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Abstract 

T-cell acute lymphoblastic leukemia (T-ALL) is a type of hematologic tumor with malignant proliferation of hemat-
opoietic progenitor cells. However, traditional clinical treatment of T-ALL included chemotherapy and stem cell 
transplantation always lead to recurrence and poor prognosis, thus new therapeutic targets and drugs are urgently 
needed for T-ALL treatment. In this study, we showed that TET1 (ten-eleven translocation 1), a key participant of DNA 
epigenetic control, which catalyzes the conversion of 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC) 
to modulate gene expression, was highly upregulated in human T-ALL and negatively correlated with the prognosis 
of patients. Knockdown of TET1 suppressed T-ALL growth and progression, suggesting that TET1 inhibition maybe 
an effective way to fight T-ALL via DNA epigenetic modulation. Combining structure-guided virtual screening 
and cell-based high-throughput screening of FDA-approved drug library, we discovered that auranofin, a gold-con-
taining compound, is a potent TET1 inhibitor. Auranofin inhibited the catalytic activity of TET1 through competitive 
binding to its substrates binding pocket and thus downregulated the genomic level of 5hmC marks and particularly 
epigenetically reprogramed the expression of oncogene c-Myc in T-ALL in TET1-dependent manner and resulted 
in suppression of T-ALL in vitro and in vivo. These results revealed that TET1 is a potential therapeutic target in human 
T-ALL and elucidated the mechanism that TET1 inhibitor auranofin suppressed T-ALL through the TET1/5hmC/c-Myc 
signaling pathway. Our work thus not only provided mechanism insights for T-ALL treatment, but also discovered 
potential small molecule therapeutics for T-ALL.
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To the editor,
TETs is diversely expressed in hematological malig-

nancies and serves as potential therapeutic targets [1–5]. 
However, the roles of TET1 in T-ALL have not been fully 
unveiled, and potent TET1 inhibitors are needed to pro-
mote TET1 as a druggable target [6–8].

We analyzed gene expression from previous T-ALL 
cohorts and found TET1, but not TET2/3, is highly 
expressed in T-ALL and drug-resistant patients (Fig. 1a, 
b, Additional file  2: Fig. S1a–c). Validation in T-ALL 
cell lines confirmed TET1 upregulation in T-ALL cells 
compared to normal T cells and further upregulation in 
dexamethasone-resistant cells (Fig. 1c). TET1 expression 
negatively correlates (even though not significant) with 
poor prognosis (Fig. S1d). Silencing of TET1 impaired 
the proliferation of T-ALL cells (Fig. 1d, Additional file 2: 
Fig. S1e–i), indicating crucial roles of TET1 in T-ALL. 
However, treatment of T-ALL cells with two reported 
TET1 inhibitors only showed minimum proliferation 
inhibition (Additional file 2: Fig. S2), due to low potency 
of the inhibitors 6, suggesting more potent TET1 inhibi-
tors are needed.

To identify potent TET1 inhibitors, we performed vir-
tual- and cell-based screening (Fig.  1e). Auranofin was 
identified from both screening (Fig. 1f, Additional file 1: 
Table S1–S2). SPR revealed that auranofin binds to TET1 
(Fig.  1g), with reduced affinity to TET2/3 (Additional 
file 2: Fig. S3).

Methylation-related pathways were enriched after 
auranofin treatment in T-ALL (Additional file  2: Fig. 
S4a, b, Additional file 1: Table S3), which induced dose-
dependent decrease in cellular 5hmC and increase 
in 5mC, as indicated by dot blot and genome-wide 
5hmC/5mC sequencing (Fig. 1h-i, Additional file 2: Figs. 
S4c, S5). LC–MS/MS confirmed inhibition of TET1 cata-
lyzed 5mC to 5hmC conversion by auranofin (Additional 
file 2: Fig. S6). In vitro assay determined a  IC50 of 76 nM 
(Fig. 1j).

We generated structure of TET1-CD-auranofin by 
molecular docking to explore the inhibition mechanism 
(Fig.  1k). Structure showed that auranofin was in very 
close conformation with NOG (analog of TET1 substrate 
2-OG) and Fe (II), suggesting a potential inhibition mech-
anism of auranofin through competitively preventing 
substrates binding to TET1. Results indicated that both 
NOG and Fe (II) compete with auranofin for binding to 
TET1-CD and increasing concentration of 2-OG or Fe 
(II) attenuated auranofin inhibition on TET1 (Fig.  1l-m 
and Additional file 2: Fig. S7). Given that, 2-OG and Fe 
(II) are conserved in many demethylases, selectivity of 
auranofin to TET1 was verified by comparing to TET2 

and KDM6B. Auranofin showed reduced affinity and very 
low inhibition at 1 μM to both proteins (Additional file 2: 
Fig. S8), indicating at least 13-fold selectivity for TET1 
over TET2 and KDM6B. Structure and electrophoretic 
mobility shift assay also showed that auranofin did not 
affect DNA substrate binding to TET1 (Additional file 2: 
Fig. S9). Collectively, auranofin inhibits TET1 by compet-
ing with substrates for binding to TET1.

Auranofin was highly cytotoxic to T-ALL cells, but 
not to normal T cells (Fig.  2a). Overexpressing either 
full length or the catalytic domain of TET1, but not the 
catalytic dead mutants or TET2/TET3-CD, in T-ALL 
attenuated the cytotoxicity of auranofin (Fig.  2b, c and 
Additional file  2: Figs. S10–S12), revealing that the 
auranofin-mediated cytotoxicity depends on the catalytic 
activity of TET1. In vivo T-ALL xenograft model showed 
that treatment with auranofin significantly inhibited pro-
gression, as well as bone marrow invasion, of T-ALL and 
prolonged mice survival (Fig. 2d–i), indicating therapeu-
tic potential of auranofin for T-ALL.

Auranofin has been reported to exert anti-tumor activ-
ity via Thioredoxin reductases and ROS [9, 10]. While, 
mechanism in T-ALL is different as neutralizing ROS or 
genetic manipulation of Thioredoxin reductases did not 
affect auranofin cytotoxicity to T-ALL (Additional file 2: 
Fig. S13).

Auranofin treatment altered genome-wide distribution 
of 5hmC/5mC in the promoter region (Fig. 1i, Additional 
file 2: Fig. S5, Additional file 1: Tables S4, S5), enlightened 
potential mechanism of action of auranofin via epigenetic 
control of transcription and translation of certain genes. 
Conjointly analysis of 5hmC-Seal, WGBS, and RNA-Seq 
data, identified 31 genes with 5hmC/RNA down-regula-
tion and 5mC up-regulation, among which c-Myc, a cen-
tral oncogene in T-ALL [11, 12], was discovered (Fig. 2j, 
Additional file  2: Fig. S14, Additional file  1: Table  S6). 
Auranofin treatment down-regulated both c-Myc tran-
scription and translation (Fig.  2k, Additional file  2: Fig. 
S15a, b). TET1 correlates with c-Myc expression (Addi-
tional file 2: Fig. S15c, d), as validated by genetic manip-
ulation of TET1 (Fig.  2l–m). Overexpression of c-Myc 
in T-ALL attenuated auranofin-induced cytotoxicity 
(Fig. 2n, Additional file 2: Fig. S15e), suggesting c-Myc as 
downstream effector.

Collectively, we confirmed TET1 is a promising thera-
peutic target for T-ALL and discovered potent TET1 
inhibitor, auranofin, with anti-T-ALL activity in vitro and 
in vivo. Mechanistically, auranofin-induced TET1 inhibi-
tion epigenetically alters transcription and translation of 
c-Myc to induce T-ALL cell death (Fig. 2o).
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Fig. 1 a Fragments Per Kilobase Million (FPKM) of TET1, TET2, TET3 in a cohort with 124T-ALL patients and 12 normal T cell samples (CNCB, 
HRA000122). Data are mean ± SD (Two-tailed unpaired Student’s t test, ** p < 0.01, *** p < 0.001). b Transcripts per million (TPM) of TET1 
in glucocorticoid-resistant and glucocorticoid-sensitive T-ALL samples (GSE5820). c Protein expression levels of TET1, TET2, TET3 in 8 T-ALL cell 
lines and normal T cells. d Effect of TET1 knock down on cell growth of Jurkat cell line. e Schematic of structure guided virtual screening and cell 
line-based drug screening with 2059 FDA or EMA approved drugs. Jurkat and CCRF-CEM cell lines were treated with each drug (5 μM) for 48 h, 
and cell viability was detected using CCK-8 assay. f Joint analysis of virtual screening and cell line-based screening identified auranofin as a potential 
hit drug. g Affinity between TET1 protein and auranofin assayed by surface plasmon resonance (SPR). Equilibrium binding analysis indicates a  KD 
of 1.804 μM. h Dot blot analysis of global 5hmC in Jurkat cell showing that auranofin dose-dependently decreased cellular 5hmC level. Left: dot 
blot image; right: quantification of dot blot results. i Quantification of genome-wide 5hmC distribution in T-ALL Jurkat cells treated with or without 
0.1 μM auranofin for 24 h. Auranofin treatment decreased global 5hmC levels. n = 5 replicates. j Dose-dependent inhibition of TET1 catalytic activity 
by auranofin with an in vitro fluorometric quantification assay.  IC50 of 0.076 μM was determined, indicating potent inhibition of TET1 by auranofin. 
k Molecular docking showing that auranofin are in close conformation with 2-OG and Fe (II) in the binding pocket of TET1-CD. l SPR-based assay 
showing that the binding of auranofin to TET1 was competed by increasing concentration of TET1 substrate analogue NOG. m Dot blot analysis 
of 5hmC revealed that auranofin induced TET1 catalytic activity inhibition was attenuated by increasing concentration of 2-OG. Left: dot blot image; 
right: quantification of dot blot results
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Fig. 2 (See legend on next page.)
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T-ALL  T-cell acute lymphoblastic leukemia
TETs  TET family proteins (TET1, TET2, TET3)
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