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Eltrombopag, an FDA-approved non-peptidyl thrombopoietin receptor agonist, is clinically used for the treatment of aplastic
anemia, a disease characterized by hematopoietic stem cell failure and pancytopenia, to improve platelet counts and stem cell
function. Eltrombopag treatment results in a durable trilineage hematopoietic expansion in patients. Some of the eltrombopag
hematopoietic activity has been attributed to its off-target effects, including iron chelation properties. However, the
mechanism of action for its full spectrum of clinical effects is still poorly understood. Here, we report that eltrombopag bound
to the TET2 catalytic domain and inhibited its dioxygenase activity, which was independent of its role as an iron chelator. The
DNA demethylating enzyme TET2, essential for hematopoietic stem cell differentiation and lineage commitment, is frequently
mutated in myeloid malignancies. Eltrombopag treatment expanded TET2-proficient normal hematopoietic stem and
progenitor cells, in part because of its ability to mimic loss of TET2 with simultaneous thrombopoietin receptor activation. On
the contrary, TET inhibition in TET2 mutant malignant myeloid cells prevented neoplastic clonal evolution in vitro and in vivo.
This mechanism of action may offer a restorative therapeutic index and provide a scientific rationale to treat selected patients

Introduction
Idiopathic aplastic anemia is characterized by immune-mediat-
ed hematopoietic progenitor and stem cell (HSPC) destruction,
resulting in deficiencies across all hematopoietic lineages (1-3).
Despite the therapeutic successes of immunosuppressive ther-
apies, approximately one-third of patients remain refractory
(4), and many of the responses are incomplete. Moreover, some
patients with aplastic anemia may experience clonal progres-
sion to myelodysplastic syndrome (MDS), associated with a poor
prognosis (5-9). Recently, a synthetic thrombopoietin receptor
(TPOR) agonist, eltrombopag (Epag), has been shown to be effec-
tive in aplastic anemia (10). In addition to the anticipated effect
on platelet counts, Epag therapy also produced remarkable trilin-
eage hematopoiesis (6, 11, 12). Subsequent studies confirmed the
efficacy of Epag in de novo and refractory aplastic anemia (13) for
increasing both the magnitude of response and the number of
responders. These effects expanded the indication spectrum of
Epag from immune thrombocytopenic purpura to aplastic anemia,
establishing this drug as an essential hematologic therapeutic.
TPOR expressed on megakaryocytes typically signals via JAK/
STAT pathway activation, but the presence of this receptor on early
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with TET2 mutant-associated or TET deficiency-associated myeloid malignancies.

HSPCs could contribute to its stimulatory effects, driving the pro-
duction of other blood cell lineages. However, Epag’s hematopoi-
etic activity has been observed in murine models despite its inabil-
ity to bind or activate murine TpoR. A similar finding has also been
confirmed in TpoR-deficient mice (14-17) in which Epag treat-
ment remarkably expanded HSPCs. These observations suggested
that some of Epag’s activities may be TPOR independent, in con-
trast to peptide TPO analogs, e.g., romiplostim. These TPOR-
independent effects of Epag were hypothesized to be due to
its iron (III) chelating properties (14, 16, 17), but the molecular
mechanism as to how this iron (III) binding could drive HSPC
expansion remains speculative.

Epag’s effects on intracellular iron may affect certain iron-
dependent epigenetic pathway(s) that promote HSPC self-rep-
lication. For instance, TET dioxygenases (TET1-3) are Fe*- and
a-ketoglutarate-dependent («KG-dependent) DNA dioxygenases,
which mediate CpG demethylation of promoters and enhancers in
HSPCs. Consequently, by changing gene expression patterns, TETs
control HSPC expansion and differentiation (18, 19). TET2 is the
most abundant TET dioxygenase in HSPCs, and somatic loss-of-
function (LOF) mutations of this gene frequently occur in myeloid
neoplasia and clonal hematopoiesis of indeterminate potential, a
prodromal condition in otherwise healthy elderly individuals asso-
ciated with a higher rate of progression to leukemia compared with
patients without hematopoiesis of indeterminate potential (20).

Here, we report the results of experiments designed to deter-
mine whether Epag affects the function of TET dioxygenases.
Our findings clarified the mode of action of this drug in the HSPC

1



:

RESEARCH ARTICLE

compartment, specifically Epag’s activity in promoting multilineage
clonal expansion and thus its therapeutic efficacy in aplastic anemia.

Results

The mechanisms of Epag action. Clinical and experimental obser-
vations suggest that a significant part of the hematopoietic activ-
ities of Epag is independent of its ability to activate TPOR-me-
diated signaling (14). During the search for TET-dioxygenase
modulators performed using a cell-free high-throughput screen
developed in-house employing a bioactive small-molecule library
(LOPAC1280 and Selleck’s L1700; Figure 1A and Supplemental
Figure 1A; supplemental material available online with this article;
https://doi.org/10.1172/JCI149856DS1), Epag emerged as one of
the most potent inhibitors of TET-dioxygenase activity targeting
the TET2 catalytic domain (TET2). The IC, for TET1 (1.0 0.1
uM), TET2 (1.3 + 0.3 uM), and TET3 (1.8 * 0.1 uM) dioxygenases
calculated from the dose-response curves suggest that Epag inhib-
ited all 3 TET dioxygenases with a similar efficacy even in the
presence of 25-fold molar excess of Fe?* (Figure 1B). To test wheth-
er Epag is a competitive inhibitor of TET cofactors, we performed
dose-dependent TET-dioxygenase inhibition in the presence of
25 and 250 pM of aKG or Fe*. The IC,  of Epag under excess of
Fe?* or «KG remained unaffected (Figure 1C). The results indicate
that Epag does not compete at the aKG binding site, since 10-fold
molar excesses do not affect its ability to inhibit TET2 dioxygen-
ase. The hematopoietic activity of Epag has been attributed to
cellular and extracellular Fe* chelation (14, 17, 21, 22). Therefore,
to probe the effect of free iron sequestration by Epag on its ability
to inhibit TET activity, we preincubated excess Epag (25 uM) with
varying concentrations of Fe?* or Fe** and performed TET-dioxy-
genase activity assays. The addition of up to 8-fold molar excess
of either form of iron (Fe?* or Fe*) did not rescue TET enzymat-
ic activity (Supplemental Figure 1B). However, the addition of 75
uM of Fe** changed the IC_, of Epag from 1.3 uM to 5.1 uM (Figure
1D). This shift in the IC_, of Epag on TET inhibition was consistent
with the proposed model of Epag sequestering free Fe*. However,
TET-dioxygenase inhibition by Epag is not fully attributable to its
affinity for Fe** given that 100-fold molar excess of Fe*" did not
reverse TET-dioxygenase inhibition. In addition, to test whether
iron chelators can act as broad-spectrum inhibitors of TET-diox-
ygenase activity, we tested deferoxamine (DFO) in similar con-
ditions and found that iron chelation did not inhibit TET-dioxy-
genase activity (Figure 1E). These results suggest Epag’s effects on
TET2 are independent of its ability to chelate Fe®".

To further elucidate the specificity of Epag-mediated TET2
inhibition, we performed surface plasmon resonance-based (SPR-
based) analysis to measure the direct binding to TET2¢" (Figure
1F). We observed a dose-dependent increase in the resonance
response consistent with the direct binding of Epag to immo-
bilized TET2 on a sensor chip (Figure 1G). However, we did not
observe any significant affinity of Epag for TET2 in the absence
of Fe*. The addition of Fe* in place of Fe? significantly reduced
the binding of Epag to TET2. DFO, a known broad-spectrum iron
chelator, did not show TET2P binding or inhibitory activity (Fig-
ure 1G). This result further confirmed the notion that TET inhi-
bition by Epag is not due to free iron chelation. To further under-
stand the mode of binding of Epag to TET2, we performed in silico
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docking (AutoDock 4) running on AutoDock Tools (23) with the
known crystal structure of TET2¢P (Protein Data Bank ID 4NM6)
and interaction with its cofactors and substrates (24). Docking
results indicated that Epag can form a tripartite complex with Fe?*
and TET2 (Figure 1H and Supplemental Figure 1D). The predictive
model accounting for our binding data suggests a probable mode
of Epag interaction with TET2 that incorporates His1382, Asp1387,
and His1904 residues, while also engaging the catalytic site Fe?
(Supplemental Figure 1, C and D). These amino acids are con-
served among the family of TET dioxygenases, TET1 and TETS3,
and in their murine homologs (Supplemental Figure 1E).

Epag diffuses into the nucleus. There have been several reports
characterizing Epag’s chemical properties, but its intracellular
functions have not been systematically studied (25, 26). We ana-
lyzed the UV-visible spectroscopic properties of Epag by deter-
mining the absorption maxima in aqueous buffers at different
pH levels; absorption maxima remained unchanged at 421 nm in
the presence and absence of fractionated subcellular suspensions
(Supplemental Figure 2, A and B). By assaying the standard dose-
dependent increase in absorption (observed up to 80 uM; Supple-
mental Figure 2B), we estimated the fraction of Epag present in the
nucleus. We found that nearly 24% of Epag was partitioned into the
nuclear fraction within 30 minutes of exposure, indicating it can
diffuse into the nucleus and thus may be accessible to TET2 locat-
ed in the nucleus (Figure 2A and Supplemental Figure 2C). The
purities of the cytoplasmic and nuclear fractions were analyzed
by Western blot using the specific markers GAPDH (cytoplasmic
fraction) and histone H3 (nuclear fraction). The result demonstrat-
ed that both fractions used in the study for Epag partitioning were
pure and there was no detectable cross-contamination (Figure 2B;
see complete unedited blots in the supplemental material).

Epag inhibits TET activity independent of TPOR activation.
The known functions of Epag have been attributed primarily to
its agonistic effect on TPOR. More broad-spectrum effects on
hematopoiesis have been postulated to be due to its ability to che-
late cellular and extracellular iron (III) (14, 16, 17). To test whether
Epag-induced TpoR signaling affects TET activity, we engineered
murine cell lines BaF3 and 32D to express human TPOR. Irrespec-
tive of the presence or absence of TPOR, Epag inhibited TET-
dioxygenase activity as indicated by the decrease in 5hmC, a reli-
able measure of cellular TET-dioxygenase activity (Figure 2, C-E;
see complete unedited blots in the supplemental material). This
effect was irrespective of JAK/STAT pathway activation (mediated
by TPO-R activation) in that STATS phosphorylation levels showed
no association with the magnitude of TET inhibition by Epag (Fig-
ure 2, C-E). Similarly, the presence of TPOR signaling activation
did not contribute to TET inhibition by Epag in human TPOR over-
expressing BaF3 and 32D (Figure 2, C-E). While TPO, Epag, and
avatrombopag (Apag; a chemically unrelated non-peptidyl TPOR
agonist) all activated the JAK/STAT pathway to the same extent
in these cells, only Epag exhibited a robust TET-inhibitory effect
reflected in the global reduction of 5ShmC (Figure 2, C-E). Next,
primary murine bone marrow mononuclear cells were treated with
vehicle, TPO, Epag, or Apag, and we observed that only Epag treat-
ment reduced ShmC compared with vehicle (Figure 2, F and G).
Thus, Epag-mediated TET inhibition in these cells was specific and
independent of the presence or absence of TPOR signaling.

J Clin Invest. 2022;132(4):e149856 https://doi.org/10.1172/)CI1149856
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Figure 1. Epag binds and inhibits TET-dioxygenase activity in the presence of iron. (A) Epag as one of the top TET2 inhibitors identified by using an ELISA
assay developed in-house. Schematic representation of ELISA assay for TET activity is on the left. (B) IC,, of Epag for TET1, TET2, and TET3 measured by
ELISA. (C and D) TET2 inhibition by Epag cannot be restored by an excess amount of iron (11) or aKG but can only be partially restored by an excess amount of
iron (111). (E) DFO does not inhibit TET2 activity. TET2 ELISA was performed with different concentrations of DFO and Epag. (F) lllustration of surface plasmon
resonance assay to measure the binding affinity of Epag to TET2%. The GST-TET2%° was captured by anti-GST antibody on CM-5 sensor chip along with refer-

ence channel GST alone. (G) Equilibrium resonance maxima (R

max’

) calculated by fitting the kon/koff using 1:1 Langmuir binding by BlAevaluation software and

plotted; binding was measured in the presence of Fe?* or Fe**. (H) Epag mode of interaction with TET2-activated complex. In silico docking simulation of Epag
with TET2. (B-E and G) Results are representative of 3 independent experiments performed and are expressed as mean + SEM of at least 3 replicates.

Epag treatment phenocopies loss of Tet2. Studies of the con-
sequences of TET2 mutations in MDS and murine models have
demonstrated that loss of TET2 contributes to HSPC expansion and
myeloproliferation (27-30). Consistent with this, we observed that
Epag treatment significantly increased the colony-forming ability of
murine HSPCs in vitro (Figure 3A and Supplemental Figure 4, A and
B). Since Epag treatment mimics LOF of Tet2, we used Tet27~mice as
a control to investigate whether Epag’s effect is indeed Tez2 depen-
dent. Consistent with cell-free and suspension cell culture studies,
colony-forming assays showed that Epag treatment increased the
colony formation in Tet2”*; in particular, there were significant

J Clin Invest. 2022;132(4):e149856 https://doi.org/10.1172/)C1149856

increases in CFU-G, CFU-M, and CFU-GM, whereas no significant
effect was observed in the CFUs of Tet2”~ or Tet2”- murine HSPCs
(Figure 3B and Supplemental Figure 3A). To recapitulate this effect
in vivo, we performed C57BL/6]-CD45.2 Tet2*/* and Tet2”/~ synge-
neic bone marrow transplant in CD45.1 Pep Boy mice lethally irradi-
ated with 9.6 Gy radiation followed by Epag treatment (Supplemen-
tal Figure 3A). In these single syngeneic bone marrow grafts, Epag
treatment significantly increased monocyte and neutrophil counts
(Figure 3C and Supplemental Figure 4C) with no observable change
in RBCs, platelets, WBCs, or lymphocyte counts of WT graft recip-
ient mice treated with Epag (Supplemental Figure 3B). Consistent

:



RESEARCH ARTICLE The Journal of Clinical Investigation

>
&

7= Cell suspension B
~ Cytoplasmic extract 0 5 10

<= Nuclear suspension
wpa W CN WCN WCN

Epag, uM

421 nm)
<

T | — — — — — —

‘ GAPDH

Absorbance

(AOD, A

15_|‘--' — e— —

P | Histone H3
10—

e
il

D BaF3 BaF3™™" 32D 32DTPeR

0.0

5 10 15 20
[Epag], uM

Vehicle
TPO | ® »
Epag
Apag

Vehicle
rTPO
Epag
Apag

5hmC

2

O 0.8 %0 .o @
SR SRS

p-STAT5

5mC

Vehicle
rTPO
Epag
Apag

Loading

BaF3 BaF3T"oR 32D
o
1.5, * Vehicle «TPO « Epag * Apag F {?“30 0)‘,2? G
NS N
NS - N ns
. 1.0 . T
B

0.9

f NS NS NS "S NS rI1N£

H l&l&l"‘_&éo.

b 5hmC
>

=
(=]
13

T kkk

0.8 .

(=]
o
Atk

Relative 5ShmC/smc M

o
=]

r 0.7
s e e 06

& «@Ql 5mC| @ o @ @ ]
.,

Figure 2. Epag inhibits TET dioxygenases in cells independent of TPOR. (A) Distribution of Epag into different subcellular compartments. 32D cells were
treated with Epag for 30 minutes and washed and harvested. Cell suspensions, cytoplasmic extractions, and nuclear pellets were prepared. Absorbance

at 421 nm was measured at a known concentration and plotted. The solid lines are best-fit curves in different fractions. (B) Western blot analysis of sub-
cellular fractions of cells treated with Epag. W, whole-cell lysate; C, cytoplasmic fraction; N, nuclear fraction. (C) TPO-R activation by recombinant human
TPO (rTPO), Epag, and Apag. Parental or human TPOR overexpressing BaF3 or 32D cells was treated with 100 ng/mL rTPO, 1 uM Epag, or 1 uM Apag for 30
minutes. Cells were washed and harvested for protein extraction followed by Western blot analysis. (D and E) After 30 minutes of treatment as described
in C, cells were grown for additional 12 hours in complete media prior to genomic DNA extraction for 5ShmC and 5mC quantification by dot blot. (F and G)
Epag inhibits TET activity in mouse bone marrow mononuclear cells. Murine bone marrow mononuclear cells were treated with 100 ng/mL recombinant
murine TPO (rmTPO), 1 uM Epag or 1 uM Apag as in panels € and D, and 5hmC and 5mC were quantified by dot blot. (A-D and F) Results are representative
of 3 independent experiments performed. (E and G) Data are expressed as mean + SEM of 3 replicates. **P < 0.01, ***P < 0.001, ****P < 0.0001, and NS (P
> 0.05) by 1-way ANOVA with Dunnett's test of indicated treatment group and the vehicle control.

:

with the results of colony-forming assays, the effect of Epag on
neutrophils and monocytes was not observed in Tet2”~ graft recip-
ient mice (Figure 3D, Supplemental Figure 3C, and Supplemental
Figure 4, D and E). This observation suggested that the effect of
Epag observed in murine hematopoiesis is predominantly due to its

inhibitory effects on Tet2. Analysis of the bone marrow from Tet27*
and Tet2”~ graft recipient CD45.2 Pep Boy mice after 3 months
of treatment at euthanization showed that Epag significantly
expanded CD34*CD16/32lineageSca-1Kit* granulocyte-mac-
rophage progenitors (GMPs) along with a small but significant

J Clin Invest. 2022;132(4):e149856 https://doi.org/10.1172/)C1149856



The Journal of Clinical Investigation RESEARCH ARTICLE

A l L~ B

| [T ® Vehicle * Epag NS
. 100+ r. !
14 1st Plating 1a 2nd Plating % . NS tas
o . g 90‘ |_| . H
o 4 . e bzt
D12 1.2 = 80 E
GES) ek kkkk o 701 . %
5 *k *k = .
o ~1e 10 2 60{ ¢
O
501
083 o 20 "% 10 20 | j '
T ++ +- —-
[Epag], uM > oz
c . D Neutroot
J a4 Meutrophils Monocytes 3,. 4 eutrophils Monocytes
5:} g dkk 0.4 hkkk a -8 0.4 NS
S33 il S35 3 NS NS
=35 | s 0.3 * T8 | ons 0.3 NS
g2 0.2 322 & 0.2
EQS 2| NS g k=¥ 21 Ns
> 5 @
; al 0.1 * WT vehicle g g- ! 0.1 * Tet2~ vehicle
8 £ * WT Epag 8 = ® Tet2+ Epag
1 2 3 1 2 3 1 2 3 1 2 3
Months Months
E F . 35 evehide e Epag g
o —
120K c 30
| ] *kk H
= 25 — .
90K 8 104 g 052 E 20 .. :
< < w =0
Qoo - b3 olon 151 .. .
@ g‘g 8 X =
@ 100 o 1 10 e
30K
0 3 g 5
0 v v . tazas ; . £ 0
0 102 153 |(f1 1] \D: |(-3 o 10:‘ \53 —f=
Lin-BV421 c-Kit-PerCP CD16/32-APC-Cy7 Te2 +I{+
G Total cells H s0 Monocytes o I 50 Neutrophils
50 dkkk
40 40
40 Hkdkdk deddkdk
R 30 30
. 30 *kkk Sk
N 2 20 20
2
10 10 ® Vehicle
L L
® Epa
0 i i i 0 : . pag
0 1 2 3 0 1 2 3
Months Months Months

Figure 3. Epag treatment mimics loss of Tet2, and expansion of myeloid compartment is Tet2 dependent. (A) Epag dose response in the CFUs of Tet2*/*
murine bone marrow cells. (B) Epag increased CFUs in Tet2*/* but not Tet2*/~ and Tet2”- cells. Data of the second plating are shown. (A and B) Six mice per
group/treatment were used in 2 independent experiments. (C and D) Epag significantly increased neutrophil and monocyte count in vivo in Tet2*/* but not
in Tet2~/- graft recipient mice. Tet2*/* CD45.1, Pep Boy mice were lethally irradiated prior to the transplant of 2 million Tet2*/* or Tet2~- bone marrow cells
(CD45.2) via tail vein injection. Peripheral blood samples were counted by Hemavet. (E) Gating strategy of flow cytometry analysis for HSPCs, Lin-Sca-1c-
Kit* (LSK), Lin"Sca-1"c-Kit*CD34*CD16/32" (CMPs), Lin-Sca-1"c-Kit*CD34*CD16/32* (GMPs), and Lin-Sca-1"c-Kit*CD34-CD16/32- (MEPs). (F) Epag increased the
percentage of GMPs in Tet2*/* but not Tet2”- grafted mice. (G-1) Percentage of Tet2”~ cells in indicated populations in bone marrow of transplanted mice.
PEP mice were lethally irradiated and received 2 million bone marrow cells consisting of 95% Tet2** (PEP, CD45.1) and 5% Tet2”- (CD45.2) through tail vein
injection. Blood was harvested for flow cytometry analysis, CD11b*CD11c"Ly6C*Ly6G- (monocytes), and CD11b*CD11cLy6C°Ly6G* (neutrophils). The antibod-
ies used were FITC-CD45.1, PE-CD11c, APC-Ly6C, Apc-Cy7-Ly6G, and PerCP-CD11b. Data are representative of experiments done twice. (C, D, and F-1) Mice
were randomly divided into 2 groups and either treated with 50 mg/kg Epag or vehicle (water) by oral gavage. A total of 4 donor mice and 8 recipient mice
were used per group in 2 independent experiments. Data are expressed as mean + SEM of 8 replicates. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001,
and NS (P > 0.05) by 1-way ANOVA using Dunnett’s test (A) and 2-tailed unpaired t test (B-D and F-1).

increase in the lineage Sca-1*c-Kit" stem cell (LSK) population (Fig- ~ Supplemental Figure 3D) compared with the vehicle control group
ure 3, E and F, Supplemental Figure 3D, and Supplemental Figure  (Figure 3F, Supplemental Figure 3D, and Supplemental Figure 4).

4). On the contrary, Epag treatment did not affect the blood or bone Epag treatment restricts the clonal evolution of Tet2”~ in vivo.
marrow composition of Tet27~ graft recipient mice (Figure 3F and  Since Epag treatment expands Tet2”* but not Tet27~ cells, we tested

J Clin Invest. 2022;132(4):e149856 https://doi.org/10.1172/)C1149856 5
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whether the expansion of WT cells can be used to restrict the clon-
al evolution of Tet27~ cells in vivo using competitive bone marrow
transplant in a murine model system. For this purpose, we used
lethally irradiated CD45.1 Pep Boy mice as recipients and trans-
planted them with 2 million chimeric donor bone marrow cells com-
posed of 95% CD45.1 Pep Boy (Tet2”*) and 5% CD45.2 C57BL/6]
(Tet27~; Supplemental Figure 3E). Once the graft was established
(2 weeks after transplant), the mice were randomly divided into 2
groups with 1 receiving Epag (50 mg/Kg, p.o.; 5 days/week). The
evolution of blood chimerism over time was monitored using the
surface markers CD45.1, CD45.2, or both (Supplemental Figure
3F). Consistent with the previous reports, Tet2”~ cells expanded
rapidly in the control group compared with WT cells (27-29). Inter-
estingly, Epag treatment significantly slowed the clonal evolution
of Tet2”~ cells compared with controls (Figure 3G). At the end of the
treatment, there was a 26% reduction in the Tet2”~ fraction com-
pared with the control. Further analysis of different subpopula-
tions of leukocytes demonstrated a bigger difference in monocytes
(CD11b*CD11c” Ly6C*Ly6GY) and neutrophils (CD11b*CD11c Ly-
6ClLy6G*) compared with the control. After 3 months of Epag
treatment, the Ter27 fractions of monocytes and neutrophils were
nearly half of the control (Figure 3, H and I, and Supplemental Fig-
ure 3E). We did not observe any change in CD4*, CD8", or B220*
cells in the treatment group compared with controls (Supplemental
Figure 3G and Supplemental Figure 4, F and H).

The chimerism of different subpopulations of bone marrow cells
at the time of euthanization was analyzed using CD45.1 and CD45.2
surface markers along with lineage-specific markers for LSKs (Lin
Sca-1"c-Kit*, stem cell), LKs (Lin"Sca-1"c-Kit*), GMPs (CD34*C-
D16/32'Lin"Sca-1Kit*), CMPs (Lin Sca-1c-Kit*CD34*CD16/32),
and MEPs (LinSca-1¢c-Kit*CD34 CD16/32") (Supplemental Figure
3H). Epag treatment reduced the rate of clonal evolution of Tet27
cellsin the bone marrow at the time of euthanization, as observed in
total Tet27" cell fraction in the bone marrow. A consistent decrease
in LSK, LK, GMP, CMP, and MEP fractions was observed; however,
the difference did not reach the level of statistical significance (Sup-
plemental Figure 3H and Supplemental Figure 4G).

Epag treatment inhibits TET dioxygenase in primary human
hematopoietic cells. Epag treatment transiently mimics the loss of
TET2 independent of TpoR activation in vitro in murine cells and
in vivo transplant models (Figure 3). To test whether TET inhibition
in human cells is also TPOR independent, we used primary human
bone marrow mononuclear cells derived from healthy donors and
treated them with TPO, Epag, Apag, and vehicle alone as a control.
Only Epag treatment reduced 5ShmC; neither TPO nor Apag had any
effect on global 5ShmC, a marker for TET activity in primary bone
marrow cells (Figure 4, A and B).

The TET-inhibitory effect of Epag was further evident by the
hypermethylation of the genomic DNA isolated from PBMCs from
patients with aplastic anemia (n = 16) after Epag treatment. Glob-
al 5mC content measured using liquid chromatography with tan-
dem mass spectrometry (LC/MS/MS) demonstrated a significant
increase in 5mC content after Epag treatment compared with the
PBMCs isolated before treatment (Figure 4C).

To further understand the consequences of TET inhibition by
Epag in HSPCs, we used a serial replating colony-forming assay
using human Methocult. Bone marrow cells from 4 healthy donors
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were treated with recombinant human TPO (rTPO) or Epag in addi-
tion to the standard cocktail of growth factors (stem cell factor, IL-3,
IL-6, erythropoietin, G-CSF, and GM-CSF). Epag treatment signifi-
cantly prolonged the clonogenic potential of healthy bone marrow
cells compared with control rTPO treatment as observed in the sec-
ond and third plating (Figure 4, D and E, and Supplemental Figure
5A). Interestingly, in the third plating, no colony was observed in the
control or rTPO treatment, while the Epag-treated group retained
significant colony-forming capacity (Figure 4E). The flow cytomet-
ric analysis of cells after the second and third plating showed that
a higher proportion of cells (86%-97%) in Epag-treated cultures
expressed CD11b/CD14 compared with control or rTPO groups
(Figure 4, F and G, and Supplemental Figure 5, B-E). These results
suggest that the effect of Epag may be independent of TPOR sta-
tus, instead mimicking TET2 loss reflected in increased fractions
of CD11b*/CD14* cells (31).

Epag treatment prevents the clonal growth TET2MT cells. To fur-
ther confirm the role of TET?2 inhibition in Epag’s hematopoietic
activity and evaluate its impact on TET2-deficient cells, we per-
formed TET2 knockdown in CD34* cells derived from human cord
blood using lentiviral TET2 targeting shRNA along with scrambled
shRNA (scr) control as described earlier (31). Consistent with prior
reports (29, 31), knockdown of TET2 in CD34* cells resulted in a
nearly 3-fold increase in colony numbers compared with scr shRNA
control. Consistent with the murine model, the Epag treatment of
human CD34", cells transduced with scr shRNA increased colonies
by nearly 2-fold compared with the vehicle treatment; this increase
was not observed in TET2X> CD34" cells (Figure 5A). Interesting-
ly, a consistent decrease in colony number (statistically nonsig-
nificant) in the TET2 knockdown cells was observed in the Epag
treatment group. rTPO treatment had no significant effect on the
colony numbers (Figure 5A).

Recent reports suggest that highly proliferative myeloid leu-
kemia cells are critically dependent on TET3 (32), particularly
in the absence of TET2 (23). To test whether TET inhibition by
Epag imposes growth restrictions, particularly on TET2 knockout
myeloid leukemia cells compared with WT cells, we tested isogen-
ic THP1TET2%° cells generated using CRISPR-Cas9 and treated
with increasing doses of Epag (Figure 5B). TET27- THP1 cells have
a higher sensitivity to Epag compared with the nontargeting gRNA
THP1 control cells, suggesting that the inhibition of residual TET
activity mostly coming from TET3 may be detrimental for TET2
mutant leukemia cells (32). Thus, while Epag inhibits TET2 in
TET dioxygenase-proficient bone marrow cells from patients with
aplastic anemia, leading to HSPC expansion, in TET2-deficient
leukemia cells it may restrict their growth because of their depen-
dence on TET3 for demethylation of promoters and enhancers of
survival and proliferative genes. This in vitro cell-line model was
further confirmed in primary cells derived from patients with
TET2 mutant myeloid neoplasms. The effect of Epag on TET2
mutant myeloid neoplasm patient-derived mononuclear cells was
tested in 9 patients (5 with biallelic and 4 with monoallelic inac-
tivation of TET?2) using colony-forming assays in the presence or
absence of Epag (Figure 5C, Supplemental Figure 6, and Supple-
mental Table 1). Treatment of Epag led to a nearly 2-fold reduction
in the colony numbers compared with vehicle treatment (Figure
5C and Supplemental Figure 6). The effect was more pronounced
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Figure 4. Epag inhibits TET activity in humans. (A and B) Epag inhibits TET activity in human bone marrow mononuclear cells. Cells were treated with 100 ng/
mL rTPO, 1uM Epag, or 1 uM Apag for 30 minutes and followed by culturing for additional 12 hours with 10% FBS and 100 uM ascorbic acid. Cells were washed
and harvested for DNA extraction and used for dot blot analysis for 5ShmC and 5mC. B is the quantification and analysis of results in A. (C) Epag inhibits TET
activity in patients. Peripheral blood mononuclear cells from patients with aplastic anemia were isolated before and in the middle of taking Epag. Genomic
DNA was extracted for mass spectrometer analysis. Taking Epag significantly increased the global 5mC level, indicating TET inhibition by Epag. (D and E) Epag
increases CFUs in human bone marrow mononuclear cells from healthy donors (NBMs), n = 4. Mononuclear cells were seeded in Methocult with indicated con-
centrations of Epag or 100 ng/mL rTPO. CFUs were counted after the second and third plating. (F and G) Follow-up analysis of cells harvested from the second
plating of colony-forming assay in D. (A and G) Results are representative of at least 3 independent experiments performed. Data are expressed as mean +
SEM of 3 (B) or 4 (D-F) biological replicates in 3 independent experiments. P values from Dunnett’s test are indicated.

in the second plating (Figure 5C). We did not observe any statisti-
cally significant correlation of Epag treatment with variant allele
frequency (VAF) or the monoallelic or biallelic inactivation under
in vitro culture conditions (Supplemental Figure 6, D and E).
Since Epag has been extensively studied in clinical trials and
some of the clinical trials have patient mutation data available,
we investigated those details and analyzed the publicly available
data. In a study with a cohort of 43 aplastic anemia patients by
Winkler et al. (33), there were 5 patients with TET2 mutations at
different points in Epag treatment, among which 3 were LOF trun-
cating mutations and 2 missense alterations of unclear significance
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(Figure 5D). Interestingly, all 3 truncating TET2 mutants were
responders, and these clones completely disappeared at the end of
the treatment, suggesting that Epag may have a restrictive effect
on otherwise proliferative TET2"" clones. In contrast, 2 patients
had missense mutations (M865L and L1248P) considered inconse-
quential for TET2 enzymatic function (Figure 5D). These patients
were nonresponders, and TET2 mutant clone size did not change
in these cases. The results seen in the responders with pathogen-
ic mutations agree with our hypothesis that TET2M" responding
to Epag mediated TET inhibition due to a proliferative advantage
of WT HSPCs, thus competitively restricting and preventing the
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Figure 5. Epag treatment restricts the clonal growth of TET2" malignant cells. (A) Epag increased
CFUs of HSPCs depending on its TET2 inhibitory but not TPOR activation function. CD34* cells were
purified from cord blood samples (n = 3) and then infected with lentivirus with TET2 or scrambled
shRNA. Cells were plated in Methocult 2 days after infection in the presence of puromycin and 10 uM
Epag or 100 ng/mL rTPO. Relative CFUs presented are after the third plating. (B) TET2”- cells are more
sensitive to Epag treatment. TET2 mutant cells (T30 and T31), as well as vector control cells (vec), were
treated with different concentrations of Epag for 3 days. Cell survival was calculated by CellTiter-Glo
assay. The AUCs were calculated and used for statistical analysis. (C) Epag significantly restricted

the clonal growth of TET2"™ malignant cells. Mononuclear cells were purified from myeloid neoplasm
patient bone marrow (n = 9) with TET2 mutations. Mononuclear cells were seeded in Methocult with
indicated concentrations of Epag or 100 ng/mL rTPO. CFUs were counted after second plating, and rel-
ative colony numbers were plotted. (D) TET2 mutation variant allele frequency (VAF) of 5 patients with
aplastic anemia who received Epag treatment (33). R, responder; NR, nonresponder. Time points: 1,
baseline before Epag initiation; 2, primary end point (24 weeks); 3, longest time point available on Epag;
4, longest time point available off Epag after achieving robust response. (B) Results are representative
of 3 independent experiments performed. Data are expressed as mean + SEM of 3 (A) or 9 (C) biological
replicates in 3 independent experiments. P values are from 1-way ANOVA with Dunnett’s test.
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activities are due to intracellular and extra-
cellular iron (III) chelation (14, 16, 17, 21).
However, a large part of Epag’s mechanisms
of action remained unclear. Here, using a
series of in vitro cell-free and cell-based
assays along with in vivo small animal mod-
els, we report that parts of Epag’s TPOR-in-
dependent clinical activities may be due
to its ability to inhibit TET dioxygenase by
direct interaction with the catalytic domain.
This reversible and transient inhibition to
some extent phenocopies the hematopoiet-
ic consequences of TET2 LOF observed in
TET2 mutant cells, i.e., expansion of HSPCs
and myeloid skewing.

Our results showed that while Fe?
is required for Epag binding to TET2, its
inhibitory effect is not due to sequestration
of intracellular or extracellular iron and
cannot be rescued by adding excess iron.
Thus, the following 2 plausible reactions
can be envisioned to explain the TET-inhib-
itory activity of Epag: (a) TET2 + Fe?* + Epag
> [Fe**-Epag| + [TET2] or (b) TET2 + Fe* +
Epag — [TET2-Fe**-Epag].

The addition of several-fold molar
excess a-KG failed to overcome the inhibi-
tory effect of Epag, suggesting that it is not
a competitive inhibitor of a-KG. Further
analysis of direct binding kinetics using SPR
confirmed the specificity of Epag interac-
tion with TET2" in the presence of Fe?.
Substitution of Fe** by Fe* in the binding
buffer significantly reduced Epag affinity
to TET2°P. Interestingly, 750-fold molar
excess Fe’ shifted 2-fold IC,, suggesting
that Epag chelates Fe** with the caveat that
its affinity for TET2°P is much higher than
that for Fe®*. DFO, a known powerful iron
chelator, showed no significant binding to
TET2, suggesting that Epag’s interaction
with the TET2 catalytic domain is specific
and requires Fe?* as a cofactor. Using a cell-
free in vitro model system coupled with in
silico molecular docking, we demonstrated
that Epag directly binds to TET2¢P via Fe?

:

clonal evolution of TET2MT cells as well as preventing the otherwise
proliferative dominant clone in certain patients.

Discussion

Newly discovered biologic activities of drugs with seemingly estab-
lished specificity often lead to new indications, sometimes years
after the initial FDA approval. The remarkable efficacy of Epag
in aplastic anemia, a prototypic hematopoietic stem cell deficien-
cy disorder, suggests that it may have alternative activity in addi-
tion to its known effects on megakaryocytopoiesis. Earlier, it was
reported that some of Epag’s TPOR-independent hematopoietic

and potently inhibits its dioxygenase function in physiologically
relevant doses (34). Therefore, the experimental evidence pre-
sented here supports a model where Epag forms a specific tripar-
tite complex [TET2-Fe?*-Epagl, which traps the catalytic site in an
inactive conformation following equation (b) above.

Epag’s effect on TET2 in cell-free systems is clinically as well
as biologically relevant since it is partitioned into the nucleus with-
in half an hour to exert its inhibitory activity on TET dioxygenases
in cells, as reflected in the reduced genomic 5ShmC content. Signif-
icant effects of Epag have been observed with 50 mg and 75 mg
daily doses in humans (10, 35). Pharmacokinetic characterization
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of healthy volunteers and patients showed that peak plasma con-
centration at steady state (Cmax) reaches around 8.0 and 12.7 pg/
mL after once-daily oral administration of 50 and 75 mg, respec-
tively (34, 35). Given the Epag molecular weight of 442.5 g/mol,
the Cmax is around 10 pM or 20 uM for a 50 mg or 75 mg oral
dose. In the present study, we observed an IC,  of approximately 1
uM for TET?2 inhibition, which is more than one-tenth of the phys-
iological concentration achieved for Epag in patients. Consistent
with physiological steady-state Cmax, we observed a significant
effect of Epag at 10 uM and 20 uM across different cellular assays.

The effect of Epag treatment on DNA dioxygenase activity
was independent of TPOR signaling. Epag is known to be human
TPOR specific with no known activation of murine JAK/STAT sig-
naling (14, 25, 26), but the effect on TET2 was observed in murine
hematopoietic cells in the absence of TpoR activation. Reconstitu-
tion of human TPOR in murine cells restored STAT5 phosphoryla-
tion without any measurable changes in the dioxygenase activity.
The presence or absence of the activated JAK/STAT signaling had
no bearing on the TET-inhibitory effects of Epag. TPOR-indepen-
dent TET-inhibitory action of Epag was further supported by the
fact that another small-molecule TPOR agonist (Apag) and rTPO
activated STAT5 but had no effect on TET-dioxygenase activity
measured in the genomic 5ShmC content.

Consistent with its inhibitory effect on TET2 activity, Epag
treatment significantly increased the number of CFUs in Tet2*/*
murine HSPCs, whereas this effect was completely absent in
Tet2”~ bone marrow cells. As expected, lower activity of Tet2 was
associated with a higher baseline expansion rate, and the effect of
Epag was not observed in cells with low TET2 activity. This geno-
type-dependent effect of Epag was even more profound in vivo.
Epag improved recovery of Tet2”* murine bone marrow recipi-
ents in syngeneic transplant in CD45.1 Pep Boy mice, whereas
no significant effect was observed in mice receiving Tet2”7" grafts,
suggesting that the effect of Epag can be attributed to TET2 inhi-
bition. In a competitive bone marrow reconstitution with a split
Tet2** and Tet2”~ graft, Epag provided a proliferative advantage
to Tet2*/, leading to a significant decrease in Tet2”~ fractions of
blood cells. Further analysis of different lineages reinforced the
notion that Epag treatment mimics loss of Tet2, as evidenced by
myeloid skewing involving monocyte and neutrophil populations
and increased numbers of LSKs and GMPs in Tet2*/* fractions with
a concomitant decrease in Tet2”" fractions of these cells.

Consistent with the TET-inhibitory action of Epag, analysis of
the genomic DNA of the PBMCs of patients with aplastic anemia
demonstrated a treatment-associated increase in the global cytosine
methylation, an effect comparable to that observed in normal bone
marrow in vitro but not with the structurally unrelated TPO-R ago-
nist, Apag or rTPO. This TET2-inhibitory effect of Epag significantly
prolonged the clonogenic potential of TET2-proficient bone marrow
cells compared with rTPO, particularly in the second and third plat-
ing, with a higher proportion of CD11b*/CD14* cells reinforcing the
notion that Epag may be mimicking loss of TET2 in hematopoietic
cells (31). We counted all colonies in the dish of human Methocult
H4435 from STEMCELL Technologies. The Methocult H4435 used
in our assay was expected to support the growth of erythroid progen-
itor cells (BFU-E and CFU-E); GMP cells (CFU-GM, CFU-G, and
CFU-M); and multipotential granulocyte, erythroid, macrophage,
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and megakaryocyte progenitor cells (CFU-GEMM) colony. The
addition of Epag also supports the growth of megakaryocytic pro-
genitors (14), which makes it very difficult to differentiate different
colony types based on the visual characteristics, so we counted all
types of colonies in the different conditions. Furthermore, to objec-
tively determine the impact of experimental conditions, i.e., Epag
treatment, we subjected the harvested colonies for characterization
by flow cytometry for the cellular output, including granulocytic and
monocytic cells. This goes beyond the standard of colony counting
with all of its inherent subjectivity, including visual assessment. This
in vitro observation was consistent with the in vivo effect of Epag
treatment on C57BL/6] Tet2 WT mice. Serial replating experiments
demonstrated the self-renewal capacity of stem and progenitor cells.
This assay has been widely used to demonstrate the effects of various
manipulations of genetic machinery in hematopoiesis, especially for
the study of TET2 biology. Previous studies showed that TET2 dele-
tion does not significantly affect CFUs in the first plating but in later
serial replating, demonstrating TET2’s function in the self-renewal
of HSPCs (29, 36). Consistent with these observations, we found
that Epag significantly increased CFUs in the second/third plating
but not the first plating. Several TPO-R agonists demonstrate similar
hematopoietic activities in aplastic anemia, including TPO peptide
mimetic romiplostim (37, 38), which does not inhibit TET2. In the
multilineage recovery of patients with aplastic anemia, the TET-
inhibitory effect of Epag may be secondary to TPO-R activation.
However, consistent with the durable, unique clinical response of
Epag in aplastic anemia, TET2 inhibition may be a key mechanism
of action that contributes to a prolonged expansion of HSPCs, lead-
ing to complete response and recovery.

TET dioxygenases are critical regulators of cytosine methyla-
tion and thereby a gatekeeper for efficient transcription in mamma-
lian cells (39-41). Here, we observed that there was no proliferative
advantage of Epag treatment in the absence of TET2, which is very
different from its activity in TET2-proficient cells. Recent reports
showed that Epag restricts the clonal outgrowth of malignant cells
in general (17, 22, 42-44). Our observations with Epag are consis-
tent with these reports and further indicate that the dioxygenase
inhibitory effect of Epag may be contributing to its antineoplastic
effect. This is further supported by evidence that TET2-deficient
leukemia cells rely on residual TET activity coming from TET1 and
TET3 for their proliferative advantage and survival (23, 32). Thus,
a further inhibition of TET activity may preferentially restrict the
growth of TET2M™ malignant cells while giving growth advantage
to TET2-proficient, normal HSPCs (23, 32, 39).

However, the effect may be more complicated because the
on-target effect on TPOR may provide a prosurvival signal by JAK/
STAT signaling activation in human cells. Interestingly, analysis
of previously reported clinical trial data is in agreement with our
hypothesis that TET2 mutant cell response to Epag-mediated TET
inhibition is in part due to Epag’s growth-promoting effects on WT
HSPCs and restrictive effect on TET2 mutant cells. Thus, Epag
may provide a competitive advantage to normal HSPCs while pre-
venting outgrowth of TET2 mutant malignant cells. Another way to
investigate whether Epag restricts the growth of TET2 mutant cells
would be to use mouse models of TET2MT clonal hematopoiesis of
indeterminate potential to determine whether the malignant evo-
lution of TET2 clone can be restricted or slowed by Epag.

:



e

RESEARCH ARTICLE

The inhibitory properties of Epag on TET2 as they relate to its
efficacy in aplastic anemia may in part explain the increased risk of
clonal evolution to MDS, characterized by a high prevalence of mono-
somy-7 in certain individuals (45). Previously, Epag in combination
with 5-azacytidine (5-Aza) was found to increase the risk of progres-
sion in the setting of MDS, leading to inferiority when the combina-
tion was compared with 5-Aza alone (46). Somatic LOF TET2 muta-
tions are common precursor lesions in MDS and also occur in clonal
hematopoiesis of indeterminate potential, an asymptomatic condi-
tion credited with increased risk of myeloid neoplasia. It was reported
that LOF Tet2MT facilitates the acquisition of subsequent mutational
hits (47). Interestingly, the clinical trial of Epag in MDS was in combi-
nation with 5-Aza, known to upregulate TET2 and TET3 (48, 49), and
thus Epag may have counteracted the effect of 5-Aza. It is possible
that the increased risk of clonal evolution that we observed may be
related to the TET-inhibitory effects of Epag in TET2-proficient cases
that phenocopy LOF TET2"™. The opposing effects of these 2 drugs
may in part explain the relatively inferior outcome in patients receiv-
ing the combination compared with the 5-Aza placebo.

In summary, our results indicate that Epag is a clinically rele-
vant DNA dioxygenase inhibitor and this activity may contribute, in
addition to its TPOR agonistic effect, to its efficacy in aplastic ane-
mia, including reexpansion of HSPCs. This activity is exclusive to
Epag and not observed with thrombopoietin or other TPO-R ago-
nists. As such, Epag represents a class of agents with pleiotropic
activity as TET dioxygenase inhibitors, conferring broader effects
that may prove useful in many applications.

Methods

Key reagents. The following reagents were used in this study: Epag,
MedKoo Biosciences, 100941; DFO, Sigma-Aldrich D9533; Apag, Med-
ChemExpress, HY-13463; rTPO, PeproTech, 300-18; and recombinant
murine TPO (rmTPO), PeproTech, 315-14.

Mice maintenance and experiments. Animal care and procedures
were conducted in accordance with Cleveland Clinic institutional
guidelines and approved by the IACUC, Cleveland Clinic. Tet2 mutant
mice (stock 023359) were procured from The Jackson Laboratory. In
mouse transplant experiments, recipient WT CD45.1 Pep Boy mice
received 2 doses of 480 rad (4.8 Gy) irradiation delivered 3 hours apart
followed by tail vein injection of 2 million donor bone marrow cells for
each mouse. In single transplantation, 100% CD45.2 WT or Tet27-bone
marrow cells were used as donor cells. In competitive transplantation,
5% Tet2”/- CD45.2 cells from C57BL/6] mice and 95% Tet2*/* from
CD45.1 Pep Boy cells were used as donor cells. Treatment (50 mg/kg
Epag freshly dissolved in water or vehicle p.o. once a day, 5 days/week)
started 24 hours after transplant in single experiments and 2 weeks after
transplant in competitive experiments. Peripheral blood was collected
by retro-orbital bleeding for complete blood count by Hemavet 950
(Drew Scientific) and/or flow cytometry analysis by FACSVerse (BD
Biosciences) every month. Mice were euthanized for bone marrow anal-
ysis after 3 months of treatment. Antibodies used in this study for flow
cytometry analysis are presented in Supplemental Table 2.

Tissue culture. Human normal bone marrow samples and cord
blood cells were collected from healthy donors in accordance with
Cleveland Clinic IRB-approved protocols. Mononuclear cells were
purified by Ficoll (Histopaque-1077, Sigma-Aldrich, 10771) from bone
marrow and cord blood samples. CD34" cell purification was performed
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using CD34 MicroBead Kit (Miltenyi Biotec, 130-097-047). All human
primary mononuclear cells, including CD34" cells, were maintained in
IMDM supplied with 20% FBS, 100 U/mL penicillin-streptomycin, and
100 ng/mL recombinant human SCF (PeproTech, 300-07).

Mouse bone marrow cells after red blood lysis were maintained in
IMDM supplied with 20% FBS, 100 U/mL penicillin-streptomycin, and
50 ng/mL recombinant murine SCF (PeproTech, 250-03). 32D and
Ba/F3 cell lines were purchased from ATCC and maintained in IMDM
culture medium supplied with 10% FBS, 100 U/mL penicillin-strepto-
mycin, and 2 ng/mL murine IL-3 (PeproTech, 213-13).

32D and Ba/F3 cells were electroporated by Amaxa Nucleo-
fector II with programs E-032 and X-001, respectively, with human
TPO-R plasmid MPL-pCMV-3Tag-3a. The open reading frame of
MPL (NM_005373.2) was cloned in pCMV-3Tag-3a vector to generate
MPL-pCMV-3Tag-3a (GenScript). Stable cell lines were established in
culture for 2 weeks in the presence of 500 pg/mL G418 (Gibco, 10131-
035). TET2 mutant cells (T30 and T31), as well as their vector control
cells (Vec), were generated and described earlier (23).

Colony-forming assay. Methocult M3434 (murine) and H4435
(human) from STEMCELL Technologies were used for colony-forming
assays. Methylcellulose was supplied with the indicated concentration
of Epag or rTPO before cell seeding. Mouse bone marrow cells after red
blood lysis were seeded at the concentration of 30,000 cells/mL. Bone
marrow mononuclear cells from healthy donors and patients were
seeded at the concentration of 100,000 cells/mL. CD34* cells were
infected with lentiviral TET2 targeting shRNA or nontargeting scr shR-
NA as described and characterized in our previous study (31). Two days
after lentivirus infection, CD34" cells were seeded at the concentration
0f 5000 cells/mL in Methocult in the presence of 5 pg/mL puromycin.
Colonies were scored and cells were harvested for replating or flow
cytometry analysis by FACSVerse (BD Biosciences) on days 10 to 14.

Expression and purification of recombinant catalytic domains of
TETI, 2, and 3. TET2 catalytic domain was purified in the lab. GST-
TET2 (1099-1936 Del-insert; ref. 24) expression vector was trans-
formed into E. coli strain BL21(DE3)pLysS. The transformant was
grown at 37°C to OD 600 of 0.6 and switched to 16°C for 2 addition-
al hours. Ethanol was added to the final concentration of 3% before
induction by adding isopropyl-b-D-thiogalactopyranoside to the final
concentration of 0.05 mM. Cells were cultured for 16 hours at 16°C.
Cells from 2 L culture were harvested and lysed in 50 mL of lysis buf-
fer (20 mM Tris-HCI pH7.6, 150 mM NacCl, 1x CelLytic B [Sigma-Al-
drich, C8740], 0.2 mg/mL lysozyme, 50 U/mL Benzonase, 2 mM
MgCL, 1mM DTT, and 1x protease inhibitor [Thermo Fisher Scientific
A32965]) for 30 minutes on ice. Lysate was sonicated by an ultrasonic
processor (Thermo Fisher Scientific FB-505 with 12” probe) with an
amplitude of 70% for 18 1-minute cycles (20 seconds on and then 40
seconds off). The lysate was then centrifuged twice at 40,000g for 20
minutes. The supernatant was filtered through the membrane with a
pore size of 0.45 um. Flow through was diluted 4 times with the solu-
tion of 20 mM Tris-HCI pH7.6, 150 mM NaCl. GST-TET2 was purified
by GE Healthcare AKTA Pure by affinity (GSTPrep FF16/10) and gel
filtration (Superdex 200 Increase 10/300 GL). For gel filtration, buffer
of 10 mM phosphate and 140 mM NaCl, pH 7.4, was used. Recombi-
nant TET1 (Epigentek, E12002-1) and TET3 (BPS Bioscience, 50163)
proteins were purchased and used without any further purification.

5hmC ELISA. The 96-well microtiter plate was coated with 10
pmol avidin (Sigma-Aldrich, A8706) in 0.1 M NaHCO, at a pH of 9.6 in
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100 L followed by biotin-5mC-DNA (IDT) substrate capture at room
temperature. TET2°P protein (0.4 pg) in 100 pL assay buffer (50 mM
HEPES pH 6.5, 100 mM NaCl, 0.1 mM Fe(NH‘l-)Z(Soél-)2 or FeCl, and
varying concentrations of the indicated drugs along with 1 mM 2-OG)
was added to each well for 2 hours at 37°C. Reactions were stopped
using 0.05 M NaOH (100 pL) on a shaking platform for 1.5 hours at
room temperature. After washing, wells were blocked with 2% BSA in
TBST for 30 minutes and incubated with anti-5hmC antibody (active
motif, 39769, 1: 3000) at 4°C overnight. After 4x washes, wells were
incubated with HRP-conjugated anti-rabbit secondary antibody (San-
ta Cruz Biotechnology) and developed by adding 3,3’,5,5'-Tetrameth-
ylbenzidine Liquid Substrate (Sigma-Aldrich, T4444). Reactions were
stopped by adding 2M H,SO,. ODs were recorded at 450 nm. TET2
inhibitor screening was performed in 384-well plates.

SPR. Kinetic characterization of TET2 binding to Epag was mon-
itored by SPR with a Biacore 3000 (GE Healthcare). Response units
(RUs), a measure of binding, were monitored as a function of time. To
prepare a surface plasmon sensor chip, purified GST-tagged TET2¢P
(purity >90%) was captured by anti-GST antibodies as described pre-
viously (31, 50). Varying concentrations of Epag (0-100 uM) in the
presence of 25 uM Fe?* or Fe* and 25 pM 2-oxoglutarate were used
as analytes. In all SPR experiments, analyte solutions of different con-
centrations were passed over the sensor chip containing immobilized
protein at a flow rate of 10 puL/minute for 5 minutes, and dissociation
was monitored while SPR buffer passed over the chips for an addition-
al 5 minutes. Data were normalized against a reference channel con-
taining immobilized GST. Surfaces were regenerated using 1 injection
of 1 M NaCl in 10 mM NaOH at 40 uL/minute for 30 seconds. Anal-
ysis and fitting of data were performed with BIAevaluation software,
version 3.2 (Biacore Inc.), with the option for simultaneous Ka/Kd
calculations. Sensorgram data were fitted using global fits to yield Ka
and Kd simultaneously assuming a 1:1 Langmuir model. Goodness
of fit was acceptable based on the criterion of x> < 1% of the observed
maximum response (R ).

Computational docking and in silico structural analysis. The crystal
structure of TET2°P in complex with 5mCpG containing DNA oligo,
N-oxalylglycine (NOG), and Fe? (Protein Data Bank ID 4NM6) was
used to dock 3-dimensional-optimized Epag. In silico docking experi-
ments of TET2 and aplastic anemia were performed using Glide in the
computational environment Maestro running on a Quantum TXR411-
0128R graphical processing unit. Initially, the grid sizes were kept large
enough to contain the entire molecule. The most favored binding poses
of aplastic anemia with TET2 were determined by restricting the NOG/
Fe?* binding site. The complex was minimized, and the binding poses
were analyzed in UCSF Chimera 1.8.

Spectrophotometric quantification of Epag. For cell suspension, cyto-
plasmic extract, and nucleus suspension preparation, cells of 32D were
treated with indicated concentrations of Epag or left untreated in plain
RPMI culture media at a density of 1 million/mL for half an hour. Then,
cells were harvested after treatment and suspended in buffer A (10
mM HEPES, pH 7.8, 10 mM KCl, 1.5 mM MgCl,, 0.34 M sucrose, 10%
glycerol) at concentration of 2.5 million/mL (cell suspension). NP40 at
final concentrations of 0.2% was added to cells, and cells were vortexed
for 10 seconds at the highest setting (Vortex Genie-2, Scientific Instru-
ments). Supernatant was removed to a new tube (cytoplasmic extract)
after centrifugation (5 minutes, 1300g, 4°C). Nuclei pellet was washed
twice with buffer A and suspended at the same volume of buffer A of
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cytoplasmic extract (nucleus suspension). To obtain the UV-visible
spectroscopic property of Epag, gradient concentrations of Epag were
made in different solutions and subcellular fractions prepared from
untreated 32D cells. Solution of 100 pL was added to a UV transparent
plate (Corning, 3635) and absorbance from 300 nm to 700 nm with 1
nm per step was measured Synergy H1 Hybrid Reader (BioTek).

Protein extraction and Western blot. Cell pellets were lysed in RIPA
buffer (Thermo Fisher Scientific, 89900) supplied with 1x protease
inhibitor cocktail (Thermo Fisher Scientific, A32965), 5 mM EDTA,
and 1x phosphatase inhibitor cocktail 2&3 (Sigma-Aldrich, PO044
& P5726) on ice for 15 minutes. Lysate was sonicated by an ultrason-
ic processor (Thermo Fisher Scientific FB-505 with 1/8” diameter
probe) with a setting of 3 for 5 cycles (5 seconds on and then 5 seconds
off). After centrifuging (15 minutes, 20,000g, 4°C) supernatant was
collected for Western blot analyses. STATS (Cell Signaling Technolo-
gy, 94205T), p-STATS5 (Cell Signaling Technology, 9351S), Flag (Sig-
ma-Aldrich, F1804), B-actin (Cell Signaling Technology, 4967S), GAP-
DH (Cell Signaling Technology, 8884S), and Histone H3 (Upstate,
06-755) antibodies were used.

Dot blot. Genomic DNA was extracted using the Promega purifi-
cation kit (A1620). DNA samples were denatured in denaturing buffer
(0.4 M NaOH/10 mM EDTA) for 10 minutes at 95°C and neutralized
with equal volumes of 2 M NH4OAc (pH 7.0). The DNA was then spot-
ted on a nitrocellulose membrane using a Bio-Dot Apparatus Assembly
(Bio-Rad). The membrane was air dried, cross-linked by Spectrolinker
XL-1000 (120 mJ/cm?), and detected with anti-5ShmC (active motif,
1:5000) or anti-5mC (Eurogentec, 1:2500) antibodies. The membrane
was stained with methylene blue.

Statistics. All statistical analyses were performed in GraphPad
Prism 8.0 unless otherwise described. Statistical significance testing
was performed using 2-tailed Student’s ¢ test unless described other-
wise. To compare multiple experiments, 1-way ANOVA with Dunnett’s
test was performed. For each case, a P value less than or equal to 0.05
was considered significant. Each experiment was performed in tripli-
cate at least twice wherever possible.

Study approval. Animal care and procedures were conducted in
accordance with institutional guidelines and with a protocol approved
by the IACUC of Cleveland Clinic. Human patient samples used in
this study were collected for research purposes using written informed
consent in accordance with Cleveland Clinic IRB-approved protocol.

Data and material availability. All requests for raw data and spe-
cific materials, including engineered stable cell lines reported in this
manuscript, can be made to the corresponding authors. Results of
individual repeats are provided as Supplemental Figure 4.

Author contributions

YG designed research studies, performed experiments, acquired
and analyzed data, and wrote parts of the manuscript. MH, DJ, BP,
SP, DRG, ADT, and SK collected data and provided reagents for
the study. SS and TL performed data analysis. DL and YP helped
with mouse experiments. MAS, YS, and OYM provided reagents
and assisted in writing the manuscript. JPM conceived and con-
ceptualized the study, read and edited the manuscript, and gener-
ated resources. BK]J conceived, conceptualized, and designed the
study, supervised the research, acquired and analyzed data, devel-
oped the reagents, wrote the original draft, edited the manuscript,
and generated resources for the study.

+



RESEARCH ARTICLE

Acknowledgments

We appreciate the technical assistance we received from the Molec-
ular Biotechnology Core (SPR); Seth Cory lab (32D and Ba/F3 cells);
Lily Wang lab (flow cytometry experiments); and Laila Terkawi,
Ishani Pandit, and Cassandra Kerr (patient sample processing) of
Lerner Research Institute, Cleveland Clinic. This work was sup-
ported in part by grants from the Leukemia and Lymphoma Soci-
ety (6582-20-LLS to BK]), Taub Foundation (to JPM and BK]), the
Edward P. Evans Foundation (Discovery Research grant EPE2108B]

The Journal of Clinical Investigation

to BK]J), and the NIH (R35HL135795 and RO1 HL132071 to JPM and
RO1 CA257544-01A1 to BK]).

Address correspondence to: Babal K. Jha or Jaroslaw P. Maciejews-
ki, 9500 Euclid Avenue, NE6, Cleveland, Ohio 44195, USA. Phone:
216.444.6739; Email:jhab@ccf.org (BK]); Phone: 216.445.5962; Email:
maciejj@ccforg (JPM). MAS’s address is: Sylvester Comprehensive
Cancer Center, Department of Biochemistry and Molecular Biology,
University of Miami Miller School of Medicine, Miami, Florida, USA.

1. Durrani J, Maciejewski JP. Idiopathic aplastic ane- 18. Hon GC, et al. 5mC oxidation by Tet2 modulates [published online August 30, 2021]. Leukemia.
mia vs hypocellular myelodysplastic syndrome. enhancer activity and timing of transcriptome https://doi.org/10.1038/541375.021.01390-3.
Hematology Am Soc Hematol Educ Program. reprogramming during differentiation. Mol Cell. 33. Winkler T, et al. Treatment optimization and
2019;2019(1):97-104. 2014;56(2):286-297. genomic outcomes in refractory severe aplas-

2. Ogawa S. Clonal hematopoiesis in acquired aplas- 19. Kohli RM, Zhang Y. TET enzymes, TDG and tic anemia treated with eltrombopag. Blood.
tic anemia. Blood. 2016;128(3):337-347. the dynamics of DNA demethylation. Nature. 2019;133(24):2575-2585.

3. Dolberg OJ, Levy Y. Idiopathic aplastic anemia: 2013;502(7472):472-479. 34. Gibiansky E, et al. Population pharmacokinetics
diagnosis and classification. Autoimmun Rev. 20. KoM, et al. Impaired hydroxylation of 5-methyl- of eltrombopag in healthy subjects and patients
2014;13(4-5):569-573. cytosine in myeloid cancers with mutant TET2. with chronic idiopathic thrombocytopenic pur-

4.Valdez JM, et al. Decreased infection-related Nature.2010;468(7325):839-843. pura. J Clin Pharmacol. 2011;51(6):842-856.
mortality and improved survival in severe aplas- 21. Punzo F, et al. Iron chelating properties of 35. Hayes S, et al. Population PK/PD modeling of
tic anemia in the past two decades. Clin Infect Eltrombopag: investigating its role in thal- eltrombopag in healthy volunteers and patients
Dis. 2011;52(6):726-735. assemia-induced osteoporosis. PLoS One. with immune thrombocytopenic purpura and

5. Afable MG I, et al. Clonal evolution in aplastic 2018;13(12):¢0208102. optimization of response-guided dosing. J Clin
anemia. Hematology Am Soc Hematol Educ Pro- 22. Roth M, et al. Eltrombopag inhibits the prolifer- Pharmacol. 2011;51(10):1403-1417.
gram.2011;2011(1):90-95. ation of leukemia cells via reduction of intracel- 36. Cimmino L, et al. Restoration of TET2 function

6. Desmond R, et al. Eltrombopag restores trilin- lular iron and induction of differentiation. Blood. blocks aberrant self-renewal and leukemia pro-
eage hematopoiesis in refractory severe aplastic 2012;120(2):386-394. gression. Cell. 2017;170(6):1079-1095.
anemia that can be sustained on discontinuation 23. Guan, et al. A therapeutic strategy for preferen- 37. Lee JW, et al. Romiplostim in patients with refrac-
of drug. Blood. 2014;123(12):1818-1825. tial targeting of TET2 mutant and TET-dioxygen- tory aplastic anaemia previously treated with

7. Desmond R, et al. Eltrombopag in aplastic ane- ase deficient cells in myeloid neoplasms. Blood immunosuppressive therapy: a dose-finding and
mia. Semin Hematol. 2015;52(1):31-37. Cancer Discov. 2021;2(2):146-161. long-term treatment phase 2 trial. Lancet Haema-

8. Negoro E, et al. Origins of myelodysplastic 24. HuL, et al. Crystal structure of TET2-DNA com- tol. 2019;6(11):e562-e572.
syndromes after aplastic anemia. Blood. plex: insight into TET-mediated 5mC oxidation. 38. Jang JH, et al. Efficacy and safety of romiplostim
2017;130(17):1953-1957. Cell. 2013;155(7):1545-1555. in refractory aplastic anaemia: a Phase I1/111,

9. Patel BJ, et al. Clonal dynamics of aplastic ane- 25. Erickson-Miller CL, et al. Preclinical activity of multicentre, open-label study. Br ] Haematol.
mia/paroxysmal nocturnal hemoglobinuria. Leuk eltrombopag (SB-497115), an oral, nonpeptide 2021;192(1):190-199.

Lymphoma. 2020;61(5):1242-1245. thrombopoietin receptor agonist. Stem Cells. 39. GuanY, et al. TET-dioxygenase deficiency in

10. Bussel JB, et al. Eltrombopag for the treatment of 2009;27(2):424-430. oncogenesis and its targeting for tumor-selective
chronic idiopathic thrombocytopenic purpura. 26. Erickson-Miller CL, et al. Discovery and therapeutics. Semin Hematol. 2021;58(1):27-34.
N Engl ] Med. 2007;357(22):2237-2247. characterization of a selective, nonpeptidyl 40. Scott-Browne JP, et al. TET proteins in natural

11. Olnes MJ, et al. Eltrombopag and improved thrombopoietin receptor agonist. Exp Hematol. and induced differentiation. Curr Opin Genet
hematopoiesis in refractory aplastic anemia. 2005;33(1):85-93. Dev. 2017;46:202-208.

N Engl ] Med. 2012;367(1):11-19. 27.Ko M, et al. Ten-Eleven-Translocation 2 (TET2) 41. Wu X, Zhang Y. TET-mediated active DNA

12. Townsley DM, et al. Eltrombopag added to stan- negatively regulates homeostasis and differen- demethylation: mechanism, function and
dard immunosuppression for aplastic anemia. tiation of hematopoietic stem cells in mice. Proc beyond. Nat Rev Genet. 2017;18(9):517-534.

N Engl ] Med. 2017;376(16):1540-1550. Natl Acad SciU S A. 2011;108(35):14566-14571. 42. Argenziano M, et al. Eltrombopag and its iron

13. Bussel J, et al. Mechanisms and therapeutic pros- 28.LiZ, et al. Deletion of Tet2 in mice leads to chelating properties in pediatric acute myeloid
pects of thrombopoietin receptor agonists. Semin dysregulated hematopoietic stem cells and sub- leukemia. Oncotarget. 2021;12(14):1377-1387.
Hematol. 2019;56(4):262-278. sequent development of myeloid malignancies. 43. Nevil G, et al. Initial in vivo testing of TPO-re-

14. Kao YR, et al. Thrombopoietin receptor-in- Blood. 2011;118(17):4509-4518. ceptor agonist eltrombopag in osteosarcoma
dependent stimulation of hematopoietic 29. Moran-Crusio K, et al. Tet2 loss leads to patient-derived xenograft models by the pediat-
stem cells by eltrombopag. Sci Transl Med. increased hematopoietic stem cell self-renew- ric preclinical testing consortium. Pediatr Hema-
2018;10(458):eaas9563. al and myeloid transformation. Cancer Cell. tol Oncol. 2021;38(1):8-13.

15. Fattizzo B, et al. Iron mobilization in a real life 2011;20(1):11-24. 44. Leitch HA, Vickars LM. Supportive care and che-
cohort of aplastic anemia patients treated with 30. Jankowska AM, et al. Loss of heterozygosity 4q24 lation therapy in MDS: are we saving lives or just
eltrombopag. Am ] Hematol. 2019; and TET2 mutations associated with myelodys- lowering iron? Hematology Am Soc Hematol Educ
94(9):E237-E239. plastic/myeloproliferative neoplasms. Blood. Program.2009;664-672.

16. Zhao Z, et al. Eltrombopag mobilizes iron 2009;113(25):6403-6410. 45. Shallis RM, et al. Aplastic anemia: etiology,
in patients with aplastic anemia. Blood. 31. GuanY, et al. Context dependent effects of molecular pathogenesis, and emerging concepts.
2018;131(21):2399-2402. ascorbic acid treatment in TET2 mutant myeloid Eur ] Haematol. 2018;101(6):711-720.

17. Vlachodimitropoulou E, et al. Eltrombopag: a neoplasia. Commun Biol. 2020;3(1):493. 46. Dickinson M, et al. Azacitidine with or without
powerful chelator of cellular or extracellular 32. Pulikkottil A, et al. TET3 promotes AML growth eltrombopag for first-line treatment of interme-
iron(I1I) alone or combined with a second chela- and epigenetically regulates glucose metabolism diate- or high-risk MDS with thrombocytopenia.
tor. Blood. 2017;130(17):1923-1933. and leukemic stem cell associated pathways Blood. 2018;132(25):2629-2638.

12 J Clin Invest. 2022;132(4):e149856 https://doi.org/10.1172/)CI1149856




The Journal of Clinical Investigation RESEARCH ARTICLE

47. PanF, et al. Tet2 loss leads to hypermutagenicity of human skin fibroblasts. Sci Rep. 2016;6:37017. 2014;9(6):€90846.
in haematopoietic stem/progenitor cells. Nat 49. Yan X, et al. 5-azacytidine improves the 50.Jha BK, et al. Inhibition of RNase L and RNA-
Commun. 2017;8:15102. osteogenic differentiation potential of aged dependent protein kinase (PKR) by sunitinib
48. Manzoni EF, et al. 5-azacytidine affects TET2 and human adipose-derived mesenchymal stem impairs antiviral innate immunity. ] Biol Chem.
histone transcription and reshapes morphology cells by DNA demethylation. PLoS One. 2011;286(30):26319-26326.

J Clin Invest. 2022;132(4):e149856 https://doi.org/10.1172/JC1149856 13




	Graphical abstract

