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Abstract 25 

Eltrombopag, an FDA-approved non-peptidyl thrombopoietin receptor agonist is clinically used 26 

for the treatment of aplastic anemia, a disease characterized by hematopoietic stem cell failure 27 

and pancytopenia, to improve platelet counts and stem cell function. Eltrombopag treatment 28 

results in a durable tri-lineage hematopoietic expansion in patients. Some of the eltrombopag 29 

hematopoietic activity has been attributed to its off-target effects including iron chelation 30 

properties. However,  the mechanism of action for its full spectrum of clinical effects is still poorly 31 

understood. Here, we report that eltrombopag bound to the TET2 catalytic domain and inhibited 32 

its dioxygenase activity, which was independent of its role as an iron chelator. The DNA 33 

demethylating enzyme TET2, essential for hematopoietic stem cell differentiation and lineage 34 

commitment, is frequently mutated in myeloid malignancies. Eltrombopag treatment expanded 35 

TET2 proficient normal hematopoietic stem and progenitor cells, in part, due to its ability to mimic 36 

loss of TET2 with simultaneous thrombopoietin receptor activation. On the contrary, TET inhibition 37 

in TET2 mutant malignant myeloid cells prevented neoplastic clonal evolution, in vitro and in vivo. 38 

This mechanism of action may offer a restorative therapeutic index and provide a scientific 39 

rationale to treat selected patients with TET2-mutant or TET-deficiency-associated myeloid 40 

malignancies.  41 
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Introduction 42 

Idiopathic aplastic anemia (AA) is characterized by immune-mediated hematopoietic progenitor 43 

and stem cells (HSPCs) destruction resulting in deficiencies across all hematopoietic lineages (1-44 

3). Despite the therapeutic successes of immunosuppressive therapies (IST), approximately one-45 

third of patients remain refractory (4) and many of the responses are incomplete. Moreover, some 46 

AA patients may experience clonal progression to myelodysplastic syndrome (MDS), associated 47 

with a poor prognosis (5-9).  Recently, a synthetic thrombopoietin receptor (TPOR) agonist, 48 

eltrombopag (Epag) has been shown to be effective in AA (10). In addition to the anticipated effect 49 

on platelet counts, Epag therapy also produced remarkable tri-lineage hematopoiesis (6, 11, 12). 50 

Subsequent studies confirmed the efficacy of Epag in de novo as well as in refractory AA (13) 51 

increasing both the magnitude of response and the number of responders. These effects 52 

expanded the indication spectrum of Epag from immune thrombocytopenic purpura to AA, 53 

establishing this drug as an essential hematologic therapeutic.  54 

TPOR expressed on megakaryocytes typically signals via JAK/STAT pathway activation, but the 55 

presence of this receptor on early HSPCs could contribute to its stimulatory effects driving the 56 

production of other blood cell lineages. However, Epag’s hematopoietic activity has been 57 

observed in murine models despite its inability to bind or activate murine TpoR. A similar finding 58 

has also been confirmed in TpoR-deficient mice (14-17) in which Epag treatment remarkably 59 

expanded HSPCs. These observations suggested that some of Epag’s activities may be TPOR 60 

independent, in contrast to peptide TPO analogs, e.g., romiplostim. These TPOR independent 61 

effects of Epag were hypothesized to be due to its iron (III) chelating properties (14, 16, 17), but 62 

the molecular mechanism as to how this iron (III)-binding could drive the HSPCs expansion 63 

remains speculative. 64 

Epag effects on intracellular iron may affect certain iron-dependent epigenetic pathway/s that 65 

promote HSPCs self-replication. For instance, TET-dioxygenases (TET1-3) are Fe2+- and α-66 
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ketoglutarate-(αKG)-dependent DNA dioxygenases, which mediate CpG demethylation of 67 

promoters and enhancers in HSPCs. Consequently, by changing gene expression patterns, TETs 68 

control HSPC expansion and differentiation (18, 19). TET2 is the most abundant TET-69 

dioxygenase in HSPCs, and somatic loss-of-function (LOF) mutations of this gene frequently 70 

occur in myeloid neoplasia and clonal hematopoiesis of indeterminate potential (CHIP), a 71 

prodromal condition in otherwise healthy elderly individuals associated with a higher rate of 72 

progression to leukemia compared to non-CHIP patients (20). 73 

Here we report the results of experiments designed to determine whether Epag affects the 74 

function of TET-dioxygenases. Our findings clarify the mode of action of this drug in the HSPC 75 

compartment, specifically Epag’s activity in promoting multi-lineage clonal expansion and thus its 76 

therapeutic efficacy in AA. 77 

RESULTS 78 

The mechanisms of Epag action. Clinical and experimental observations suggest that a 79 

significant part of the hematopoietic activities of Epag is independent of its ability to activate TPOR 80 

mediated signaling (14). During the search for TET-dioxygenase modulators performed using an 81 

in-house developed cell-free high-throughput screen employing a bioactive small molecule library 82 

(LOPAC1280 and Selleck’s L1700; Figure 1A and Supplemental Figure 1A), Epag emerged as 83 

one of the most potent inhibitors of TET-dioxygenase activity targeting the TET2 catalytic domain 84 

(TET2CD). The IC50 for TET1 (1.0 0.1µM), TET2 (1.30.3µM), and TET3 (1.8 0.1µM) 85 

dioxygenases calculated from the dose-response curves suggest that Epag inhibits all 3 TET-86 

dioxygenases with a similar efficacy even in the presence of 25-fold molar excess of Fe2+ (Figure 87 

1B). To test whether Epag is a competitive inhibitor of TET co-factors we performed dose-88 

dependent TET-dioxygenase inhibition in the presence of 25 and 250µM of αKG or Fe2+. The 89 

IC50 of Epag under excess of Fe2+ or αKG remained unaffected (Figure 1C). The results indicate 90 

that Epag does not compete at the αKG binding site, since 10-fold molar excesses do not affect 91 
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its ability to inhibit TET2-dioxygenase. The hematopoietic activity of Epag has been attributed to 92 

cellular and extracellular Fe3+ chelation (14, 17, 21, 22). Therefore, to probe the effect of free iron 93 

sequestration by Epag on its ability to inhibit TET-activity, we pre-incubated excess Epag (25µM) 94 

with varying concentrations of Fe2+ or Fe3+ and performed TET-dioxygenase activity assays. The 95 

addition of up to 8-fold molar excess of either form of iron (Fe2+ or Fe3+) did not rescue TET 96 

enzymatic activity (Supplemental Figure 1B). However, the addition of 75 µM of Fe3+ changed the 97 

IC50 of Epag from 1.3 µM to 5.1 µM (Figure 1D). This shift in the IC50 of Epag on TET inhibition 98 

was consistent with the proposed model of Epag sequestering free Fe3+. However, TET-99 

dioxygenase inhibition by Epag is not fully attributable to its affinity for Fe3+ as 100-fold molar 100 

excess of Fe3+ did not reverse TET dioxygenase inhibition. In addition, to test if iron chelators can 101 

act as broad-spectrum inhibitors of TET-dioxygenase activity, we tested deferoxamine (DFO) in 102 

similar conditions and found that iron chelation does not inhibit TET-dioxygenase activity (Figure 103 

1E). These results suggest Epag’s effects on TET2 are independent of its ability to chelate Fe3+. 104 

To further elucidate the specificity of Epag-mediated TET2 inhibition, we performed surface 105 

plasmon resonance-based analysis to measure the direct binding to TET2CD (Figure 1F). We 106 

observed a dose-dependent increase in the resonance response consistent with the direct binding 107 

of Epag to immobilized TET2 on a sensor chip (Figure 1G). However, we did not observe any 108 

significant affinity of Epag for TET2 in the absence of Fe2+. The addition of Fe3+ in place of Fe2+ 109 

significantly reduced the binding of Epag to TET2. DFO, a known broad-spectrum iron chelator, 110 

did not show TET2CD binding or inhibitory activity (Figure 1G). This result further confirmed the 111 

notion that TET inhibition by Epag is not due to free iron chelation. To further understand the 112 

mode of binding of Epag to TET2 we performed in silico docking (Autodock 4) running on auto 113 

dock tools (23) with the known crystal structure of TET2CD (PDB ID: 4NM6) and interaction with 114 

its cofactors and substrates (24). Docking results indicated that Epag can form a tripartite complex 115 

with Fe2+ and TET2 (Figure 1H and Supplemental Figure 1D). The predictive model accounting 116 

for our binding data suggests a probable mode of Epag interaction with TET2 that incorporates 117 
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His1382, Asp1387, and His1904 residues, while also engaging the catalytic site Fe2+ 118 

(Supplemental Figure 1C-D). These amino acids are conserved among the family of TET 119 

dioxygenases, TET1 and TET3, and in their murine homologs (Supplemental Figure 1E). 120 

Epag diffuses into the nucleus. There have been several reports characterizing Epag’s 121 

chemical properties, but its intracellular functions have not been systematically studied (25, 26). 122 

We analyzed the UV-visible spectroscopic properties of Epag by determining the absorption 123 

maxima in aqueous buffers at different pH, absorption maxima remained unchanged at 421 nm 124 

in the presence and absence of fractionated subcellular suspensions (Supplemental Figure 2, A-125 

B). By assaying the standard dose-dependent increase in absorption (observed up to 80µM; 126 

Supplemental Figure 2B) we estimated the fraction of Epag present in the nucleus. We found that 127 

nearly 24% of Epag was partitioned into nuclear fraction within 30 minutes of exposure indicating 128 

it can diffuse into the nucleus and thus may be accessible to TET2 located in the nucleus (Figure 129 

2A and Supplemental Figure 2C). The purities of the cytoplasmic and nuclear fractions were 130 

analyzed by western-blot using specific markers GAPDH (cytoplasmic fraction) and histone H3 131 

(nuclear fraction). The result demonstrated that both fractions used in the study for Epag 132 

partitioning are pure and there was no detectable cross-contamination (Figure 2B). 133 

Epag inhibits TET activity independent of TPOR activation. The known functions of Epag 134 

have been attributed primarily to its agonistic effect on TPOR. More broad-spectrum effects on 135 

hematopoiesis have been postulated to be due to its ability to chelate cellular and extracellular 136 

iron (III) (14, 16, 17). To test, if Epag induced TpoR signaling affects TET activity, we engineered 137 

murine cell lines BaF3 and 32D to express human TPOR. Irrespective of the presence or absence 138 

of TPOR, Epag inhibited TET-dioxygenase activity as indicated by the decrease in 5hmC, a 139 

reliable measure of cellular TET-dioxygenase activity (Figure 2, C-E). This effect was irrespective 140 

of JAK-STAT pathway activation (mediated by TPO-R activation), as STAT5 phosphorylation 141 

levels showed no association with the magnitude of TET-inhibition by Epag (Figure 2, C-E). 142 
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Similarly, the presence of TPOR signaling activation did not contribute to TET inhibition by Epag, 143 

in human TPOR over-expressing BaF3 and 32D (Figure 2, C-E). While TPO, Epag, and 144 

avatrombopag (Apag; a chemically unrelated non-peptidyl TPOR agonist) all activated the JAK-145 

STAT pathway to the same extent in these cells, only Epag exhibited a robust TET-inhibitory 146 

effect reflected in the global reduction of 5hmC (Figure 2, C-E). Next, primary murine bone marrow 147 

mononuclear cells were treated with vehicle, TPO, Epag, or Apag and we observed that only 148 

Epag treatment reduced 5hmC compared to vehicle (Figure 2, F-G). Thus, Epag-mediated TET 149 

inhibition in these cells is specific and independent of the presence or absence of TPOR signaling. 150 

Epag treatment phenocopies loss of Tet2. Studies of the consequences of TET2 mutations in 151 

MDS and murine models have demonstrated that loss of TET2 contributes to HSPCs expansion 152 

and myeloproliferation (27-30). Consistent with this, we observed that Epag treatment significantly 153 

increased the colony-forming ability of murine HSPCs in vitro (Figure 3A and Supplemental Data 154 

1). Since Epag treatment mimics LOF of Tet2, we used Tet2-/- mice as a control to investigate if 155 

Epag’s effect is indeed Tet2-dependent. Consistent with cell-free and suspension cell culture 156 

studies, colony-forming assays showed that Epag treatment increased the colony formation in 157 

Tet2+/+, particularly there were significant increase in CFU-G, CFU-M and CFU-GM while no 158 

significant effect was observed in the CFU of Tet2+/- or Tet2-/- murine HSPCs (Figure 3B and 159 

Supplemental Figure 3A). To recapitulate this effect in vivo, we performed C57BL/6J-CD45.2 160 

Tet2+/+ and Tet2-/- syngeneic bone marrow transplant in CD45.1PepBoy mice lethally irradiated 161 

with 9.6 Gy radiation followed by Epag treatment (Supplemental Figure 3A). In these single 162 

syngeneic bone marrow grafts, Epag treatment significantly increased monocyte and neutrophil 163 

counts (Figure 3C and Supplemental Data 1) with no observable change in RBCs, platelets, WBC, 164 

or lymphocytes counts of wild type graft recipient mice treated with Epag (Supplemental Figure 165 

3B). Consistent with the results of colony-forming assays the effect of Epag on neutrophils and 166 

monocytes was not observed in Tet2-/- graft recipient mice (Figure 3D, Supplemental Figure 3C, 167 

Supplemental Data 1). This observation suggested that the effect of Epag observed in murine 168 
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hematopoiesis is predominantly due to its inhibitory effects on Tet2. Analysis of the bone marrow 169 

from Tet2+/+ and Tet2-/- graft recipient CD45.2 Pep Boy mice after three months of treatment at 170 

sacrifice showed that Epag significantly expanded CD34+CD16/32+Lineage−Sca-1−Kit+ 171 

granulocyte–macrophage progenitor (GMPs) along with a small but significant increase in 172 

Lineage−Sca−1+c-Kit+ stem cell (LSK) population (Figure 3, E-F, Supplemental Figure 3D and 173 

Supplemental Data 1). On the contrary, Epag treatment did not affect the blood or bone marrow 174 

composition of Tet2-/- graft recipient mice (Figure 3F and Supplemental Figure 3D) compared to 175 

the vehicle control group (Figure 3F, Supplemental Figure 3D and Supplemental Data 1). 176 

Epag treatment restricts the clonal evolution of Tet2-/- in vivo. Since Epag treatment expands 177 

Tet2+/+ but not Tet2-/- cells, we tested if the expansion of wild-type cells can be used to restrict the 178 

clonal evolution of Tet2-/- cells in vivo using competitive bone marrow transplant in a murine model 179 

system. For this purpose, we used lethally irradiated CD45.1 Pep Boy mice as recipients and 180 

transplanted them with 2 million chimeric donor bone marrow cells composed of 95% CD45.1 Pep 181 

Boy (Tet2+/+) and 5% CD45.2 C57BL/6J (Tet2-/-) (Supplemental Figure 3E). Once the graft was 182 

established (2 weeks post-transplant) the mice were randomly divided into two groups with one 183 

receiving Epag (50 mg/Kg, PO; 5 days/week). The evolution of blood chimerism over time was 184 

monitored using the surface markers either using CD45.1, CD45.2, or both (Supplemental Figure 185 

3F). Consistent with the previous reports, Tet2-/- cells expanded rapidly in the control group 186 

compared to wild-type cells (27-29). Interestingly, Epag treatment significantly slowed the clonal 187 

evolution of Tet2-/- cells compared to controls (Figure 3G). At the end of the treatment, there was 188 

a 26% reduction in the Tet2-/- fraction compared to control. Further analysis of different 189 

subpopulations of leukocytes demonstrated a bigger difference in monocyte (CD11b+CD11c- 190 

Ly6C+Ly6G-) and neutrophils (CD11b+CD11c- Ly6ClowLy6G+) compared to control. After three 191 

months of Epag treatment, the Tet2-/- fractions of monocytes and neutrophils were nearly half of 192 

the control (Figure 3, H-I, Supplemental Figure 3E). We did not observe any change in CD4+, 193 
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CD8+ or B220+ cells in the treatment group compared to controls (Supplemental Figure 3G, 194 

Supplemental Data 1). 195 

The chimerism of different subpopulations of bone marrow cells at the time of sacrifice was 196 

analyzed using CD45.1 and CD45.2 surface marker along with lineage-specific markers for LSKs 197 

(Lin-Sca-1+c-Kit+, stem cell), LKs (Lin-Sca-1-c-Kit+), GMPs (CD34+CD16/32+Lin-Sca-1-Kit+), CMPs 198 

(Lin-Sca-1-c-Kit+CD34+CD16/32-) and MEPs (Lin-Sca-1-c-Kit+CD34-CD16/32-) 199 

(Supplemental Figure 3H). Epag treatment reduced the rate of clonal evolution of Tet2-/- cells in 200 

the bone marrow at the time of sacrifice as observed in total Tet2-/- cell fraction in the bone marrow. 201 

A consistent decrease in LSKs, LKs, GMPs, CMPs, and MEPs fractions was observed, however, 202 

the difference did not reach the level of statistical significance (Supplemental Figure 3H, 203 

Supplemental Data 1). 204 

Epag treatment inhibits TET-dioxygenase in primary human hematopoietic cells. Epag 205 

treatment transiently mimics the loss of TET2 independent of TpoR activation in vitro in murine 206 

cells and in vivo transplant models (Figure 3). To test if TET inhibition in human cells is also 207 

TPOR-independent, we used primary human bone marrow mononuclear cells derived from 208 

healthy donors and treated them with TPO, Epag, Apag, and vehicle alone as a control. Only 209 

Epag treatment reduced 5hmC; neither TPO nor Apag had any effect on the global 5hmC, a 210 

marker for TET activity in primary bone marrow cells (Figure 4, A-B). 211 

The TET inhibitory effect of Epag was further evident by the hypermethylation of the genomic 212 

DNA isolated from peripheral blood mononuclear cells (PBMCs) from AA patients (n=16) after 213 

Epag treatment. Global 5mC content measured using liquid chromatography with tandem 214 

mass spectrometry (LC/MS/MS) demonstrated a significant increase in 5mC content after 215 

Epag treatment compared to the PBMCs isolated before treatment (Figure 4C). 216 

To further understand the consequences of TET inhibition by Epag in HSPCs, we used a serial 217 

re-plating colony-forming assay using human Methocult™. Bone marrow cells from 4 healthy 218 



Inhibition of TET2 by Eltrombopag Guan et al 2021 

10 
 

donors were treated with rTPO or Epag in addition to the standard cocktail of growth factors (SCF, 219 

IL-3, IL-6, EPO, G-CSF, and GM-CSF). Epag treatment significantly prolonged the clonogenic 220 

potential of healthy bone marrow cells compared to control rTPO treatment as observed in the 2nd 221 

and 3rd plating (Figure 4, D-E, and Supplemental Figure 4A). Interestingly, in the 3rd plating, no 222 

colony was observed in the control or rTPO treatment, while Epag treated group retained 223 

significant colony-forming capacity (Figure 4E). The flow cytometric analysis of cells after the 2nd 224 

and 3rd plating showed that a higher proportion of cells (86-97%) in Epag treated cultures 225 

expressed CD11b/CD14, compared to control or rTPO groups (Figure 4, F-G, and Supplemental 226 

Figure 4, B-E). These results suggest that the effect of Epag may be independent of cMPL status, 227 

instead mimicking TET2 loss reflected in increased fractions of CD11b+/CD14+ cells (31). 228 

Epag treatment prevents the clonal growth TET2MTcells. To further confirm the role of TET2 229 

inhibition in Epag’s hematopoietic activity and evaluate its impact on TET2 deficient cells, we 230 

performed TET2 knockdown in CD34+ cells derived from human cord blood using lentiviral TET2 231 

targeting shRNA along with scrambled shRNA (scr) control as described earlier (31). Consistent 232 

with prior reports (29, 31), knockdown of TET2 in CD34+ cells resulted in a nearly 3-fold increase 233 

in colony numbers compared to scr shRNA control. Consistent with the murine model, the Epag 234 

treatment of human CD34+, cells transduced with scr shRNA increased colonies nearly by 2-folds 235 

compared to the vehicle treatment, this increase was not observed in TET2KD CD34+ cells (Figure 236 

5A). Interestingly, a consistent decrease in colony number (statistically non-significant) in the 237 

TET2 knockdown cells were observed in the Epag treatment group. Recombinant TPO treatment 238 

has no significant effect on the colony numbers (Figure 5A). 239 

Recent reports suggest that highly proliferative myeloid leukemia cells are critically dependent on 240 

TET3 (32), particularly in the absence of TET2 (23). To test if TET-inhibition by Epag imposes 241 

growth restrictions, particularly on TET2 knockout myeloid leukemia cells compared to wild-type 242 

cells we tested isogenic THP1TET2KO cells generated using CRISPR-Cas9 and treated with 243 
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increasing dose of Epag (Figure 5B). TET2-/- THP1 cells have a higher sensitivity to Epag 244 

compared to the non-targeting gRNA THP1 control cells, suggesting that the inhibition of residual 245 

TET activity mostly coming from TET3 may be detrimental for TET2 mutant leukemia cells (32). 246 

Thus, while Epag inhibits TET2 in TET-dioxygenase proficient bone marrow cells from AA patients 247 

leading to HSPC expansion, in TET2-deficient leukemia cells it may restrict their growth because 248 

of their dependence on TET3 for demethylation of promoters and enhancers of survival and 249 

proliferative genes. This in-vitro cell line model was further confirmed in primary cells derived from 250 

patients with TET2 mutant myeloid neoplasms. The effect of Epag on TET2 mutant myeloid 251 

neoplasm patient-derived mononuclear cells were tested in 9 patients (5 with biallelic and 4 with 252 

monoallelic inactivation of TET2) using colony-forming assays in the presence or absence of Epag 253 

(Figure 5C, Supplemental Figure 5, and Supplemental Table 1). Treatment of Epag led to a nearly 254 

2-fold reduction in the colony numbers compared to vehicle treatment (Figure 5C and 255 

Supplemental Figure 5). The effect was more pronounced in the second plating (Figure 5C). We 256 

did not observe any statistically significant correlation of Epag treatment with VAF or the 257 

Monoallelic or biallelic inactivation under in vitro culture conditions (Supplemental Figure 5, D-E).  258 

Since Epag has been extensively studied in clinical trials and some of the clinical trials have 259 

patient mutation data available, we investigated those details and analyzed the publicly available 260 

data. In a study with a cohort of 43 AA patients by Winkler et al.,(33) there were 5 patients with 261 

TET2 mutations at different points in Epag treatment, among which 3 were LOF truncating 262 

mutations and 2 missense alterations of unclear significance (Figure 5D). Interestingly, all 3 263 

truncating TET2 mutants were responders, and these clones completely disappeared at the end 264 

of the treatment, suggesting that Epag may have a restrictive effect on otherwise proliferative 265 

TET2MT clones. In contrast, 2 patients had missense mutations (M865L and L1248P) considered 266 

inconsequential for TET2 enzymatic function (Figure 5D). These patients were non-responders, 267 

and TET2 mutant clone size did not change in these cases. The results seen within responders 268 

with pathogenic mutations agree with our hypothesis that TET2MT responding to Epag-mediated 269 
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TET-inhibition due to both the proliferative advantage to WT HSPCs, thus competitively restricting 270 

and preventing the clonal evolution of TET2MT cells as well as preventing the otherwise 271 

proliferative dominant clone in certain patients.  272 

Discussion 273 

Newly discovered biologic activities of drugs with seemingly established specificity often lead to 274 

new indications, sometimes years after the initial FDA approval. The remarkable efficacy of Epag 275 

in AA, a prototypic HSC deficiency disorder, suggests that it may have alternative activity in 276 

addition to its known effects on megakaryocytopoiesis. Earlier it was reported that some of its 277 

TPOR independent hematopoietic activities are due to intracellular and extracellular iron (III) 278 

chelation (14, 16, 17, 21). However, a large part of Epag’s mechanisms of action remained 279 

unclear. Here, using series of in vitro cell-free and cell-based assays along with in vivo small 280 

animal models, we report that parts of Epag’s TPOR independent clinical activities may be due to 281 

its ability to inhibit TET-dioxygenase by direct interaction with the catalytic domain. This reversible 282 

and transient inhibition, to some extent, phenocopies the hematopoietic consequences of TET2 283 

LOF observed in TET2 mutant cells i.e. expansion of HSPCs and myeloid skewing.  284 

Our results show that while Fe2+ is required for Epag binding to TET2, its inhibitory effect is not 285 

due to sequestration of intracellular or extracellular iron and cannot be rescued by adding excess 286 

iron. Thus, the following two plausible reactions can be envisioned to explain the TET inhibitory 287 

activity of Epag: 288 

(i) TET2 + Fe2+ + Epag ↔ [Fe2+-Epag] + [TET2] or 289 

(ii) TET2 + Fe2+ + Epag ↔ [TET2-Fe2+-Epag] 290 

The addition of several-fold molar excess α-KG failed to overcome the inhibitory effect of Epag 291 

suggesting that it is not a competitive inhibitor of α-KG. Further analysis of direct binding kinetics 292 

using SPR, confirmed the specificity of Epag interaction with TET2CD in the presence of Fe2+. 293 

Substitution of Fe2+ by Fe3+ in the binding buffer significantly reduced Epag affinity to TET2CD. 294 
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Interestingly, 750-fold molar excess Fe3+ shifted two-fold IC50 suggesting that Epag chelates Fe3+ 295 

with the caveat that its affinity for TET2CD is much higher than that for Fe3+. DFO, a known powerful 296 

iron chelator, showed no significant binding to TET2 suggesting that Epag’s interaction with the 297 

TET2 catalytic domain is specific and requires Fe2+ as a cofactor. Using a cell-free in vitro model 298 

system coupled with in silico molecular docking we demonstrate that Epag directly binds to 299 

TET2CD via Fe2+ and potently inhibits its dioxygenase function in physiologically relevant doses 300 

(34). Therefore, the experimental evidence presented here supports a model where Epag forms 301 

a specific tripartite complex [TET2-Fe2+-Epag] which traps the catalytic site in an inactive 302 

conformation following equation (ii) above. 303 

Epag’s effect on TET2 in cell-free systems is clinically as well as biologically relevant since it is 304 

partitioned into the nucleus within half an hour to exert its inhibitory activity on TET-dioxygenases 305 

in cells as reflected in the reduced genomic 5hmC content. Significant effects of Epag had been 306 

observed with 50 mg and 75 mg daily doses in humans (10, 35). Pharmacokinetic characterization 307 

of healthy volunteers and patients reported that peak plasma concentration at steady state (Cmax, 308 

ss) reaches around 8.0 and 12.7 µg/ml after once-daily oral administration of 50 and 75 mg, 309 

respectively (34, 35). Given the Epag molecular weight of 442.5 g/mol, the Cmax is around 10 310 

µM or 20 µM for 50 mg or 75 mg oral dose. In the present study, we observed an IC50 of ~1µM 311 

for TET2 inhibition which is more than one-tenth of the physiological concentration achieved for 312 

Epag in patients. Consistent with physiological steady-state Cmax, we observed a significant 313 

effect of Epag at 10 µM and 20 µM across different cellular assays.  314 

The effect of Epag treatment on DNA dioxygenase activity was independent of TPOR signaling. 315 

Epag is known to be human TPOR specific with no known activation of murine JAK-STAT 316 

signaling (14, 25, 26), but the effect on TET2 was observed in murine hematopoietic cells in the 317 

absence of TpoR activation. Reconstitution of human TPOR in murine cells, restored STAT5 318 

phosphorylation without any measurable changes in the dioxygenase activity. The presence or 319 
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absence of the activated JAK-STAT signaling has no bearing on the TET-inhibitory effects of 320 

Epag. TPOR independent TET-inhibitory action of Epag was further supported by the fact that 321 

another small molecule TPOR agonist (Apag) and recombinant TPO activated STAT5 but have 322 

no effect on TET-dioxygenase activity measured in the genomic 5hmC content. 323 

Consistent with its inhibitory effect on TET2 activity, Epag treatment significantly increased the 324 

number of CFU in Tet2+/+ murine HSPCs while this effect was completely absent in Tet2-/- bone 325 

marrow cells. As expected, lower activity of Tet2 was associated with a higher baseline expansion 326 

rate, and the effect of Epag was not observed in cells with low TET2 activity. This genotype-327 

dependent effect of Epag was even more profound in vivo. Epag improved recovery of Tet2+/+ 328 

murine bone marrow recipient in syngeneic transplant in CD45.1 Pep Boy mice with no significant 329 

effect observed in mice receiving Tet2-/- grafts suggesting that Epag effect can be attributed TET2 330 

inhibition. In a competitive bone marrow reconstitution with a split Tet2+/+ and Tet2-/- graft, Epag 331 

provided a proliferative advantage to Tet2+/+, leading to a significant decrease in Tet2-/- fractions 332 

of blood cells. Further analysis of different lineages reinforced the notion that Epag treatment 333 

mimics loss of Tet2 as evidenced by myeloid skewing involving monocyte and neutrophil 334 

populations and increased numbers of both LSKs and GMPs in Tet2+/+ fractions with a 335 

concomitant decrease Tet2-/- fractions of these cells. 336 

Consistent with the TET-inhibitory action of Epag, analysis of the genomic DNA of the PBMCs of 337 

AA patients demonstrated a treatment associated increase in the global cytosine methylation, an 338 

effect comparable to that observed in normal bone marrow in vitro but not with the structurally 339 

unrelated TPO-R agonist, Apag or rTPO. This TET2 inhibitory effect of Epag significantly 340 

prolonged the clonogenic potential of TET2 proficient bone marrow cells compared to rTPO 341 

particularly in the 2nd and 3rd plating with a higher proportion of CD11b+/CD14+ cells reinforcing 342 

the notion that Epag may be mimicking loss of TET2 in hematopoietic cells (31). We counted all 343 

colonies in the dish of human Methocult™ H4435 from STEMCELL Technologies. The 344 

Methocult™ H4435 used in our assay was expected to support the growth of erythroid progenitor 345 
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cells (BFU-E and CFU-E), granulocyte-macrophage progenitor cells (CFU-GM, CFU-G and CFU-346 

M), and multipotential granulocyte, erythroid, macrophage and megakaryocyte progenitor cells 347 

(CFU-GEMM) colony. The addition of Epag also supports the growth of megakaryocytic 348 

progenitors (14), which makes it very difficult to differentiate different colony types based on the 349 

visual characteristics, so we counted all types of colonies in the different conditions. Furthermore, 350 

to objectively determine the impact of experimental conditions i.e., Epag treatment we subjected 351 

the harvested colonies for characterization by flow cytometry for the cellular output including 352 

granulocytic and monocytic cells. This goes beyond the standard of colony counting with all of its 353 

inherent subjectivity including visual assessment. This in vitro observation was consistent with in 354 

vivo effect of Epag treatment on C57BL/6J Tet2 wild-type mice. Serial re-plating experiments 355 

demonstrate the self-renewal capacity of stem and progenitor cells. This assay has been used 356 

widely to demonstrate the effects of various manipulations of genetic machinery in hematopoiesis, 357 

especially for the study of TET2 biology. Previous studies showed that TET2 deletion does not 358 

significantly affect CFUs in the first plating but in later serial replating, demonstrating TET2’s 359 

function in the self-renewal of HSPCs (29, 36). Consistent with these observations, we found that 360 

Epag significantly increase CFU in the 2nd/3rd plating but not the 1st plating. Several TPO-R 361 

agonists demonstrate similar hematopoietic activities in aplastic anemia, including TPO peptide 362 

mimetic romiplostim (37, 38), which does not inhibit TET2. In the multilineage recovery of AA 363 

patients, the TET-inhibitory effect of Epag may be secondary to TPO-R activation. However, 364 

consistent with the durable unique clinical response of Epag in aplastic anemia, TET2 inhibition 365 

may be key mechanisms of action that contributes to a prolonged expansion of HSPCs leading 366 

to complete response and recovery.  367 

TET dioxygenases are critical regulators of cytosine methylation and thereby a gatekeeper for 368 

efficient transcription in mammalian cells (39-41). Here we observed that there is no proliferative 369 

advantage of Epag treatment in the absence of TET2, which is very different to its activity in TET2 370 

proficient cells. Recent reports showed that Epag restricts the clonal outgrowth of malignant cells 371 
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in general (17, 22, 42-44). Our observations with Epag are consistent with these reports and 372 

further indicate that the dioxygenase inhibitory effect of Epag may be contributing to its 373 

antineoplastic effect. This is further supported by evidence that TET2 deficient leukemia cells rely 374 

on residual TET activity coming from TET1 and TET3 for their proliferative advantage and survival 375 

(23, 32). Thus, a further inhibition of TET activity may preferentially restrict the growth of TET2MT 376 

malignant cells while giving growth advantage to TET2 proficient normal HSPCs (23, 32, 39). 377 

However, the effect may be more complicated due to the on-target effect on TPOR that may 378 

provide a pro-survival signal by JAK-STAT signaling activation in human cells. Interestingly, 379 

analysis of previously reported clinical trial data is in agreement with our hypothesis that TET2-380 

mutant responding to Epag-mediated TET-inhibition in part due to its growth-promoting effects on 381 

WT HSPCs and restrictive effect on TET2 mutant cells. Thus, Epag may provide a competitive 382 

advantage to normal HSPCs while preventing outgrowth of TET2 mutant malignant cells. Another 383 

way to investigate whether Epag restricts the growth of TET2 mutant cells would be to use mouse 384 

models of TET2MT CHIP to determine whether the malignant evolution of TET2 CHIP can be 385 

restricted or slowed by Epag. 386 

The inhibitory properties of Epag on TET2 as they relate to its efficacy in AA may in part explain 387 

the increased risk of clonal evolution to myelodysplastic syndrome, characterized by a high 388 

prevalence of monosomy-7 in certain individuals (45). Previously, Epag in combination with 5-389 

Azacytidine (5-Aza) was described to increase the risk of progression in the setting of MDS 390 

leading to inferiority when the combination was compared to 5-Aza alone (46). Somatic LOF 391 

TET2MT are common precursor lesions in MDS and also occur in clonal hematopoiesis of 392 

indeterminate potential, an asymptomatic condition credited with increased risk of myeloid 393 

neoplasia. It was reported that LOF Tet2MT facilitates the acquisition of subsequent mutational 394 

hits (47). Interestingly, the clinical trial of Epag in MDS was in combination with 5-Aza, known to 395 

upregulate TET2 and TET3 (48, 49) and thus Epag may have counteracted the effect of each 396 

other5-Aza. It is possible that the observed increased risk of clonal evolution may be related to 397 
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the TET-inhibitory effects of Epag, in TET2 proficient cases phenocopying LOF TET2MT. The 398 

opposing effects of these two drugs may in part explain the relatively inferior outcome in patients 399 

receiving the combination compared to 5-Aza placebo.  400 

In summary, our results indicate that Epag is a clinically relevant DNA dioxygenase inhibitor and 401 

this activity may contribute, in addition to its TPOR agonistic effect, to its efficacy in AA including 402 

re-expansion of HSPCs. This activity is exclusive to Epag and not observed with thrombopoietin 403 

or other TPO-R agonists. As such Epag represents a class of agents with pleiotropic activity as 404 

TET dioxygenase inhibitors, conferring broader effects which may prove useful in many 405 

applications.  406 
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Methods 407 

Key reagents 408 

Reagents used in the study were purchased: Eltrombopag (Epag), MedKoo Biosciences, Cat 409 

#100941; Deferoxamine, DFO, SIGMA Cat #D9533; Avatrombopag (Apag), MedChemExpress, 410 

Cat #HY-13463; recombinant human TPO (rTPO), PeproTech, Cat #300-18; and recombinant 411 

murine TPO (rmTPO), PeproTech, Cat #315-14. 412 

Mice maintenance and experiments 413 

Animal care and procedures were conducted in accordance with Cleveland Clinic institutional 414 

guidelines and approved by the Institutional Animal Care and Use Committee (IACUC), Cleveland 415 

Clinic. Tet2 mutant mice (Stock# 023359) were procured from the Jackson lab. In mouse 416 

transplant experiments, recipient wild type CD45.1 Pep Boy mice received two doses of 480 rad 417 

(4.8 Gy) irradiation delivered 3 hours apart, followed by tail veins injection of 2 million donor bone 418 

marrow cells for each mouse. In single transplantation, 100% CD45.2 wild type or Tet2-/- bone 419 

marrow cells were used as donor cells. In competitive transplantation, 5% Tet2-/- CD45.2 cells 420 

from C57BL/6J mice and 95% Tet2+/+ from CD45.1 Pep Boy cells were used as donor cells. 421 

Treatment (50 mg/kg Epag freshly dissolved in water, or vehicle p.o. once a day, 5-days/week) 422 

started 24 hours post-transplant in single, 2 weeks post-transplant in competitive experiments. 423 

Peripheral blood was collected by retro-orbital bleeding for complete blood count by Hemavet 950 424 

(Drew Scientific) and/or flow cytometry analysis by FACSVerse (BD) every month. Mice were 425 

sacrificed for bone marrow analysis after three months of treatment. Antibodies used in this study 426 

for flow cytometry analysis are presented in Supplemental Table 2.  427 

Tissue culture 428 

Human normal bone marrow (NBM) samples and cord blood cells from healthy donors in 429 

accordance with Cleveland Clinic IRB-approved protocols. All patient samples were collected 430 

using informed consent. Mononuclear cells were purified by Ficoll (Histopaque®-1077, SIGMA, 431 

Cat #10771) from BM and cord blood samples. CD34+ cell purification was performed using CD34 432 
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MicroBead Kit (Miltenyi Biotec, Cat #130-097-047). All human primary mononuclear cells 433 

including CD34+ cells are maintained in IMDM medium supplied with 20% FBS, 100 U/ml pen-434 

strep, and 100 ng/mL recombinant human SCF (PeproTech, Cat #300-07).  435 

Mouse bone marrow cells after red blood lysis were maintained in IMDM medium supplied with 436 

20% FBS, 100 U/ml pen-strep, and 50 ng/mL recombinant murine SCF (PeproTech, Cat #250-437 

03). 32D and Ba/F3 cell lines were purchased from ATCC (Manassas, VA) and maintained in 438 

IMDM culture medium supplied with 10% FBS, 100 U/ml pen-strep, and 2 ng/ml murine IL3 439 

(PeproTech, Cat #213-13).  440 

32D and Ba/F3 were electroporated by Amaxa Nucleofector II with programs E-032 and X-001, 441 

respectively, with human TPO-R plasmid MPL-pCMV-3Tag-3a, in which open reading frame of 442 

MPL (NM_005373.2) and cloned in pCMV-3Tag-3a vector (GenScript). Stable cell lines were 443 

established in culture for 2 weeks in the presence of 500 µg/ml G418 (Gibco, Cat #10131-035). 444 

TET2 mutant cells (T30 and T31), as well as their vector control cells (Vec), were generated and 445 

described earlier (23). 446 

Colony-forming assay 447 

Methocult™ M3434 (murine) and H4435 (human) from STEMCELL Technologies were used for 448 

colony-forming assays.  Methylcellulose was supplied with the indicated concentration of Epag or 449 

rTPO before cell seeding. Mouse bone marrow cells after red blood lysis were seeded at the 450 

concentration of 30,000 cells per ml. Bone marrow mononuclear cells from healthy donors and 451 

patients were seeded at the concentration of 100,000 cells per ml. CD34+ cells were infected with 452 

lentiviral TET2 targeting shRNA or non-targeting scrambled shRNA (scr) as described and 453 

characterized in our previous study (31). Two days after lentivirus infection, CD34+ cells were 454 

seeded at the concentration of 5,000 cells per ml in Methocult™ in the presence of 5 µg/ml 455 

puromycin. Colonies were scored and cells were harvested for re-plating or flow cytometry 456 

analysis by FACSVerse (BD) on Day 10 to 14. 457 

Expression and Purification of recombinant Catalytic Domains of TET1, 2 and 3 458 
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TET2 catalytic domain was purified in the lab. GST-TET2 (1099-1936 Del-insert)(24) expression 459 

vector was transformed into Escherichia coli strain BL21(DE3)pLysS. The transformant was 460 

grown at 37 °C to an OD600 of 0.6 and switched to 16 °C for two additional hours. Ethanol was 461 

added to the final concentration of 3% before induction by adding isopropyl-b-D-462 

thiogalactopyranoside to the final concentration of 0.05 mM. Cells were cultured for 16 hours at 463 

16 °C. Cells from 2 L culture were harvested and lysed in 50 ml of lysis buffer [20 mM Tris-HCl 464 

pH7.6, 150 mM NaCl, 1X CelLytic B (Sigma C8740), 0.2 mg/ml lysozyme, 50 U/ml Benzonase, 465 

2mM MgCl2, 1 mM DTT, and 1X protease inhibitor (Thermo Scientific A32965)] for 30 minutes on 466 

ice. Lysate was sonicated by an ultrasonic processor (Fisher Scientific FB-505 with ½” probe) 467 

with an amplitude of 70% for 18 1-minute cycles (20 seconds on and then 40 seconds off). The 468 

lysate was then centrifuged twice at 40,000 g for 20 minutes. The supernatant was filtered through 469 

the membrane with a pore size of 0.45 µm. Flowthrough was diluted 4 times with the solution of 470 

20 mM Tris-HCl pH7.6, 150 mM NaCl. GST-TET2 was purified by GE Healthcare AKTA pure by 471 

affinity (GSTPrep FF16/10) and gel filtration (Superdex 200 increase 10/300 GL). For gel filtration, 472 

buffer of 10 mM phosphate and 140 mM NaCl, pH 7.4, was used. Recombinant TET1 (Epigentek, 473 

Cat #E12002-1) and TET3 (BPS Bioscience, Cat #50163) proteins were purchased and used 474 

without any further purification. 475 

5hmC ELISA  476 

The 96-well microtiter plate was coated with 10 pmol avidin (SIGMA A8706) in 0.1 M NaHCO3 at 477 

a pH of 9.6 in 100 µl followed by biotin-5mC-DNA (IDT) substrate capture at room temperature. 478 

TET2CD protein (0.4 µg) in 100 μl assay buffer [50 mM HEPES pH 6.5, 100 mM NaCl, 0.1 mM 479 

Fe(NH4)2(SO4)2 or FeCl3, and varying concentration of AA along with 1 mM 2-OG] were added 480 

to each well for 2 hours at 37 °C. Reactions were stopped using 0.05 M NaOH (100 µL) on a 481 

shaking platform for 1.5 hours at room temperature. After washing, wells were blocked with 2% 482 

BSA in TBST for 30 minutes and incubated with anti-5hmC antibody (Active motif, 39769, 1: 3,000) 483 

at 4 °C overnight. After 4X washes wells were incubated with HRP-conjugated anti-rabbit 484 
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secondary antibody (Santa Cruz) and developed by adding TMB (SIGMA, T4444). Reactions 485 

were stopped by adding 2M H2SO4. Optical densities were recorded at 450 nm. TET2 inhibitor 486 

screening was performed in 384 well plates.  487 

Surface Plasmon Resonance 488 

Kinetic characterization of TET2 binding to Epag was monitored by surface plasmon resonance 489 

(SPR) with a Biacore 3000 (GE Healthcare). Response units (RU), a measure of binding, were 490 

monitored as a function of time. To prepare a surface plasmon sensor chip, purified GST tagged 491 

TET2CD (purity >90%) was captured by anti-GST antibodies as described previously (31, 50). 492 

Varying concentrations of Epag (0-100 µM) in the presence of 25 µM Fe2+ or Fe3+ and 25 µM 2-493 

oxoglutarate were used as analytes. In all SPR experiments, analyte solutions of different 494 

concentrations were passed over the sensor chip containing immobilized protein at a flow rate of 495 

10 μl/min for 5 min, and dissociation was monitored while SPR buffer passed over the chips for 496 

an additional 5 min. Data were normalized against a reference channel containing immobilized 497 

GST. Surfaces were regenerated using one injection of 1M NaCl in 10 mM NaOH at 40 µl/min for 498 

30 seconds. Analysis, and fitting of data, was performed with BIA-Evaluation software, version 499 

3.2 (Biacore Inc.), with the option for simultaneous Ka/Kd calculations. Sensorgram data was 500 

fitted using global fits to yield Ka and Kd simultaneously assuming a 1:1 Langmuir model. 501 

Goodness-of-fit was acceptable based on the criterion of χ21% of the observed maximum 502 

response (Rmax). 503 

Computational docking and in silico structural analysis 504 

The crystal structure of TET2 catalytic domain (TET2CD) in complex with 5mCpG containing DNA 505 

oligo, N-Oxalylglycine (NOG) and Fe2+ (protein data bank ID 4NM6) was used to dock 3d 506 

optimized Epag. In silico docking experiments of TET2 and AA were performed using Glide in the 507 

computational environment Maestro running on a Quantum TXR411-0128R graphical processing 508 

unit. Initially, the grid sizes were kept large enough to contain the entire molecule. The most 509 



Inhibition of TET2 by Eltrombopag Guan et al 2021 

22 
 

favored binding poses of AA with TET2 were determined by restricting the NOG/Fe2+ binding site. 510 

The complex was minimized, and the binding poses were analyzed in UCSF Chimera 1.8.   511 

Spectrophotometric quantification of Epag 512 

For cell suspension, cytoplasmic extract and nucleus suspension preparation, Cells of 32D were 513 

treated with indicated concentrations of Epag or left untreated in plain RPMI culture media at 514 

density of 1 million/ml for half an hour. Then cells were harvested after treatment and suspended 515 

in buffer A (10 mM HEPES, pH 7.8, 10 mM KCl, 1.5 mM MgCl2, 0.34 M sucrose, 10% glycerol) 516 

at concentration of 2.5 million/ml (cell suspension). NP40 at final concentrations of 0.2% was 517 

added to cells and cells were vortexed for 10 seconds at the highest setting (Vortex genie-2, 518 

Scientific Inst). Supernatant was removed to a new tube (cytoplasmic extract) after centrifugation 519 

(5 min, 1,300 g, 4 °C). Nuclei pellet was washed twice with buffer A and suspended at same 520 

volume of buffer A of cytoplasmic extract (nucleus suspension). To obtain the uv-visible 521 

spectroscopic property of Epag, gradient concentrations of Epag were made in different solutions 522 

and subcellular fractions prepared from untreated 32D cells. Solutions of 100 µl was added to UV 523 

transparent plate (Corning, REF# 3635) and absorbance from 300 nm to 700 nm with 1 nm per 524 

step was measured Synergy H1 Hybrid Reader (BioTek).  525 

Protein extraction and western blot 526 

Cell pellets were lysed in RIPA buffer (Thermo, 89900) supplied with 1X protease inhibitor cocktail 527 

(Thermo, A32965), 5 mM EDTA and 1X phosphatase inhibitor cocktail 2&3 (SIGMA, P0044 & 528 

P5726) on ice for 15 min. Lysate was sonicated by an ultrasonic processor (Fisher Scientific FB-529 

505 with 1/8 inch diameter probe) with setting of 3 for 5 cycles (5 seconds on and then 5 seconds 530 

off). After centrifuging (15 min, 20,000 g, 4 °C) supernatant was collected for western blot 531 

analyses. STAT5 (Cell Signaling, 94205T), p-STAT5 (Cell Signaling, 9351S), Flag (SIGMA, 532 

F1804), β-Actin (Cell Signaling, 4967S), GAPDH (Cell Signaling, 8884S), and Histone H3 533 

(Upstate, 06-755) antibodies were used. 534 

Dot blot 535 
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Genomic DNA was extracted using the Purification Kit (Promega, Cat #A1620). DNA samples 536 

were denatured in denaturing buffer (0.4 M NaOH/10 mM EDTA) for 10 min at 95 °C and 537 

neutralized with equal volumes of 2 M NH4OAc (pH 7.0). The DNA was then spotted on a 538 

nitrocellulose membrane using a Bio-Dot Apparatus Assembly (Bio-Rad). The membrane was air-539 

dried, cross-linked by Spectrolinker™ XL-1000 (120 mJ/cm2), and detected with anti-5hmC 540 

(Active motif, 1:5,000) or anti-5mC (Eurogentec, 1:2,500) antibodies. The membrane was stained 541 

with methylene blue.  542 

Statistics and Reproducibility 543 

All statistical analyses were performed in GraphPad Prism 8.0 (https://www.graphpad.com/) 544 

unless otherwise described. The statistical significance was performed using two tailed student t-545 

test unless described otherwise. To compare multiple experiment one-way ANOVA with Dunnett’s 546 

test were performed. For each cases a P value less than or equal to 0.05 was considered 547 

significant. Each experiment was performed in triplicate at least twice wherever possible.  548 

Study Approval 549 

Animal care and procedures were conducted in accordance with institutional guidelines and 550 

approved protocol by the Institutional Animal Care and Use Committee (IACUC) of Cleveland 551 

Clinic. Human patient samples used in this study were collected for research purpose using 552 

informed consent in accordance with Cleveland Clinic IRB-approved protocol.  553 

Data and material availability 554 

All requests for raw data and specific materials including engineered stable cell lines reported in 555 

this manuscript can be made to the corresponding authors. Results of individual repeats are 556 

provided as “Supplemental Data 1”. 557 
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Figure 1. Epag binds and inhibits TET-dioxygenase activity in the presence of iron. (A) 720 

Epag as one of the top TET2 inhibitors identified by using an in-house developed ELISA assay. 721 

Schematic representation of ELISA assay for TET activity (left). (B) IC50 of Epag for TET1, TET2, 722 

and TET3 measured by ELISA. (C-D) TET2 inhibition by Epag cannot be restored by an excess 723 

amount of iron (II) or αKG but can only be partially restored by an excess amount of iron (III). (E) 724 

DFO does not inhibit TET2 activity. TET2 ELISA was performed with different concentrations of 725 

DFO and Epag. (F) Cartoon of surface plasmon resonance assay to measure the binding affinity 726 

of Epag to TET2CD. The GST-TET2CD was captured by anti-GST antibody on CM-5 sensor chip 727 

along with reference channel GST alone. (G) Equilibrium resonance maxima (Rmax) calculated 728 

by fitting the kon/koff using 1:1 Langmuir binding by Biaevaluation software and plotted, binding 729 
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was measured in the presence of Fe2+ or Fe3+. (H) Epag mode of interaction with TET2 activated 730 

complex. In silico docking simulation of Epag with TET2. (B-E and G) Results are representative 731 

of three independent experiments performed and are expressed as mean ± SEM of at least three 732 

replicates.  733 

Figure 2. Epag inhibits TET-dioxygenases in cells independent of TPOR. (A) Distribution of 734 

Epag into different subcellular compartments. 32D cells were treated with Epag for 30 minutes 735 

and washed and harvested. Cell suspensions, cytoplasmic extractions, and nuclear pellets were 736 

prepared. Absorbance at 421 nm was measured at a known concentration and plotted. The solid 737 
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lines are best-fit curves in different fractions. (B) Western blot analysis of subcellular fractions of 738 

cells treated with Epag. W, whole-cell lysate; C, cytoplasmic fraction; N, nuclear fraction. (C) TPO-739 

R activation by rTPO (recombinant human TPO), Epag and Avotrombopag (Apag). Parental or 740 

human TPOR overexpressing BaF3, 32D cells were treated with 100 ng/ml rTPO, 1 µM Epag or 741 

Apag for 30 minutes. Cells were washed and harvested for protein extraction followed by western 742 

blot analysis. (D and E) after 30 minutes’ treatment as described in (C), cells were grown for 743 

additional 12 hours in complete media prior to genomic DNA extraction for 5hmC and 5mC 744 

quantification by dot blot. (F and G) Epag inhibits TET activity in mouse bone marrow 745 

mononuclear cells. Murine BM mononuclear cells were treated with 100 ng/ml recombinant 746 

murine TPO (rmTPO), 1 µM Epag or Apag as in panels (C and D), and 5hmC and 5mC were 747 

quantified by dot blot. (A-D and F) Results are representative of three independent experiments 748 

performed. (E and G) data are expressed as mean ± SEM of three replicates. **P<0.01, 749 

***P<0.001, ****P<0.0001, and ns (P>0.05) by one way ANOVA with Dunnett’s test of indicated 750 

treatment group and the vehicle control. 751 
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Figure 3. Epag treatment mimics loss of Tet2 and expansion of myeloid compartment is 752 

Tet2 dependent. (A) Epag dose response in the colony-forming units (CFU) of Tet2+/+ murine 753 

bone marrow cells. (B) Epag increased colony-forming units (CFU) in Tet2+/+ but not Tet2+/- and 754 

Tet2-/- cells. Data of the 2nd plating were shown. (A and B) six mice per group/treatment were 755 

used in 2 independent experiments. (C and D) Epag significantly increased neutrophil and 756 

monocyte count in vivo in Tet2+/+ but not in Tet2-/- graft recipient mice. Tet2+/+ CD45.1, PEP Boy 757 
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mice were lethally irradiated prior to the transplant of 2 million Tet2+/+ or Tet2-/- bone marrow cells 758 

(CD45.2) via tail vein injection. Peripheral blood samples were counted by HemaVet. (E) Gating 759 

strategy of flow cytometry analysis for HSPCs, Lin-Sca-1+c-Kit+ (LSK), Lin-Sca-1-c-760 

Kit+CD34+CD16/32- (CMPs), Lin-Sca-1-c-Kit+CD34+CD16/32+ (GMPs) and Lin-Sca-1-c-Kit+CD34-761 

CD16/32- (MEPs). (F) Epag increased the percentage of GMPs in Tet2+/+ but not Tet2-/- grafted 762 

mice. (G-I) Percentage of Tet2-/- cells in indicated populations in bone marrows of transplanted 763 

mice. PEP mice were lethally irradiated and received 2 million bone marrow cells consisting of 764 

95% Tet2+/+ (PEP, CD45.1) and 5% Tet2-/- (CD45.2) through tail veil injection. Blood was 765 

harvested for flow cytometry analysis, CD11b+CD11c-Ly6C+Ly6G- (Monocytes) and 766 

CD11b+CD11c-Ly6ClowLy6G+ (Neutrophils). The antibodies used are FITC-CD45.1, PE-CD11c, 767 

APC-Ly6C, Apc-Cy7-Ly6G, and PerCP-CD11b. Data is representative of experiments done twice. 768 

(C, D, and F-I) Mice were randomly divided into two groups and either treated with 50 mg/kg Epag 769 

or vehicle (water) by oral gavage. A total of 4 donor mice and 8 recipient mice were used per 770 

group in 2 independent experiments. Data are expressed as mean ± SEM of eight replicates. 771 

*P<0.05, **P<0.01, and ns, P>0.05, by one way ANOVA using Dunnett’s test (A) and 2-tailed 772 

unpaired t test (B-D and F-I). 773 
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Figure 4. Epag inhibits TET activity in humans. (A and B) Epag inhibits TET activity in human 774 

bone marrow mononuclear cells. Cells were treated with 100 ng/ml rTPO, 1 µM Epag, or Apag 775 

for 30 minutes and followed by culturing for additional 12 hours with 10% FBS and 100 µM 776 

ascorbic acid. Cells were washed and harvested for DNA extraction and used for dot blot analysis 777 

for 5hmC and 5mC. (B) is quantification and analysis of results in (A). (C) Epag inhibits TET 778 

activity in patients. Peripheral blood mononuclear cells from patients with aplastic anemia was 779 

isolated before as well as in the middle of taking Epag. Genomic DNA was extracted for mass 780 

spectrometer analysis. Taking Epag significantly increased the global 5mC level indicating TET 781 
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inhibition by Epag. (D and E) Epag increases colony-forming units in human bone marrow 782 

mononuclear cells from healthy donors (NBMs), n=4. Mononuclear cells were seeded in 783 

Methocult™ with indicated concentrations of Epag or 100 ng/ml rTPO. Colony-forming units were 784 

counted after the 2nd and 3rd plating. (F and G) Follow analysis of cells harvested from the 2nd 785 

plating of colony-forming assay in (D). (A and G) Results are representative of at least three 786 

independent experiments performed. Data are expressed as mean ± SEM of three (B) or four (D-787 

F) biological replicates in three independent experiments. P values from Dunnett’s test are 788 

indicated. 789 
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Figure 5. Epag treatment restricts the clonal growth of TET2MT malignant cells. (A) Epag 790 

increased colony-forming units of HSPCs depending on its TET2 inhibitory but not TPOR 791 

activation function. CD34+ cells were purified from cord blood samples (n=3) and then infected 792 

with lentivirus with TET2 or scrambled shRNA. Cells were plated in MethocultTM 2 days after 793 

infection in the presence of puromycin and 10 µM Epag or 100 ng/ml rTPO. Relative colony-794 

forming units presented are after the 3rd plating. (B) TET2-/- cells are more sensitive to Epag 795 

treatment. TET2 mutant cells (T30 and T31), as well as vector control cells (Vec), were treated 796 

with different concentrations of Epag for 3 days. Cell survival was calculated by CellTiter-Glo 797 
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assay. The areas under the curves were calculated and used for statistical analysis. (C) Epag 798 

significantly restricted the clonal growth of TET2MT malignant cells. Mononuclear cells were 799 

purified from myeloid neoplasm patient bone marrows (n=9) with TET2 mutations. Mononuclear 800 

cells were seeded in Methocult™ with indicated concentrations of Epag or 100 ng/ml rTPO. 801 

Colony-forming units were counted after 2nd plating, and relative colony numbers were plotted. 802 

(D) TET2 mutation variant allele frequency (VAF) of 5 aplastic anemia patients who received Epag 803 

treatment, described by Winkler et al., (33). R, responder; NR, nonresponder. Time_points: 1, 804 

baseline before Epag initiation; 2, primary end point (24-week); 3, longest time point available on 805 

Epag; 4, longest time point available off Epag after achieving robust response. (B) Results are 806 

representative of three independent experiments performed. Data are expressed as mean ± SEM 807 

of three (A) or nine (C) biological replicates in three independent experiments. P values are from 808 

one way ANOVA with Dunnett’s test are indicated. 809 
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