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Inhibition of LSD1 by small molecule inhibitors stimulates
fetal hemoglobin synthesis
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Increased fetal hemoglobin (HbF) leads to diminished severity of
sickle cell disease (SCD), as HbF disrupts deoxygenated sickle
hemoglobin polymerization.1 Many efforts have been made to
identify an effective way to increase HbF in adults that include
using chemical inducers,2 repressing silencers of the HbF genes,3-8

and manipulating nuclear receptors.9-11 Hydroxyurea (HU) is ap-
proved for clinical use. However, because of the heterogeneity
of response, more effective HbF therapeutics are needed.

We previously found that inhibition of lysine-specific histone
demethylase 1 (LSD1) using RNA interference or by application of
the monoamine oxidase inhibitor tranylcypromine (TC) in primary
human erythroid progenitor CD341 cell cultures induced HbF to
levels that should be efficacious in treating SCD.12 Subsequently,
we found that LSD1 inhibitor RN-1 treatment of SCD mice
resulted in increased g-globin induction and HbF synthesis and
led to improvement of many aspects of disease pathology.13,14

RN-1 also recapitulated the fetal pattern of hemoglobin in-
duction in baboons (Papio anubis).15

Here, we evaluated the effects of multiple commercially avail-
able small molecule chemical inhibitors of LSD1 on HbF syn-
thesis and erythroid physiology in SCD mice, in human primary
erythroid progenitor CD341 cells, and in induced pluripotent
stem cells (iPSC) derived from SCD patients. Two of these
agents, GSK-LSD1 and OG-L002, increased the percentage of
F cells after 4 weeks of treatment in SCD mice, which was ac-
companied by a reduction of both sickled red blood cells (RBCs)
and reticulocytes. These effects were mirrored by in vitro studies
of CD341 cells or erythroid progeny of sickle iPSCs. These findings
suggest that LSD1 is a potentially useful molecular target for
therapeutic intervention in treating SCD.

SCD mice (ha/ha::bS/bS, Townes model) experiments were
approved by Boston University’s Institutional Animal Care and
Use Committee. Human CD341 cells and sickle iPSC-derived
erythroblasts were cultured and treated with different con-
centrations of LSD1 inhibitors (supplemental Methods, avail-
able on the Blood Web site).
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Following intraperitoneal injection with chemical inhibitors of
LSD1 for 4 consecutive weeks (supplemental Table 1), the percent
of F cells was enumerated. In control animals treated with vehicle
only (dimethyl sulfoxide [DMSO]), F cells comprised ;2.5% of
total erythrocytes; animals treated with LSD1-C12, LSD1-C76, or
S2101 were similar to controls, and mice exposed to GSK-LSD1
or OG-L002 had 8% and 6% F cells, respectively (P, .05) (Figure
1A). Furthermore, in GSK-LSD1– or OG-L002–treated animals,
g-globin messenger RNA (mRNA) expression was induced up
to 6.3- or 4.4-fold, and total HbF% was enhanced from 0.2%
(control animals) to either 0.53% or 0.37%, whereasb-globinmRNA
expression was insignificantly altered (supplemental Figure 1).

We next determined whether the increase in F cells associated
with GSK-LSD1 and OG-L002 administration altered the ab-
normal hematology of SCD mice. Reticulocytes were quantified
by flow cytometric analyses of thiazole orange–stained periph-
eral blood. Control animals had .50% reticulocytes, reflecting
hemolytic anemia; reticulocytes in LSD1-C12–, LSD1-C76–, and
S2101-treated animals were similar to controls; GSK-LSD1– or OG-
L002–treated animals had 13% or 22% reticulocytes, respectively
(Figure 1B). Complete blood counts showed that both RBC numbers
and hematocrits increased in GSK-LSD1– and OG-L002–treated
animals, suggesting that decreased reticulocyte count was a con-
sequence of an improvement in anemia (supplemental Table 2).
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Figure 1. In vivo effects of LSD1 inhibition in SCDmice. (A) SCDmicewere treatedwith GSK-LSD1,OG-L002, or LSD1-C12 at a concentration of 1mg/g bodyweight per day, or
LSD1-C76 (0.5mg/gbodyweight per day), or S2101 (5mg/g bodyweight per day) for 4 weeks. DMSOwas injected as a negative control.Whole blood fromSCDmicewas stainedwith anti-
human HbF antibody. Statistical analysis of the percentage of HbF-high cells (F cells) by flow cytometry averaged over all samples. Statistically significant differences
between small chemical inhibitor-treated and control DMSO-treated SCD mice are indicated (*P , .05). Bar graph data are presented as the mean6 standard deviation,
n 5 3 mice per group. (B) The percentage of reticulocytes was measured by flow cytometry after thiazole orange staining of whole blood. The number shown above the
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azure B; original magnification 340) of peripheral blood smears of SCD mice after 4 weeks of treatment.
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Figure 2. LSD1 inhibitors increase HbF in primary human erythroid progenitor CD341 cells and in sickle iPSC-derived erythroblasts (SS24 cells). (A) Representative flow
cytometry plots of HbF-stained cultured CD341 cells treated with LSD1 inhibitors. After 7 days of expansion and 3 days in differentiation phase, cells were treated with 0.05 and
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We next examined the effects of these LSD1 inhibitors on
erythroid differentiation by flow cytometric analyses of whole
blood cells stained with antibodies against transferrin receptor
(CD71) and the erythroid-specific marker, Ter119. Compared
with control DMSO-treated SCD mice, the number of mature
erythroid cells (CD712Ter1191) increased from ;24.3% to 33%
in DMSO and LSD1-C12–, LSD1-C76–, and S2101-treated ani-
mals to 66% and 54% in animals exposed to GSK-LSD1 or OG-
L002, respectively (Figure 1C). Cell morphology was examined
by Wright Giemsa staining, and the number of sickled RBCs was
apparently reduced in SCD mice treated with GSK-LSD1 or OG-
L002 (Figure 1D). RBC distribution width from complete blood
count results was significantly reduced after GSK-LSD1 or OG-
L002 treatment, suggesting that the size of circulating RBCs was
more uniform in treated animals (supplemental Table 2).

To study the HbF inductive effect of GSK-LSD1 and OG-L002 in
human erythroid cells, we isolated and cultured CD341 cells
from the peripheral blood of normal donors. Following culture
in expansion and differentiation media, cells were treated
for 5 days with GSK-LSD1 or OG-L002 along with controls
(phosphate-buffered saline [PBS], DMSO, HU, TC, or RN-1). The
percentage of F cells significantly increased to 47.2% at 0.05 mM
and 57.1% at 0.1 mMOG-L002 as well as to 56.5% at 0.0015 mM
and 42.6% at 0.003 mM GSK-LSD1 (Figure 2A-B). The HbF in-
ductive effect of OG-L002 and GSK-LSD1 was superior to that
of 50 mM HU (39.3%) and comparable to the LSD1 inhibitors
TC (49.3% at 2 mM, 55.3% at 4 mM) or RN-1 (36.1% at 0.05 mM,
30.1% at 0.1 mM). The mean fluorescence intensity of F cells in
OG-L002– or GSK-LSD1–treated samples was higher than in
controls, suggesting that their treatment not only increased
the number of F cells but also increased the concentration of
HbF in F cells (Figure 2C-D). Consistent with the increase in
F-cell numbers, g-globin mRNA expression was significantly
induced, whereas b-globin changed only slightly in OG-L002–
or GSK-LSD1–treated cells (supplemental Figure 2). Prolonged
treatment of 9 days at the tested concentrations of OG-L002
and GSK-LSD1 did not alter cell viability (supplemental
Figure 3).

Finally, the effects of GSK-LSD1 and OG-L002 were examined
in iPSC-derived erythroblasts (SS24) from a patient with sickle cell
anemia.16 With our optimized differentiation protocol,17 differen-
tiated SS24 cells contain ,20% F cells, which is similar to that
observed in in vitro differentiated CD341 cells (which have
10% to 20% more F cells than observed in vivo). SS24 cells
exhibited a robust increase in the number of F cells (Figure 2E)
and HbF levels (supplemental Figure 4) following 3 days of ex-
posure to the LSD1 inhibitors OG-L002, GSK-LSD1, TC, and RN-1
and to HU when compared with PBS- or DMSO-treated cells.
The effective response of SS24 cells may represent a significant
advance that could be useful in the evaluation of different HbF-
inducing strategies.

Recently, a successful phase 1 clinical trial targeting DNMT1
inhibition was published,18 and another trial targeting BCL11A in
autologous CD341 cells from SCD patients has been initiated
(www.clinicaltrials.gov, #NCT03282656). However, the difficul-
ties of therapeutically targeting transcription factors and the lack
of small molecule chemical inhibitors that inactivate HBG DNA
binding repressors have to date resulted in only very few lead
HbF inducers with the potential for widespread use.

The development of pharmacological inhibitors of LSD1 has been
focused on its unusually abundant expression in many human
malignancies.19-21 TC was the first Food and Drug Administration–
approved drug reported to inhibit LSD1.22 Inhibition of LSD1 by
TC or its derivative RN-1 promoted HbF synthesis in human
primary CD341 cells, SCD mice, and baboons, indicating the
potential therapeutic value of targeting this pathway.12-15

Inhibitors with lower LSD1 half inhibitory concentration and
structures similar to RN-1 were chosen for additional study in
SCD mice. Two compounds, OG-L002 and GSK-LSD1, increased
HbF and improved anemia (Figure 1). OG-L002 and GSK-LSD1
also showed similar efficacy in inducing HbF in human primary
CD341 cells and sickle iPSC-derived erythroblasts (Figure 2),
whereas other inactive compound did not (supplemental Figures
5 and 6). Those findings provide substantial evidence to support
the concept that LSD1 may comprise a useful molecular target
for possible therapeutic intervention in treating SCD.

Acknowledgments
The authors are grateful to their colleagues for many insightful comments
on the manuscript.

This work was supported by an American Heart Association Scientist
Development grant 13SDG16950062 and American Society of Hematol-
ogy Scholar Awards (S.C.), and by National Institutes of Health, National
Heart, Lung, and Blood Institute research grants R01HL24415 (J.D.E.),
U01HL117658 (J.D.E.), U01HL107443 (M.H.S., D.H.K.C., and G.J.M.), and
R01HL133350-01A1 (G.J.M. and M.H.S.).

Authorship
Contribution: C.Q.L. and S.C. designed, performed, and analyzed experi-
ments and wrote the paper; G.M., N.J., and A.H. performed experiments;
and G.J.M., D.H.K.C., M.H.S., and J.D.E. analyzed experiments and
wrote the paper.

Conflict-of-interest disclosure: The authors declare no competing fi-
nancial interests.

ORCID profile: S.C., 0000-0001-9104-8517.

Correspondence: Shuaiying Cui, Boston University School of Medicine,
650 Albany St, Room 426A, Boston, MA 02118; e-mail: shuaiyin@bu.edu.

Footnote
The online version of this article contains a data supplement.

REFERENCES
1. Piel FB, Steinberg MH, Rees DC. Sickle cell disease. N Engl J Med. 2017;

376(16):1561-1573.

2. Testa U. Fetal hemoglobin chemical inducers for treatment of hemoglo-
binopathies. Ann Hematol. 2009;88(6):505-528.

3. Amaya M, Desai M, Gnanapragasam MN, et al. Mi2b-mediated silencing
of the fetal g-globin gene in adult erythroid cells. Blood. 2013;121(17):
3493-3501.

4. Jiang J, Best S, Menzel S, et al. cMYB is involved in the regulation of fetal
hemoglobin production in adults. Blood. 2006;108(3):1077-1083.

5. Zhou D, Liu K, Sun CW, Pawlik KM, Townes TM. KLF1 regulates BCL11A
expression and gamma- to beta-globin gene switching. Nat Genet. 2010;
42(9):742-744.

6. Masuda T, Wang X, Maeda M, et al. Transcription factors LRF and BCL11A
independently repress expression of fetal hemoglobin. Science. 2016;
351(6270):285-289.

2458 blood® 30 MAY 2019 | VOLUME 133, NUMBER 22 LETTERS TO BLOOD

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/133/22/2455/1553488/blood892737.pdf by guest on 21 June 2022

http://www.clinicaltrials.gov
http://orcid.org/0000-0001-9104-8517
mailto:shuaiyin@bu.edu


7. Xu J, Peng C, Sankaran VG, et al. Correction of sickle cell disease in adult
mice by interference with fetal hemoglobin silencing. Science. 2011;
334(6058):993-996.

8. Krivega I, Dale RK, Dean A. Role of LDB1 in the transition from chromatin
looping to transcription activation. Genes Dev. 2014;28(12):1278-1290.

9. Cui S, Tanabe O, Sierant M, et al. Compound loss of function of nuclear
receptors Tr2 and Tr4 leads to induction of murine embryonic b-type
globin genes. Blood. 2015;125(9):1477-1487.

10. Cui S, Kolodziej KE, Obara N, et al. Nuclear receptors TR2 and TR4 recruit
multiple epigenetic transcriptional corepressors that associate specifically
with the embryonic b-type globin promoters in differentiated adult ery-
throid cells. Mol Cell Biol. 2011;31(16):3298-3311.

11. Campbell AD, Cui S, Shi L, et al. Forced TR2/TR4 expression in sickle
cell disease mice confers enhanced fetal hemoglobin synthesis and al-
leviated disease phenotypes. Proc Natl Acad Sci USA. 2011;108(46):
18808-18813.

12. Shi L, Cui S, Engel JD, Tanabe O. Lysine-specific demethylase 1 is a
therapeutic target for fetal hemoglobin induction. Nat Med. 2013;19(3):
291-294.

13. Cui S, Lim KC, Shi L, et al. The LSD1 inhibitor RN-1 induces fetal he-
moglobin synthesis and reduces disease pathology in sickle cell mice.
Blood. 2015;126(3):386-396.

14. Rivers A, Vaitkus K, Ruiz MA, et al. RN-1, a potent and selective lysine-
specific demethylase 1 inhibitor, increases gamma-globin expression,
F reticulocytes, and F cells in a sickle cell disease mouse model. Exp
Hematol. 2015;43(7):546-553.e1-3.

15. Rivers A, Vaitkus K, Ibanez V, et al. The LSD1 inhibitor RN-1 recapitulates
the fetal pattern of hemoglobin synthesis in baboons (P. anubis).
Haematologica. 2016;101(6):688-697.

16. Park S, Gianotti-Sommer A, Molina-Estevez FJ, et al. A comprehensive,
ethnically diverse library of sickle cell disease-specific induced pluripotent
stem cells. Stem Cell Reports. 2017;8(4):1076-1085.

17. Leung A, Zulick E, Skvir N, et al. Notch and aryl hydrocarbon receptor
signaling impact definitive hematopoiesis from human pluripotent stem
cells. Stem Cells. 2018;36(7):1004-1019.

18. Molokie R, Lavelle D, Gowhari M, et al. Oral tetrahydrouridine and
decitabine for non-cytotoxic epigenetic gene regulation in sickle cell
disease: a randomized phase 1 study. PLoS Med. 2017;14(9):e1002382.

19. Kahl P, Gullotti L, Heukamp LC, et al. Androgen receptor coactivators
lysine-specific histone demethylase 1 and four and a half LIM domain
protein 2 predict risk of prostate cancer recurrence. Cancer Res. 2006;
66(23):11341-11347.

20. Lim S, Janzer A, Becker A, et al. Lysine-specific demethylase 1 (LSD1) is
highly expressed in ER-negative breast cancers and a biomarker predicting
aggressive biology. Carcinogenesis. 2010;31(3):512-520.

21. Schulte JH, Lim S, Schramm A, et al. Lysine-specific demethylase 1 is
strongly expressed in poorly differentiated neuroblastoma: implications
for therapy. Cancer Res. 2009;69(5):2065-2071.

22. Lee MG, Wynder C, Schmidt DM, McCafferty DG, Shiekhattar R. Histone
H3 lysine 4 demethylation is a target of nonselective antidepressive
medications. Chem Biol. 2006;13(6):563-567.

23. Shuga J, Zhang J, Samson LD, Lodish HF, Griffith LG. In vitro erythropoiesis
from bone marrow-derived progenitors provides a physiological assay
for toxic and mutagenic compounds. Proc Natl Acad Sci USA. 2007;
104(21):8737-8742.

DOI 10.1182/blood.2018892737

© 2019 by The American Society of Hematology

LETTERS TO BLOOD blood® 30 MAY 2019 | VOLUME 133, NUMBER 22 2459

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/133/22/2455/1553488/blood892737.pdf by guest on 21 June 2022

https://doi.org/10.1182/blood.2018892737

