the diseased hematopoietic stem cells. That said, the
combined therapy may allow lower dosages of the JAK2
inhibitors, thereby lessening cytotoxicity.

Huiyu Yao, Yue Ma and Lily Jun-shen Huang

Department of Cell Biology, University of Texas Southwestern
Medical Center, Dallas, TX, USA

Correspondence: LILY HUANG
Lily. Huang@utsouthwestern.edu
doi:10.3324/haemarol. 2018.210799

Acknowledgments: the authors would like to thank Dr. Saghi
Ghaffari for sharing experimental protocols.

Fyunding: this study was supported by Cancer Prevention Research
Instiute of Texas (CPRIT, RP110090) and National Institute of
Health (R01 HL089966) to LJH and a CPRIT post-doctoral training
fellowship 1o HY. The authors declare no competing financial interest in
relation to this work.

Information on authorship, contributions, and financial & other disclo-
sures was provided by the authors and is available with the online version
of this article at voww. haematologica.org.

References

1. Spivak JL. Myeloproliferative Neoplasms. N Engl ] Med. 2017;
876(22):2168-2181.

2. Tefferi A, Rumi E, Finazzi G, et al. Survival and prognosis among
1545 patients with contemporary polycythemia vera: an internation-
al study. Leukemia. 2013;27(9):1874-1881.

3. Vannucchi AM, Harrison CN. Emerging treatments for classical
myeloproliferative neoplasms. Blood. 2017;129(6):693-703.

4. Yu D, dos Santos CO, Zhao G, et al. miR-451 protects against ery-
throid oxidant stress by repressing 14-3-3zeta. Genes Dev. 2010;
24(15):1620-1633.

5. Patrick DM, Zhang CC, Tao Y, et al. Defective erythroid differentia-
tion in miR-451 mutant mice mediated by 14-3-3zeta. Genes Dev.
2010;24(15):1614-1619.

6. Rasmussen KD, Simmini S, Abreu-Goodger C, et al. The miR-
144/451 locus is required for erythroid homeostasis. ] Exp Med.
2010;207(7):1351-1358.

7. Dore LC, Amigo JD, Dos Santos CO, et al. A GATA-1-regulated
microRNA locus essential for erythropoiesis. Proc Natl Acad Sci U S
A. 2008;105(9):3333-3338.

8. Wienholds E, Kloosterman WE, Miska E, et al. MicroRNA expression
in zebrafish embryonic development. Science. 2005;309(5732):310-
311.

9. Landgraf P, Rusu M, Sheridan R, et al. A mammalian microRNA
expression atlas based on small RNA library sequencing. Cell.
2007;129(7):1401-1414.

10. Marty C, Lacout C, Droin N, et al. A role for reactive oxygen species
in JAK2 V617F myeloproliferative neoplasm progression. Leukemia.
2013;27(11):2187-2195.

11. Ahn]JS, Li], Chen E, Kent DG, Park HJ, Green AR. JAK2V617F medi-
ates resistance to DNA damage-induced apoptosis by modulating
FOXO3A localization and Bcl-xL deamidation. Oncogene. 2016;
35(17):2235-2246.

12. Zhan H, Cardozo C, Yu W, et al. MicroRNA deregulation in poly-
cythemia vera and essential thrombocythemia patients. Blood Cells
Mol Dis. 2013;50(3):190-195.

13. Bortoluzzi S, Bisognin A, Biasiolo M, et al. Characterization and dis-
covery of novel miRNAs and moRNAs in JAK2V617F-mutated SET2
cells. Blood. 2012;119(13):¢120-130.

14. Yao H, Ma'Y, Hong Z, et al. Activating JAK2 mutants reveal cytokine
receptor coupling differences that impact outcomes in myeloprolifer-
ative neoplasm. Leukemia. 2017;31(10):2122-2131.

15. Liu Y, Pop R, Sadegh C, Brugnara C, Haase VH, Socolovsky M.
Suppression of Fas-FasL coexpression by erythropoietin mediates
erythroblast expansion during the erythropoietic stress response in
vivo. Blood. 2006;108(1):123-133.

16. Marinkovic D, Zhang X, Yalcin S, et al. Foxo3 is required for the reg-
ulation of oxidative stress in erythropoiesis. J Clin Invest.
2007;117(8):2133-2144.

17. Hamanaka S, Ooehara ], Morita Y, et al. Generation of transgenic
mouse line expressing Kusabira Orange throughout body, including
erythrocytes, by random segregation of provirus method. Biochem
Biophys Res Commun. 2013;435(4):586-591.

18. van Roojj E, Olson EN. MicroRNA therapeutics for cardiovascular
disease: opportunities and obstacles. Nature Rev Drug Discov. 2012;
11(11):860-872.

haematologica 2020; 105:e156



