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Abstract 

The family of ten-eleven translocation dioxygenases (TETs) consists of TET1, TET2, and TET3. Although all TETs are 
expressed in hematopoietic tissues, only TET2 is commonly found to be mutated in age-related clonal hematopoiesis 
and hematopoietic malignancies. TET2 mutation causes abnormal epigenetic landscape changes and results in multi-
ple stages of lineage commitment/differentiation defects as well as genetic instability in hematopoietic stem/progen-
itor cells (HSPCs). TET2 mutations are founder mutations (first hits) in approximately 40–50% of cases of TET2-mutant 
(TET2MT) hematopoietic malignancies and are later hits in the remaining cases. In both situations, TET2MT collaborates 
with co-occurring mutations to promote malignant transformation. In TET2MT tumor cells, TET1 and TET3 partially 
compensate for TET2 activity and contribute to the pathogenesis of TET2MT hematopoietic malignancies. Here we 
summarize the most recent research on TETs in regulating of both normal and pathogenic hematopoiesis. We review 
the concomitant mutations and aberrant signals in TET2MT malignancies. We also discuss the molecular mechanisms 
by which concomitant mutations and aberrant signals determine lineage commitment in HSPCs and the identity 
of hematopoietic malignancies. Finally, we discuss potential strategies to treat TET2MT hematopoietic malignancies, 
including reverting the methylation state of TET2 target genes and targeting the concomitant mutations and aberrant 
signals.
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Key points

1. TETs regulate dioxygenase activity-dependent DNA 
demethylation and dioxygenase activity-independent 
histone modification.

2. TETs control the dynamic differentiation and line-
age commitment of HSPCs by regulating the access 
of key transcription factors to the enhancers of target 
genes.

3. Somatic mutations of TET2 are commonly detected 
in age-related clonal hematopoiesis and multiple 
types of hematopoietic malignancies.

4. Mutant TET2 causes a pre-malignant condition by 
disrupting the epigenetic landscape and fostering 
genomic instability.

5. Mutant TET2 collaborates with additional genomic 
mutations to induce hematopoietic malignancies.

6. TET2-mutant hematopoietic malignancies can be 
targeted pharmacologically by either restoration of 
dioxygenase activity or inhibition of dioxygenase 
activity. They can also be targeted clinically by com-
bining demethylating agents with inhibitors of con-
current mutation-related signaling.
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Introduction
The multiple stagesof lineage commitment and differen-
tiation processes of hematopoietic stem and progenitor 
cells (HSPCs) during both hematopoietic development 
and regeneration are tightly controlled by transcriptional 
machinery that is finely regulated by the stepwise recon-
figuration of the DNA methylome and also by histone 
modifications [1, 2]. The ten-eleven translocation (TET) 
family of dioxygenases consists of TET1, TET2, and 
TET3. All three TET proteins catalyze the dynamic DNA 
demethylation process by converting 5-methylcytosine 
(5mC) to 5-hydroxymethylcytosine (5hmC), and further 
oxidizing 5hmC to 5-formylcytosine and 5-carboxylcyto-
sine [3, 4]. TET proteins also regulate histone modifica-
tions including H3K4 methylation, H3K27 acetylation, 
and H2B monoubiquitylation by recruiting Set1/COM-
PASS and PRC1/2 complexes, all independent of their 
enzymatic activities [4–6]. TET proteins play such roles 
by collaborating with lineage-specific transcription fac-
tors (TFs), which determine the site-specific reconfigura-
tion of the epigenetic landscape [7–9].

The methylation state of DNA sequences and meth-
ylation/acetylation/ubiquitination states of histone mol-
ecules in nucleosomes regulate the accessibility for TFs, 
specifically for methylation-sensitive TFs, to the regula-
tory elements of target genes, including their promot-
ers and enhancers [10]. The cell-type-specific pioneer 
TFs can bind to methylated DNA and initiate lineage 
commitment and differentiation of HSPCs by recruiting 
TET proteins to enhancers/promoters of target genes 
to regulate the epigenetic landscape for the binding of 
methylation-sensitive TFs. In addition, the intermediate 
product of demethylation, 5hmC, can be recognized by 
specific TFs including MeCP2, the MBD3/NURD com-
plex, UHRF1, UHRF2, SALL1/SALL4, PRMT1, RBM14 
and WDR76 to induce target gene expression [11, 12]. It 
was reported that 5hmC is a critical mark of enhancer/
promoter activation [13]. Moreover, TET proteins mark 
the sites of DNA damage and promote stability of the 
genome by regulating the ratio of 5hmC/5mC at gene 
body regions [14] and controlling the expression of DNA 
repair genes, including RAD50, BRCA1, RAD51, BRCA2, 
and TP53BP1 [15]. Thus, TET proteins function as tumor 
repressors in most types of hematopoietic malignant 
conditions.

In HSPCs, TETs, especially TET2, play critical roles in 
the regulation of the epigenetic landscape and control 
dynamic phases of lineage commitment at multiple dif-
ferentiation stages [16–20]. Loss-of-function mutations 
of TET2 (TET2MT) are frequently detected in small clones 
of hematopoietic cells in healthy persons, especially 
those > 50 years old. The frequency of such mutations is 
increased during aging, reaching ∼50% by 100  years of 

age, and has been named age-related clonal hematopoie-
sis (ARCH) or clonal hematopoiesis of indeterminate 
potential (CHIP) [21–25]. While cases of ARCH with 
DNMT3A mutation and TP53/PPM1D mutation display 
a growth advantage upon treatment with interferon-γ 
(IFN-γ) [26] or chemotherapeutic drug treatment [27], 
respectively, ARCH with TET2MTdisplays a growth 
advantage when treated with tumor necrosis factor-α 
(TNF-α) or interleukin 6 (IL-6) [6, 28–30]. Thus, ARCH 
might occur because of compensatory hematopoiesis 
against the increased inflammatory pressure of ageing 
and infection. Individuals with ARCH showed a 10–12 
fold increased risk for the development of hematopoietic 
malignancies compared to age-matched ARCH-negative 
populations [31–34]. Consequently, TET2MT is frequently 
detected in almost all types of hematopoietic malignan-
cies. An accumulation of additional mutations promotes 
the malignant transformation of mutant HSPCs through 
collaboration with TET2MT. However, the mechanisms 
by which the additional mutations promote disease pro-
gression and determine disease identities of TET2MT 
clones are only beginning to be clarified. In addition, in 
approximately 50% of TET2MT hematopoietic malig-
nancies, TET2MTare later hits [35, 36]. Studies suggest 
that the clinical features of hematopoietic malignancies 
with TET2MT as a first or later hit are not the same [37]. 
Understanding the molecular processes that underlie 
such phenomena will help to enhance our ability to treat 
TET2MT hematopoietic malignancies.

Although mutations of TET1 and TET3 are rare in 
hematopoietic malignancies, changes in TET1 and 
TET3 expression might be involved in the pathogenesis 
of TET2MTdisease by partially compensating for the loss 
of TET2 [38, 39]. Thus, a better understanding of the 
molecular mechanism by which TET2 regulates normal 
hematopoiesis in cooperation with TET1/TET3, and the 
way TET2MT is involved in the development and progres-
sion of hematopoietic malignancies together with other 
co-occurring mutations, can help in the development of 
novel pharmacological approaches to the treatment of 
TET2MT diseases.

In this review, we summarize the recent research on 
the TET family of enzymes in regulating both normal and 
disease hematopoiesis, elaborate on the molecular mech-
anisms by which TET2MT drives hematopoietic malig-
nancies in combination with other genetic mutations, 
and discuss the potential for targeted therapy against 
TET2MT malignancies.

Role of TET dioxygenases in the regulation of normal 
hematopoiesis
The role of Tet proteins in the regulation of both 
embryonic hematopoietic generation and postnatal 
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hematopoietic regeneration has been studied through the 
use of knockout animal models. Ablation of Tet1, Tet2, or 
Tet3 individually leads to a modest decrease in 5hmC lev-
els in the bone marrow (BM). The significant reduction 
of 5hmC levels in the BM of Tet1/Tet2 compound knock-
out mice (Tet1−/−Tet2−/−) and Tet2/Tet3 compound 
knockout mice (Tet2−/−Tet3−/−) suggests that Tet1, Tet2, 
and Tet3 play certain redundant roles in the hemat-
opoietic system and can compensate for one another. 
Tet1−/−Tet2−/− and Tet2−/−Tet3−/− HSPCs also show 
unrepaired DNA damage and impaired DNA repair, sug-
gesting that Tet2 cooperates with Tet1 and Tet3 in main-
taining genomic stability [20, 40–42].

Expression of Tet genes in normal hematopoietic tissues
All three Tet proteins are expressed in hematopoietic tis-
sues, the expression of Tet1 being the lowest, as deter-
mined by RT-PCR [16, 43–45]. Tet1 is highly expressed 
in early HSPCs including long-term hematopoietic stem 
cells (HSC), multi-potent progenitors (MPP), lymphoid-
primed multipotent progenitors (LMPP), common 
lymphoid (CLP) and myeloid progenitors (CMP), but 
is decreased during B lineage commitment/differen-
tiation and is further reduced in erythroid progenitors 
(MEP), granulocyte and monocyte progenitors (GMPs), 
and megakaryocytes; it is undetectable in immature and 
mature myeloid cells [44]. One study suggested that the 
expression of Tet2 is higher than that of Tet3 [16]; how-
ever, another study presented the opposite result [45]. 
Tet2 is ubiquitously expressed in the hematopoietic 
compartment, including in all HSPC subsets and mature 
myeloid and lymphoid cells with reduced levels in MEPs 
with the lowest levels observed in  Ter119+erythrocytes 
[43]. Tet3 is also ubiquitously expressed in the hemat-
opoietic compartment, with the highest levels being 
observed in HSPCs; such levels are reduced during dif-
ferentiation [45]. Knockout studies suggested that Tet2 
accounts for nearly 60% of DNA dioxygenase activity in 
HSPCs, stressing the essential role that Tet2 plays in the 
regulation of normal hematopoiesis [46]. However, Tet1 
and Tet3 might compensate for some dioxygenase activi-
ties under conditions of Tet2 loss in hematopoietic tis-
sues and may contribute to the abnormal hematopoiesis 
observed in TET2MT individuals and Tet2-knockout ani-
mals (Tet2−/−).

All three Tet genes also produce short isoforms as 
a result of the use of alternative promoters and splic-
ing sites. The short isoforms of Tet2 (including Tet2a 
and Tet2c) lack catalytic domains and might function as 
dominant-negative inhibitors of the long isoforms. Both 
full-length Tet2 and its shorter truncated isoform Tet2a 
can be detected in hematopoietic cells. The expression 
of full-length Tet2 is higher than that of Tet2a [16]. The 

short forms of Tet1 (Tet1s) and Tet3 (including Tet3s 
and Tet3o) lack CXXC domains [47, 48]. The expression 
of shorter isoforms of Tet1 and Tet3 has not been exam-
ined in hematopoietic tissues. Due to their similar cata-
lytic activity, the three Tets and their isoforms might have 
some redundant functions. However, owing to their dif-
ferent binding affinities to different genomic regions and 
different partner proteins, the three Tet proteins have 
distinct functions [49]. Even for individual Tet entities, 
the long and short isoforms have distinct or even oppo-
site functions [50]. Thus it is very important to consider 
these isoforms when studying the functions of the Tet 
proteins.

The role of Tet proteins in early hematopoietic generation 
in the embryo
In the zebrafish embryo, both Tet2 and Tet3 are highly 
expressed in hemogenic endothelial cells (ECs) and are 
required for definitive HSC emergence, but not for the 
initiation of primitive hematopoiesis. Before HSC emer-
gence, Tet2/3 regulates Notch signaling in the hemogenic 
endothelium, promoting the endothelium-to-HSC tran-
sition. Restoration of the Gata2b/Scl/Runx1 transcrip-
tional network can rescue HSCs in Tet2/3double-mutant 
larvae [51]. In mice, all 3 Tets are expressed in early 
hematogenic tissues. Tet2 and Tet3 levels are induced 
during E7.5-E11.5 embryonic development, while Tet1 
expression is maintained at similar levels [52]. Combined 
loss of Tet1 and Tet2 does not impair embryonic hemat-
opoiesis [53]. Tet3-knockout mice die perinatally without 
obvious hematopoietic defects [54]. Mice with combined 
loss of all 3 Tets are early embryonic lethal (E7.5-E8.5) 
due to defects in gastrulation [55]. To study the role of 
Tets in embryonic hematopoiesis, Ma et  al. [52] gener-
ated mice with inducible loss of all 3 Tets. Induced dele-
tion of all 3 Tets either globally or endothelial-specifically 
after gastrulation (E6.5–7.5) leads to reduced numbers of 
HSPCs and lethality at E11.5-E12.5 due to defects in the 
transition of ECs to HSPCs. Both primitive and definitive 
hematopoiesis are compromised in the mutant embryos 
which are associated with hypermethylation and down-
regulation of NFκB1, Gata1/2, Runx1 and Gfi1b genes 
in ECs. Re-expression of these genes can largely restore 
hematopoiesis in the knockout embryos as demon-
strated in an explant culture system. However, distinct 
from the results of zebrafish studies, Notch signaling is 
not affected in the mutant mouse embryos, suggesting a 
Notch-independent mechanism of hematopoietic devel-
opment. Consistent with what is observed with dele-
tion of Tets in adult HSPCs (see below), Tet-deficient 
embryonic HSPCs exhibit a subtle lineage bias in colony 
formation assays but form aggressive myeloid malignan-
cies in transplantation recipients. In human embryonic 
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stem cells (ESCs), deletion of all 3 Tets blocks formation 
of hematopoietic cells during the differentiation of ESCs 
to embryonic bodies, which is correlated with reduced 
expression of the master hematopoietic-specific tran-
scription factors. These studies suggest a critical role 
of Tets in regulating of the emergence of both primi-
tive and definitive hematopoiesis through regulating the 
expression of the master hematopoietic transcription 
factors. Nevertheless, the embryonic hematopoiesis in 
Tet1 + Tet3 compound-knockout mice and Tet2 + Tet3 

compound-knockout mice has not been analyzed. Thus, 
whether all 3 Tets are required for the development of 
embryonic hematopoiesis remains to be determined.

The role of Tet2 in normal adult hematopoiesis
Knockout mouse studies have demonstrated that Tet2 
plays a key role in adult hematopoiesis (Fig.  1 and 
Table 1).

Germline Tet2 knockout mice  (Tet2−/−) are viable 
and fertile [16, 43, 68]. Tet2 deficiency in HSCs results 

Fig. 1 The roles of Tet proteins in normal and disease hematopoiesis as demonstrated by genetically-modified mouse models. Knockout mouse 
studies suggested that Tet2 regulates the dynamic differentiation and lineage commitment of HSPCs at multiple differentiation stages, including 
HSC-to-MPP differentiation, MPP-to-CLP, CMP-MEP, and CMP-GMP lineage commitments, pro-B-to-pre-B transition, GC B to plasma cells (PCs) 
vs. B1 B-cell lineage commitment, CD4 naïve T-to-Treg vs. Th17 and iNKT-to-NKT1 vs. NKT17 lineage decision, as well as  CD8+ memory T cell 
generation. This explains the pleiotropic hematopoietic disease profile of TET2MT malignancies. Tet1 antagonizes Tet2 activity in the regulation of 
HSC self-renewal and myeloid vs. B-cell lineage commitment. However, Tet1 collaborates with Tet2 in regulating immature B-cell-to-mature B-cell 
differentiation and naïve  CD4+ T-to-Treg cell differentiation. Consequently, knockout of both Tet1 and Tet2 in HSPCs leads to B-ALL-like disease 
owing to the aberrant expansion of immature B-cells, while knockout of both Tet1 and Tet2 in  CD4+ T or Treg cells, resulting in autoimmune/
inflammatory disease due to impaired Treg cell production. However, Tet3 compensates for Tet2 activity in almost all types of cells studied. As a 
result, mice with Tet2 and Tet3 compound-deletion in 1) HSPCs develop AML within 1–3 months; 2) pro-B cells develop B-ALL within months; 3) 
immature B-cells develop lupus-like autoimmune diseases; 4)  CD4+ T-cells develop PTCL with NKT17 phenotype, and 5)  FoxP3+ Treg cells develop 
autoimmune lymphadenopathy. The TFs in red font are lineage-specific pioneer TFs that are required for recruiting Tet proteins to DNA for DNA 
demethylation, while the TFs in blue font are dependent on Tet2-mediated demethylation to access their target gene enhancers. The TFs in black 
font are dependent on Tet2 for their expression. (Created with BioRender.com)



Page 5 of 25Joshi et al. J Exp Clin Cancer Res          (2022) 41:294  

Ta
bl

e 
1 

Ph
en

ot
yp

es
 o

f T
et

1,
 T

et
2,

 a
nd

 T
et

3 
kn

oc
ko

ut
 m

ic
e 

an
d 

co
m

po
un

d-
kn

oc
ko

ut
 m

ic
e

M
ou

se
 li

ne
s

H
SC

s 
an

d 
M

PP
s

La
te

nc
y

H
em

at
op

oi
et

ic
 d

is
ea

se
s

Te
t1

−
/−

 m
ic

e 
[4

4]
H

ig
he

r f
re

qu
en

ci
es

 o
f i

m
m

at
ur

e 
B 

ce
lls

In
cr

ea
se

d 
se

lf-
re

ne
w

al
 c

ap
ac

ity
 a

nd
 fr

eq
ue

nc
y 

of
 B

-c
el

l 
pr

og
en

ito
rs

18
–2

4 
m

on
th

s
B-

ce
ll 

ly
m

ph
om

a

Te
t2

−
/−

 m
ic

e 
[1

6,
 3

0,
 3

5,
 4

3]
Ex

pa
ns

io
n 

of
 L

SK
 H

SP
C

s 
an

d 
G

M
Ps

. I
nc

re
as

ed
 C

H
RC

 in
 

co
m

pe
tit

iv
e 

tr
an

sp
la

nt
at

io
n

D
ra

m
at

ic
al

ly
 in

cr
ea

se
d 

pr
op

or
tio

ns
 o

f  G
r1

+
/M

ac
1+

 c
el

ls
 

in
 th

ei
r B

M
, s

pl
ee

ns
, a

nd
 P

B 
af

te
r 1

 y
ea

r
G

en
om

e-
w

id
e 

in
cr

ea
se

 in
 D

N
A

 m
et

hy
la

tio
n 

of
 a

ct
iv

e 
en

ha
nc

er
s 

an
d 

do
w

nr
eg

ul
at

io
n 

of
 g

en
es

 in
cl

ud
in

g 
G

at
a2

12
–2

0 
m

on
th

s
D

ev
el

op
 m

ic
ro

bi
al

-in
du

ce
d 

M
D

S/
M

PN
s 

an
d 

C
M

M
L 

in
 >

 9
0%

 o
f t

he
 a

ni
m

al
s 

at
 1

2–
15

 m
on

th
s

A
pp

ro
xi

m
at

el
y 

4–
10

%
 o

f a
ni

m
al

s 
de

ve
lo

p 
B-

ce
ll 

m
al

ig
na

n-
ci

es
 o

r T
-c

el
l m

al
ig

na
nc

ie
s

Te
t3

−
/−

 m
ic

e
D

ie
 a

t b
irt

h

Va
v1

Cr
e Te

t3
fx

/f
x  m

ic
e

A
 m

in
or

 in
cr

ea
se

 in
 th

e 
fre

qu
en

cy
 o

f L
SK

 H
SP

C
s 

an
d 

a 
de

cr
ea

se
 in

 th
e 

fre
qu

en
cy

 a
nd

 a
bs

ol
ut

e 
nu

m
be

rs
 o

f 
H

SC
s 

in
 B

M

H
ea

lth
y

Va
v1

Cr
e Te

t2
fx

/f
x  m

ic
e

M
x1

Cr
e Te

t2
fx

/f
x  m

ic
e

D
ra

m
at

ic
al

ly
 in

cr
ea

se
d 

pr
op

or
tio

ns
 o

f  G
r1

+
/M

ac
1+

 c
el

ls
 

in
 B

M
, s

pl
ee

n,
 a

nd
 P

B
12

–1
4 

m
on

th
s

C
M

M
L 

lik
e

Te
t2

KD
 m

ic
e 

 [5
6]

(H
13

67
Y/

D
13

69
A)

Sl
ig

ht
ly

 in
cr

ea
se

d 
LS

K 
H

SP
C

s, 
si

gn
ifi

ca
nt

 e
xp

an
si

on
 o

f, 
C

M
Ps

 a
nd

 G
M

Ps
D

is
tin

ct
 g

en
e 

ex
pr

es
si

on
 p

at
te

rn
 c

om
pa

re
d 

to
 T

et
2−

/−

St
ar

tin
g 

at
 4

 m
on

th
s

12
–2

0 
m

on
th

s
Pr

ed
om

in
an

tly
 M

D
S/

C
M

M
L

Ly
sM

Cr
e Te

t2
fx

/f
x  m

ic
e 

[4
8]

H
ea

lth
y

Te
t2

gt
 m

ic
e 

(g
en

e 
tr

ap
 a

t t
he

  2
nd

in
tr

on
) c

au
se

s 
an

 8
0%

 
de

cr
ea

se
 in

 T
et

2 
m

RN
A

 le
ve

ls
 a

nd
 a

 5
0%

 d
ec

re
as

e 
in

 
5h

m
C

 le
ve

ls
 [5

7]
.

Co
op

er
at

e 
w

ith
 T

C
R 

si
gn

al
in

g 
to

 d
ec

re
as

e 
Fo

xO
1 

ex
pr

es
-

si
on

 a
nd

 a
ct

iv
ity

∼
17

 m
on

th
s

Ly
m

ph
op

ro
lif

er
at

io
n 

of
 T

fh
-li

ke
 c

el
ls

Va
vCr

e Te
t2

fl/
fl  O

T-
II 

T-
ce

ll 
re

ce
pt

or
 tr

an
sg

en
e 

[5
8]

10
 m

on
th

s
D

ev
el

op
ed

 A
IT

L-
lik

e 
ly

m
ph

om
as

CD
4Cr

e Te
t2

fx
/f

x [5
9]

M
in

im
al

 e
ffe

ct
 o

n 
th

ym
ic

 T
-c

el
l d

ev
el

op
m

en
t

In
cr

ea
se

d 
 C

D
8+

 m
em

or
y 

T-
ce

lls
 a

ft
er

 v
ira

l i
nf

ec
tio

n,
 

im
pr

ov
ed

 p
ro

te
ct

io
n 

up
on

 s
ub

se
qu

en
t r

e-
in

fe
ct

io
n

Cd
19

Cr
e Te

t2
 fx

/f
x  m

ic
e 

 [6
0–

62
]

G
er

m
in

al
 c

en
te

r (
G

C
) h

yp
er

pl
as

ia
 im

pa
irs

 p
la

sm
a 

ce
ll 

di
f-

fe
re

nt
ia

tio
n 

an
d 

pr
om

ot
es

 B
-c

el
l l

ym
ph

om
ag

en
es

is
In

cr
ea

se
 in

 A
ID

-m
ed

ia
te

d 
m

ut
at

io
ns

G
C

 B
-c

el
l h

yp
er

pl
as

ia
 a

nd
 im

pa
ire

d 
pl

as
m

a 
ce

ll 
di

ffe
re

n-
tia

tio
n

D
ec

re
as

ed
 e

xp
re

ss
io

n 
of

 P
rd

m
1

16
 m

on
th

s
C

LL
-li

ke
Pr

ec
ip

ita
te

d 
m

al
ig

na
nc

y 
in

du
ce

d 
by

 T
-c

el
l l

eu
ke

m
ia

/ly
m

-
ph

om
a 

1A
 (T

C
L1

A
) Δ

ex
on

 3

CD
19

Cr
e Te

t2
fx

/f
x Te

t3
fx

/f
x  [6

3]
H

yp
er

ac
tiv

at
io

n 
of

 B
- a

nd
 T

-c
el

ls
, a

ut
oa

nt
ib

od
y 

pr
od

uc
-

tio
n

D
ow

nr
eg

ul
at

io
n 

of
 C

D
86

Lu
pu

s-
lik

e 
di

se
as

e

M
b1

Cr
e Te

t2
fx

/f
x Te

t3
fx

/f
x  [4

0,
 6

4]
Bl

oc
k 

at
 th

e 
tr

an
si

tio
n 

fro
m

 th
e 

pr
o–

B-
ce

ll 
to

 th
e 

pr
e–

B-
ce

ll 
st

ag
e

D
ow

n-
re

gu
la

tio
n 

of
 IR

F4
In

cr
ea

se
d 

C
pG

 m
et

hy
la

tio
n 

at
 th

e 
Ig

κ 
3’ 

an
d 

di
st

al
 

en
ha

nc
er

s, 
in

flu
en

ci
ng

 c
hr

om
at

in
 a

cc
es

si
bi

lit
y 

of
 B

-c
el

l-
sp

ec
ifi

c 
TF

s 
su

ch
 a

s 
E2

A
 o

r P
U

.1

5–
6 

m
on

th
s

D
ev

el
op

ed
 B

-c
el

l l
ym

ph
om

as
 w

ith
 s

pl
en

om
eg

al
y 

an
d 

ly
m

ph
ad

en
op

at
hy

. R
es

em
bl

e 
hu

m
an

 B
-A

LL



Page 6 of 25Joshi et al. J Exp Clin Cancer Res          (2022) 41:294 

Ta
bl

e 
1 

(c
on

tin
ue

d)

M
ou

se
 li

ne
s

H
SC

s 
an

d 
M

PP
s

La
te

nc
y

H
em

at
op

oi
et

ic
 d

is
ea

se
s

M
x1

Cr
e Te

t2
fx

/f
x Te

t3
fx

/f
x  [2

0]
M

x1
Cr

e Te
t2

fx
/+

Te
t3

fx
/f

x  [6
5]

M
x1

Cr
e Te

t2
fx

/f
x Te

t3
fx

/+

U
nc

on
tr

ol
le

d 
ex

pa
ns

io
n 

of
  C

D
11

b+
G

r1
+

 im
m

at
ur

e 
m

on
oc

yt
e/

gr
an

ul
oc

yt
es

Te
t2

 a
nd

 T
et

3 
ar

e 
do

se
-d

ep
en

de
nt

1–
3 

m
on

th
s

5–
10

 m
on

th
s

A
M

L

Te
t1

−
/−

Te
t2

−
/−

 m
ic

e 
[4

1]
In

cr
ea

se
s 

C
LP

/B
LP

 c
om

pa
rt

m
en

t a
nd

 a
ffe

ct
s 

B-
ce

ll 
de

ve
lo

pm
en

t
H

SC
s 

ex
hi

bi
t a

n 
in

cr
ea

se
d 

sh
or

t-
te

rm
, b

ut
 n

ot
 lo

ng
-t

er
m

, 
he

m
at

op
oi

et
ic

 re
po

pu
la

tin
g 

ca
pa

ci
ty

Ex
pr

es
s 

ge
ne

s 
of

 h
um

an
 B

-c
el

l m
al

ig
na

nc
ie

s 
su

ch
 a

s 
Lm

o2
 g

en
es

 o
f B

cl
6,

 M
yc

, P
te

n,
 a

nd
 B

lk

15
–2

0 
m

on
th

s
B 

-A
LL

Te
t2

−
/−

CD
4Cr

e Te
t3

fx
/f

x  [1
7]

iN
KT

 c
el

ls
 s

ke
w

 to
w

ar
d 

th
e 

N
KT

17
 li

ne
ag

e,
 s

tim
ul

at
ed

 b
y 

TC
R 

si
gn

al
in

g
2 

m
on

th
s

A
gg

re
ss

iv
e 

PT
C

L-
lik

e 
sy

nd
ro

m
e 

or
ig

in
at

in
g 

fro
m

 iN
KT

 c
el

ls
. 

C
D

1d
-r

es
tr

ic
te

d 
iN

KT
 c

el
l l

ym
ph

om
a

Fo
xp

3Cr
e Te

t2
 fx

/f
x Te

t3
 fx

/f
x 
 [6

6]
H

yp
er

m
et

hy
la

tio
n 

at
 F

ox
P3

 p
ro

m
ot

er
 a

nd
 in

tr
on

ic
 

en
ha

nc
er

 C
N

S2
, i

m
pa

ire
d 

Tr
eg

 c
el

l d
iff

er
en

tia
tio

n 
an

d 
fu

nc
tio

n

1 
m

on
th

?
D

ev
el

op
 a

ut
oi

m
m

un
e 

di
se

as
e

D
ev

el
op

 in
fla

m
m

at
or

y 
di

se
as

e

Te
t1

−
/−

Cd
4Cr

e Te
t2

 fx
/f

x 
 [6

7]
Te

t1
−

/−
Fo

xp
3Cr

e Te
t2

 fx
/f

x
H

2S
 re

gu
la

te
s 

Te
t1

 a
nd

 T
et

2 
ex

pr
es

si
on

 v
ia

 s
ul

fh
yd

ra
tio

n 
of

 N
FY

B
C

D
4+

 c
el

ls
 s

ho
w

 s
tr

on
g 

sk
ew

in
g 

to
w

ar
ds

 T
fh

/T
h1

7 
ph

en
ot

yp
es

H
yp

er
m

et
hy

la
tio

n 
at

 F
ox

P3
 p

ro
m

ot
er

 a
nd

 in
tr

on
ic

 
en

ha
nc

er
 C

N
S2

, i
m

pa
ire

d 
Tr

eg
 c

el
l d

iff
er

en
tia

tio
n 

an
d 

fu
nc

tio
n

D
ev

el
op

 a
ut

oi
m

m
un

e 
di

se
as

e



Page 7 of 25Joshi et al. J Exp Clin Cancer Res          (2022) 41:294  

in expansion of HSCs and GMPs and a reduction of 
MEPs and CLPs, as demonstrated in a study of germline 
Tet2 knockout, Mx1CreTet2fx/fx and VavCreTet2fx/fx mice. 
Tet2−/− mice showed myeloid-biased hematopoiesis as 
demonstrated by the expansion of granulocytes/mono-
cytes and reduced numbers of T/B lymphocytes [19, 69, 
70]. Competitive hematopoietic reconstitutive capac-
ity (CHRC) of Tet2−/− BM hematopoietic cells is sig-
nificantly enhanced as demonstrated by competitive BM 
cell transplantation and serial transplantation assays, 
suggesting enhanced self-renewal of HSCs [19, 69, 70]. 
However, a purified HSC transplantation study suggested 
that the enhanced CHRC of Tet2−/− BM hematopoietic 
cells is not due to the enhanced self-renewal of HSCs but 
rather to the increased proliferation of mutant CMPs and 
GMPs [71]. Tet2−/− mice developed pleiotropic hemat-
opoietic abnormalities: > 90% of mice developed chronic 
myelomonocytic leukemia (CMML)-like myeloid pro-
liferative neoplasms (as demonstrated by expansion of 
myelo-monocytic progenitors and monocytes) while 
the remaining mice developed chronic lymphocytic leu-
kemia (CLL)-like diseases after long-term latency [16, 
30, 35, 43]. Tet2−/− mice develop peripheral T-cell lym-
phoma (PTCL)-like diseases with active antigen stimu-
lation at 10  months of age [58]. Thus, Tet2 is a critical 
tumor suppressor in hematopoietic tissue. Tet2 plays 
such a role primarily by regulating the dynamic DNA 
demethylation and chromatin modifications at enhanc-
ers and promotors of key genes that determine lineage 
commitment and differentiation in HSPCs [18]. Loss of 
Tet2 leads to DNA hypermethylation of active enhanc-
ers, which represses the access of the key TFs, including 
Gata2, for lineage commitment and differentiation. Tet2 
is also involved in maintaining genomic stability by regu-
lating the 5hmC/5mC ratio at gene body regions, thereby 
restricting gene mutations. Consequently, Tet2 loss leads 
to hypermutagenicity in HSPCs [42]. In addition, Tet2 
also has a poorly defined catalytic-independent activity 
that regulates HSC self-renewal but not myeloid lineage 
commitment [16, 35]. A comparative study of Tet2−/− 
and Tet2KD(catalytic activity dead) mice suggested that 
the myeloid biased feature is due to the loss of catalytic 
activity while the expansion of HSCs is primarily medi-
ated by a catalytic-independent mechanism [56].

Studies of linage specific-knockout mice suggest that 
Tet2 regulates dynamic lineage commitment and differ-
entiation at multiple differentiation stages and represses 
leukemia/lymphoma development [18]. Distinct from 
mice with Tet2−/− in HSPCs, Tet2 deletion in differenti-
ated myeloid cells (LysMCreTet2fx/fx mice) is not sufficient 
to cause myeloid malignancy, suggesting a HSPC-specific 
phenotype. Detailed analyses demonstrated that the 
CMML-like disease in HSPC Tet2−/− mice is stimulated 

by blood dissemination of intestinal microbes due to the 
dysfunction of the small-intestinal barrier [30]. Micro-
bial contamination in the blood stimulates inflamma-
tion and increases IL-6 and TNFα production, which in 
turn stimulate the aberrant expansion of myeloid cells 
[28, 29]. The IL-6/Shp2/Stat3 axis promotes the devel-
opment of CMML-like disease by inducing Morrbid 
expression. These studies suggested that Tet2−/− HSPCs 
gain a growth advantage and a myeloid bias in differen-
tiation under infection and inflammatory stress. Inter-
estingly, Tet2 deletion in myeloid cells fails to induce 
such bacterial dissemination. Therefore, which types of 
Tet2−/− HSPCs are responsible for the dysfunction of the 
small-intestinal barrier needs to be determined in the 
future.

Detailed mechanistic studies demonstrated that Tet2 
is involved in the regulation of myelopoiesis at multiple 
differentiation stages. Tet2 does so by collaborating with 
master epigenetic pioneer TFs such as Pu.1 and Runx1, 
to reshape the genomic landscape of 5mC and 5hmC, 
which regulates the genomic motif accessibility of the key 
lineage specific TFs for the expression of genes involved 
in lineage commitment and differentiation as well as 
leukocyte function and immune response [72–74]. In 
HSCs, Tet2 functions differently from Dnmt3 in regulat-
ing myelo-monocytic versus erythroid progenitor differ-
entiation by repressing genomic accessibility of the key 
myelo-monocytic TFs (e.g., Irf8 and Pu.1) and promot-
ing genomic accessibility of the key erythroid TFs (e.g., 
Gata1, Scl and Klf1). Hoxa9 and Gata2 have been iden-
tified as Tet2 target genes in HSCs which are involved 
in the regulation of lineage fate [56]. Tet2−/− alters the 
genomic methylation landscape in HSCs and skews 
HSC transcriptional priming toward myelo-monocytic 
versus erythroid progenitor differentiation [75]. During 
the transition of MPPs to CMPs, Cebpα, in concert with 
Pu.1, recruits Tet2 to the regulatory regions of myeloid 
genes such as (Klf4, Chd7, Jun and Smad3) to establish 
the myeloid cell fate [74, 76]. During lineage commitment 
of CMPs to GMPs and MEPs, Tet2 regulates genomic 
accessibility of the master erythroid TFs (eg., Gata1, Klf1 
and Scl) and the master myeloid specific TFs (eg., Cebpα, 
Irf8, Erg, and Runx1) for the monocytic/granulocytic 
and erythroid progenitor commitments [72, 73]. The 
Pu.1-Tet2 complex regulates the differentiation of GMPs 
to monocytes/macrophages and granulocytes [77–79]. 
Tet2 also regulates the GMP-to-mast cell differentiation 
by modulating the expression of Cebpα and Cebpε [80]. 
During monocyte-to-dendritic cell differentiation, IL4-
Jak3-Stat6 induces the expression of Egr2 which then 
targets Tet2 to the transient binding sites of target genes 
(eg., Batf3 and Irf4) to prime the differentiation process. 
Egr2 further coordinates with other TFs (eg., Ifr4 and 
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AP1), together with Tet2, to the stable binding sites to 
induce dendritic cell biology [78, 81–83]. During mono-
cyte-to-osteoblast differentiation, Pu.1 recruits Tet2 to 
the promoters of key osteoclast-genes (eg., Acp5, Ctsk, 
and Tm7sf4) [79]. (Figure  1) In addition, through inter-
acting with IκBζ or Egr1, Tet2 represses the production 
of inflammatory cytokines IL-6 and MIF in monocytes 
by recruiting histone deacetylases to their promotors 
[6]. Tet2 also represses the production of IL-1β in mono-
cytes through restraining the activity of IL-1β/NLRP3 
inflammasomes [84]. Furthermore, Tet2 also restricts 
LPS-stimulated production of inflammatory cytokines 
such as IL-1β, IL-6 and Arginase 1 in macrophages [85]. 
These inflammatory cytokines not only promote the 
development of Tetmutmyeloid malignancies via stimulat-
ing the proliferation and survival of mutant clones, but 
also contribute to the pathogenesis of several age-related 
pathologic conditions, including atherosclerosis, cardio-
vascular disease, and vascular complications [86].

Tet2 regulates pro-B-to-pre-B progenitor differen-
tiation and B1 and B2 lineage commitment during the 
development of early lymphocytic progenitors. B-cell-
specific Tet2 knockout mice (Cd19CreTet2fx/fx) display an 
abnormal accumulation of  CD19+  B220lowIgM+IgD−/

lowCD43+CD21−CD23−Mac1lowCD5+B1 like-cell popu-
lations and develop CLL-like malignancies after long 
latencies (> 16 months) [60]. In later stages of B-cell dif-
ferentiation, Tet2 functions as a tumor suppressor for 
mature B-cell malignancies by regulating germinal center 
(GC) B-cell exit of the GC reaction and plasma cell dif-
ferentiation [61]. Tet2 deficiency in GC cells leads to 
GC hyperplasia and impaired plasma cell differentiation 
and predisposes to B-cell malignancies [61]. The B-cell 
malignancies in Tet2−/−mice depend on activation-
induced deaminase (AID)-induced mutation for their 
development and BCR (B cell receptor) signaling for 
their survival [60]. The gene expression profile and DNA 
methylation signatures of Tet2−/− GC B-cells is reflected 
in patients with TET2MT diffuse large B cell lympho-
mas (DLBCLs). The conceptual similarity of Tet2−/− GC 
B-cells to GC B-cells containing KMT2D, CREBBP, or 
EP300 mutations suggests that Tet2 might collaborate 
with these histone modifiers in regulating target genes 
[61]. The plasma cell differentiation defects of Tet2−/− 
GC B-cells are caused by the failure of upregulation of 
the plasma cell master regulators Prdm1 (Blimp1) and 
Irf4 (Fig. 1) [61]. PRDM1 loss occurs almost exclusively 
in patients with ABC-DLBCLs, many of which manifest a 
plasmablastic transcriptional profile.

In T-cells, TCR (T cell receptor) signaling rapidly and 
dynamically regulates Tet2 expression and activity. Tet2 
regulates  CD4+  T helper cell differentiation and  CD8+ 
memory T-cell generation. T-cell-specific Tet2 knockout 

mice (CD4CreTet2fx/fx) show minimal changes in T-cell 
development in the steady-state. However, after viral 
infection, more  CD8+ memory T-cells are detected in 
Tet2−/− mice, which are associated with improved pro-
tection upon subsequent re-infection [59]. The key TFs 
that mediate Tet2 function in the generation of central 
memory T-cells need to be identified. In the developing 
germ center during antigen-stimulated  CD4+ naïve T cell 
differentiation, Tet2 is recruited to the regulatory locus of 
target genes by Foxo1 and Runx1 to restrict the lineage 
commitment of T follicular helper cells (Tfh) by facili-
tating the expression of negative regulators of these cells 
(eg., Runx2 and Runx3) [9]. Thus Tet2−/−  CD4+ naïve T 
cells preferentially differentiate into Tfh cells.

Global 5-hmC profiling demonstrated that 5-hmC is 
significantly induced during human  CD34+HSPC com-
mitment to the erythroid lineage followed by a dramatic 
decrease throughout subsequent erythroid differentia-
tion [87]. Such dynamic changes in 5-hmC profiling is 
associated with TET2 levels and activity that are induced 
by EPO-stimulated JAK2-TET2 phosphorylation [87, 
88]. The locus-specific distribution of 5-hmC in eryth-
roid progenitors is correlated to the specific binding 
of erythroid-specific TFs GATA1, GATA2, and KLF1 
at promotors of erythroid genes such as the HB cluster 
genes [87]. The aberrant erythropoiesis was described in 
Tet2−/− mice which recapitulated the ineffective and dys-
plastic erythropoiesis observed in MDS patients [43]. The 
frequencies of erythroid progenitors in BM are reduced 
in Tet2−/− mice and are associated with a reduction of 
red blood cells in peripheral blood [75]. In zebrafish 
models, Tet2 plays an essential role in erythropoiesis by 
regulating the expression of the lineage-specific genes 
Scl, Gata-1 and Cmyb. Tet2 deletion leads to erythro-
cytic dysplasia and anemia which is associated with pro-
moter hypermethylation of Scl, Gata-1 and Cmyb genes 
[89]. The role of TET2 in the differentiation of human 
erythroid progenitors has been studied in human  CD34+ 
HSPCs in an in  vitro setting. TET2  knockdown led to 
hyper-proliferation of CFU-E progenitors via upregula-
tion of c-Kit, followed by expansion of a dysfunctional 
population of CFU-E cells via upregulation of AXL [90, 
91].

Tet1 and Tet2 play lineage‑specific compensatory 
or antagonist roles in adult hematopoiesis
Germline Tet1 knockout mice (Tet1−/−) are viable and 
fertile [68]. The CHRC of BM cells from Tet1−/− mice 
is reduced compared to wild-type (WT) controls, sug-
gesting impaired self-renewal of Tet1−/− HSCs. Tet1−/− 
mice develop B-cell lymphomas with longer latencies 
(~ 18–24 months) [44] (Table 1).
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Many Tet1−/−Tet2−/− mice die perinatally; the survivors 
are weaker and smaller and have reduced fertility [53]. 
Cells from Tet1−/−Tet2−/− mice are hypermethylated 
with compromised imprinting. Detailed analysis dem-
onstrated that Tet1 antagonizes Tet2 in the regulation of 
HSC self-renewal and malignant myeloid development 
but compensates for Tet2 in preventing B and T lympho-
cytic malignancies. The enhanced CHRC and myeloid-
biased differentiation of Tet2−/− HPCs can be attenuated 
by Tet1 deletion [41]. Tet1 loss impairs the enhanced self-
renewal of HSCs and represses the expansion of GMPs 
in Tet2−/− mice. Tet1 deletion dramatically decreases 
the incidence and markedly delays the onset of Tet2 
deletion-related myeloid malignancies. Tet1−/−Tet2−/− 
mice develop lethal B-cell malignancies at a later age. In 
T-cells, Tet2 stabilizes FoxP3 expression in Treg cells and 
regulates Treg activity in cooperation with Tet1. Deletion 
of Tet1 and Tet2 in T-cells (CD4CreTet1−/−Tet2fx/fx and 
Foxp3CreTet1−/−Tet2fx/fx mice) leads to hypermethylation 
of the CNS2  enhancer of the FoxP3 gene and impaired 
Treg cell differentiation and function. T-cell-specific Tet1 
and Tet2 knockout mice develop autoimmune diseases 
[67] (Fig. 1 and Table 1).

Tet3 compensates for Tet2 function in regulating the lineage 
commitment and differentiation of HSPCs at multiple 
differentiation stages
Germline Tet3−/− mice can develop to term but die at 
birth [54]. HSC-specific Tet3 mice (VaviCreTet3fx//fx) show 
normal frequency and numbers of myeloid, B lymphoid, 
and erythroid cells in BM but show a minor increase in 
the frequency of LSK HSPCs and a decrease in the fre-
quency and absolute number of HSCs in BM. How-
ever, Tet3 deficiency augmented the CHRC of HSPCs 
[92]. During hypoxia, Tet3 is upregulated, thus promot-
ing erythropoiesis, while during glucose deprivation 
stress, Tet3 is upregulated to maintain systemic glucose 
homeostasis by upregulating glycolytic enzymes [93]. 
In human  CD34+ HSPCs, TET3 knockdown markedly 
impaired terminal erythroid differentiation, as reflected 
by increased apoptosis, the generation of bi/multi-nucle-
ated polychromatic/orthochromatic erythroblasts, and 
impaired enucleation, in contrast to what is seen in TET2 
knockdown [91]. This suggests that TET2 and TET3 reg-
ulate the differentiation of erythroid progenitors at differ-
ent stages.

Compound-knockout mice demonstrated that Tet3 
has compensatory effects in preventing malignant trans-
formation in Tet2−/− mice among all lineages (Fig. 1 and 
Table  1). Mx1CreTet2fx/fxTet3fx/fx mice died of aggres-
sive acute myeloid leukemia (AML) with a median sur-
vival of 10.7  weeks. Mx1CreTet2fx/+Tet3fx/fx mice and 

Mx1CreTet2fx/fxTet3fx/+  mice developed AML at longer 
latencies, with a median survival of ∼27 weeks, suggest-
ing a dose-dependent activity for Tet2 and Tet3 in AML 
development [20, 65]. The profound hypermethylation 
status of Tet2 and Tet3 double-knockout HSPCs and 
full-blown AML development in Mx1CreTet2fx/fxTet3fx/fx 
mice suggest the compensatory effects of Tet2 and Tet3 
in the differentiation of early myeloid progenitors [20]. 
Although neither Mb1CreTet2fx/fx nor Mb1CreTet3fx/fx mice 
(deletion of Tet2 or Tet3 at the pro-B progenitor stage) 
displayed any striking B-cell abnormalities, Mb1CreTet2fx/

fxTet3fx/fx specimens showed a block in B-cell develop-
ment at the transition from the pro-B to pre-B cell stage 
due to focal DNA hypermethylation at enhancers that are 
enriched for consensus binding motifs of key B-lineage 
TFs such as Pu.1, Ebf1 and E2a [40, 64]. Consequently, 
percentages, and numbers of B-cells in BM were sig-
nificantly reduced in these mice [40, 64]. Mb1CreTet2fx/

fxTet3fx/fx mice develop fully penetrant B-cell lymphomas 
which resemble B-ALL by 5 to 6 months [40, 64]. Mecha-
nistically, Tet2 and Tet3 regulate demethylation of the 3’ 
and distal Eκ enhancers of the Igκ locus, which is criti-
cal for BCR formation and pro-B-to-pre-B-cell differen-
tiation. In mature B-cells in the spleen, Tet2 and Tet3 
cooperatively control antibody production by regulating 
antibody class switch recombination (CSR) and shape the 
mutational landscape of GC B-cells [62]. Mechanistically, 
Tet2 and Tet3 are recruited to the enhancers of the AID 
gene by the TF Batf to control AID expression. Deletion 
of Tet2 and Tet3 in mature B-cells (CD19CreTet2fx/fxTet3fx/

fxmice) impairs the CSR of GC B-cells and inhibits 
plasma cell differentiation and leads to hyperactivation 
of B- and T-cells, CD86 upregulation and autoantibody 
production, and lupus-like disease in mice [63]. Inter-
estingly, mice with Tet2 and Tet3 deletion in GC B-cells 
(Cγ1CreTet2fx/fxTet3fx/fx mice) do not develop such a phe-
notype, suggesting that Tet2/3 play such a role in naïve B 
cells upstream of GC cells. In T-cells, Tet2 and Tet3 col-
laboratively regulate the lineage commitment of  CD4+ T 
cells and invariant NKT (iNKT) cells. Mice with T-cell-
specific deletion of both Tet2 and Tet3 (CD4CreTet2fx/

fxTet3fx/fx) developed an aggressive PTCL-like syndrome 
that was apparent by 5 to 6  weeks of age, with all mice 
dying at ∼8 weeks. The malignant cells originated from 
iNKT cells in the thymus rather than from T follicular 
helper cells (Tfh) [17, 57]. In Treg cells, Tet2 and Tet3 
control DNA demethylation of the FoxP3 CNS2 enhancer 
and the stability of FoxP3 expression. Loss of Tet2 and 
Tet3 converts Treg cells into Tfh/Th17 phenotypes due to 
the reduction of FoxP3 expression. FoxP3CreTet2fx/fxTet3fx/

fxmice develop autoimmune/inflammatory disease [66].
Taken together, all 3 Tets are involved in regulating the 

fate determination of HSPCs at multiple differentiation 
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steps by mediating stepwise changes in the epigenetic 
landscape and transcriptional networks. Among the 
3 Tets, Tet2 is the major player here. Deletion of Tet2 
causes DNA hypermethylation and reduced 5hmC in 
the enhancers of lineage-specific genes, disrupting line-
age commitment and differentiation in the correspond-
ing differentiation stages. Tet2 plays such roles primarily 
through catalytic activity-mediated site-specific DNA 
demethylation. Tet2 also has non-catalytic activity which 
is involved in the regulation of many hematopoietic cell 
behaviors such as HSC self-renewal, mast cell prolifera-
tion and monocyte/macrophage cytokine production. 
However, due to the functional compensation of Tet1 
and/or Tet3, the phenotype of young Tet2−/− mice is rela-
tively mild [20, 40, 64, 67, 94]. The disease phenotype in 
aged Tet2−/− mice is mainly induced by inflammatory 
cytokines and accumulated additional mutations. Tet3 
compensates for the function of Tet2 in almost all dif-
ferentiation stages studied. However, Tet1 compensates 
for the function of Tet2 in B-cell and T-cell lineages but 
antagonizes the function of Tet2 in HSPCs and myeloid 
lineages. All of the Tets play their roles by collaborating 
with lineage-specific pioneer TFs and inducing lineage-
specific gene expression.

Role of TET dioxygenases in the regulation of malignant 
hematopoiesis
Somatic mutations of TETs in human hematologic 
malignancies
Mutations in TET1 occur at a much lower frequency 
than TET2 in hematopoietic malignancies. Mutant TET1 
was first identified as a fusion partner of the MLL gene 
in patients with AML carrying a t(10,11)(q22;q23) muta-
tion; such translocations are, however, very rare [95, 96]. 
In this fusion protein, the TET1 fragment lacks catalytic 
activity. Thus, it is believed that the MLL-TET1 fusion 
protein induces the development of AML by recruiting 
TET1 partner proteins to MLL target genes [97]. The 
mutation or downregulation of TET1 is frequently found 
in patients with non-Hodgkin B-cell lymphoma, includ-
ing DLBCL and follicular lymphoma [44, 98, 99]. In addi-
tion, TET1 is also mutated in 12–15% of T-cell acute 
lymphoblastic leukemia and in 1–5% of AML patients 
[100, 101].

TET2MT has frequently been found in human patients 
with myeloid malignancies [102–104] such as 7.3%-23% 
of AML, 18%-33% of MDS, 46% of MDS/myeloprolif-
erative neoplasms (MPNs), 13–20% of MPNs, 22%-56% 
of CMML, and 20.3–29% of systemic mastocytosis, as 
well as subtypes of mature B/T-cell malignancies [36, 
43, 61, 105–108] including 4% of mantle cell lympho-
mas, 2–10% of DLBCLs, 42–89% of angioimmunoblastic 
T-cell lymphomas (AITL), 28–48.5% of peripheral T-cell 

lymphomas (PCTL-NOS), ∼2.3% of CLL, and 5% of mul-
tiple myelomas (MM) [109]. Germline TET2 loss of func-
tion causes childhood immunodeficiency and lymphoma 
[110]. In addition,  TET2is the second-most frequently 
mutated gene (11–15%) in ARCH [22, 23]. While many 
mutations lead to loss of the entire protein (47% frame-
shifts and 34% nonsense), 19% are missense mutations 
involving either the catalytic or non-catalytic domains, 
which lead to either loss of catalytic activity or disruption 
of interactions with key partners [33].

TET3 mutations are the least common among the three 
TET genes in hematopoietic malignancies. Inactivating 
TET3 mutations are very rarely identified in peripheral 
T-cell lymphomas (PTCLs) [107] and CLL [111].

The expression and functions of TETs in human hematologic 
malignancies
TET2 has a pleiotropic role in hematopoiesis [112]. TET2 
is a tumor-suppressor protein in all types of hematopoi-
etic malignancies as determined by inactivating muta-
tions, described above. In ALL, although TET2 mutations 
are not reported, TET2 is transcriptionally repressed 
or silenced in 71% and 17% of T-ALL, respectively, and 
is often associated with hypermethylation of the TET-
2gene’s promoter [113]. Reduced 5hmC in T-ALL caused 
by reduced TET2 expression is associated with more 
aggressive malignancies with worse prognoses. In addi-
tion, TET2 expression in some leukemic cells is repressed 
by microRNAs. There are more than 30 miRNAs that 
inhibit TET2 expression, including miR-22 [114]. miR-22 
promotes HSC self-renewal and leukemic transformation 
by repressing TET2 [115]. However, both tumor-promot-
ing and tumor-repressive functions of TET1 and TET3 
have been reported. Such tumor-promoting and repres-
sive functions of TET1 and TET3 are most likely cancer 
type-specific (Fig. 2).

The tumor-promoting role of TET1 has been reported 
in both myeloid and T-cell malignancies [26, 45, 46]. 
Aberrant overexpression of TET1 has been observed in 
AML with MLL-fusion proteins. Knockout/knockdown 
of Tet1 suppresses AML development in MLL-AF9-
transduced murine AML models [95]. Tet1 is involved 
in MLL-AML development by promoting the expression 
of oncogenic target genes such as Hoxa9, Meis1, and 
Pbx3 [95]. However, a recent study demonstrated that 
Tet1 is not required for AML pathogenesis in an MLL-
ENL mouse model [116]. Such a discrepancy might be 
explained by a difference in the MLL-fusion gene or the 
techniques used for fusion gene induction. In cytoge-
netically normal AML patients, higher TET1 expres-
sion is correlated with lower overall survival [117]. The 
aberrantly high expression of the TET1 protein regu-
lates the expression of critical oncogenic pathways in 
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AML cells. Targeted inhibition of the STAT/TET1 axis 
has been proposed as a therapeutic strategy for TET1 
high-expressing AML [95, 118]. In addition, TET-1s 
is overexpressed in many other cancer types including 
AML [44, 47, 117, 118]. Nevertheless, the role of TET1s 
in leukemogenesis will need to be further determined 
in the future. In the majority of human T-ALL cells, 
TET1 protein is upregulated by PARPs via PARylation-
mediated DNA/histone modification of the TET1 gene 
promotor and TET1 protein stability [44, 119]. High 
levels of TET1 positively regulate oncogene expression 
(such as for NOTCH3), safeguarding genomic integrity, 
and thereby promoting T-ALL development by main-
taining global 5hmC [120]. The PARP inhibitor Olapa-
rib abrogates TET1 expression, induces the loss of 
5hmC, and antagonizes the growth of T-ALL cells [120]. 
Another study suggested that overexpression of TET1 
and down-regulation of TET2 are mediated by MYC in 
T-ALL cells. TET1 and TET2 are functionally opposed 
to T-ALL cell growth by regulating distinct 5hmC pat-
terns in the genome [121]. The tumor-suppressive role of 
TET1 in B-cell malignancies has been well-documented 
[44]. In addition to inactivating mutations, TET1 down-
regulation is commonly detected in B-cell malignancies 
including B-ALL, B-cell lymphoma, and MM [44, 98, 
99, 122]. Both TET1 and TET2 are often concomitantly 

downregulated in B-ALL [41, 44]. The decrease of TET1 
expression in these malignancies is associated with phe-
notypic hypermethylation of enhancers [44, 98, 99, 122]. 
Downregulation of TET1 could be regulated by HMGA2 
and PRC2-mediated epigenetic promotor methyla-
tion [123, 124], miRNA-mediated posttranscriptional 
repression [125], or calpain-mediated degradation of 
TET1 protein [126]. A CpG island has been identified 
in the TET1 promoter and in the exon 1 region, which 
is commonly methylated in B-cell malignancies includ-
ing both Hodgkin’s and non-Hodgkin’s lymphomas, 
NK/T-cell lymphomas, and MM [44, 127, 128]. TET1 
and TET2 activities are also downregulated in several 
types of cancer by XPO1-mediated nuclear exporta-
tion, which can be restored by the XPO1 inhibitor lep-
tomycin B (LMB) [129]. The tumor repressive activity of 
TET1 in the B-lymphocyte lineage has been verified in 
Tet1−/−Tet2−/−mice [41, 44].

The role of TET3 in the pathogenesis of AML is 
reported differently in various studies. Early studies 
reported that TET3 is down-regulated in aged HSPCs, 
peripheral blood T-cells, and human AML samples 
[130]. These studies suggested that TET3 is a repres-
sor of AML. Such AML repressive activity for TET3 
has been verified in two recent studies using Tet2−/−
Tet3−/− mice [59, 87] (see above section). However, 

Fig. 2 The roles of TETs in the pathogenesis of human hematopoietic malignancies. Studies of human hematopoietic malignancies suggested that 
TET2 is a tumor suppressor for almost all types of hematopoietic malignancies, while TET1 is a tumor suppressor for B-cell malignancies but a tumor 
promotor for myeloid or T-cell malignancies. TET3 is required for the survival and proliferation of myeloid malignancies. However, its role in T- and 
B-cell malignancies has yet to be determined. (Created with BioRender.com)
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some other studies reported that TET3  expression is 
significantly increased in some MDS patients [38] and 
a majority of AML patients, specifically within leuke-
mic stem cell (LSC) populations [39, 45, 131]. In MDS 
patients, downregulation of TET2 and reduction of 
5hmC levels are commonly detected irrespective of 
TET2 mutations, while TET3 is upregulated, this being 
inversely correlated with TET2 expression, likely due to 
a feedback mechanism. Elevated TET3 levels were posi-
tively associated with good outcomes for TET2-mutant 
MDS [38]. In AML cells, TET3 expression was posi-
tively correlated with tumor suppressor gene expres-
sion, including CDKN2B, ZIC2, and miR-196a, and 
negatively correlated with oncogenes such as PAX2 and 
IL-2RA in AML specimens. In addition, TET3 regulates 
the expression of genes involved in the early myeloid 
progenitor program, critical glucose metabolic path-
ways, and the STAT5A signaling pathway; it does so by 
maintaining 5hmC epigenetic marks [45]. Furthermore, 
TET3  expression is negatively associated with overall 
survival and disease-free survival in AML patients [39, 
45]. A functional study demonstrated that overexpres-
sion of either TET3 or TET-3s promotes AML progres-
sion by epigenetically regulating glucose metabolism 
and LSC-associated pathways [45]. TET3 depletion 
causes a dramatic impact in 5hmC marks, apoptosis, 
and growth of AML cells in vitro and in vivo. In addi-
tion, TET3 depletion also renders AML cells highly 
sensitive to the combination of 2-deoxy-D-glucose and 
STAT5 inhibitor treatment. A TET-selective small mol-
ecule inhibitor, TETi76, decreases 5hmC and restricts 
clonal outgrowth of   TET2MT HSPCs  in vitro  and  in 
vivo. These results suggest that TET inhibitors may con-
stitute a new class of targeted agents for   TET2MT neo-
plasia [131]. Nevertheless, the apparent opposing roles 
played by TET3 in AML, as demonstrated by simul-
taneous deletion of Tet2 and Tet3 in HSPCs in mice 
and shRNA knockdown or TET inhibitor treatment 
in human AML cells, are not explained by differences 
between the human and mouse diseases because TET3 
inhibition also represses the growth of murine AML 
cells. It is also not due to the expression of TET3 iso-
forms because it was found that both TET3 and TET3s 
have similar growth-promoting activities in AML cells. 
It is most likely that such contradictory roles are related 
to the disease stage or time period of TET3 inhibition. 
It is also possible that inhibition of TET3 might only 
be a selective subset of  TET2MT HSPCs. The remaining 
 TET2MT HSPCs undergo additional signaling changes 
or genetic abnormalities when TET3 is inhibited, caus-
ing AML development. The roles of TET3 in the patho-
genesis of B- and T-cell malignancies have not yet been 
adequately studied.

Concomitant mutations in TET2MT hematopoietic 
malignancies
Somatic TET2MT can be detected in ARCH. This suggests 
that TET2MT alone creates a leukemogenic predisposition 
by altering the 5hmC/5mC ratio on the active enhanc-
ers of its target genes, inhibiting the access of key TFs for 
target gene expression and DNA stability [18]. Additional 
mutations are required for full malignant transforma-
tion. The long-term latency of disease development in 
Tet2−/− mice suggests that Tet2 deficiency predisposes to, 
but depends on, additional oncogenic hits to induce the 
development of full-blown hematological malignancies 
[13, 16, 18, 35, 43, 60, 61, 106, 118] (Table 2).

In patients with TET2MT hematopoietic malignancies, 
TET2MT is not only detected in malignant cells but also 
in  CD34+ HSPCs and other lineages of non-neoplastic 
blood cells in ~ 40% of cases, suggesting that TET2MT 
is the first hit (i.e., ancestral dominant clone) occur-
ring before leukemia or lymphoma develops [35, 36, 
103]. However, TET2MT in the remaining ~ 60% of cases 
are later hits (i.e., subclonal events). In the cases with 
TET2MT as first hits, the most common second muta-
tion is another TET2 lesion, followed by SRSF2, ASXL1, 
DNMT3A, and SF3B1 mutations [33]. The loss of the sec-
ond allele of TET2 suggests clonal selection for a com-
plete loss of TET2 for the clonal evolution and malignant 
transformation. Consistently, in TET2MT hematopoietic 
malignancies, ~ 43% of cases are biallelic [33]. In cases 
with TET2MT as later hits, the dominant antecedent clone 
is defined by the presence of SRSF2, EZH2, ASXL1, TP53, 
U2AF1, DNMT3A, or CEBPA mutations. In many cases, 
the order of TET2MT with other co-occurring muta-
tions is not only associated with disease identity but is 
also related to patient outcomes. For example, in MPN 
patients, TET2 mutations are more common in patients 
with myelofibrosis than those with essential thrombo-
cythemia [152]. In JAK2V617F MPN patients, TET2 muta-
tions can either present as the first hit or a second hit 
[37]. Interestingly, “JAK2-first” patients presented with 
significantly worse overall survival compared to “TET2-
first” patients [37].

Concomitant mutations in  TET2MT myeloid malignancies
Among these concurrent mutations, the frequencies 
of some mutations in TET2MT cases are higher than in 
TET2 WT cases (TET2WT), indicating that such muta-
tions might preferentially promote TET2MT malignan-
cies, while the frequencies of some other mutations in 
TET2MT cases are comparable to TET2WT cases, suggest-
ing that these mutations promote malignant transfor-
mation without selection. For example, biallelic TET2MT 
are commonly detected in MDS and secondary AML 
patients (sAML), suggesting that the disease progresses 
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from TET2MT ancestral clones. In addition, the fre-
quencies of SF3B1, ASXL1, SRSF2, RUNX1, DNMT3A, 
and EZH2 gene mutations are significantly higher in 
TET2MT MDS cases compared to TET2WT MDS cases, 
while the frequencies of SRSF2, ASXL1, RUNX1, CEBPA, 
DNMT3A, JAK2, FLT3ITD, and SETBP1 gene mutations 
are significantly higher in TET2MT sAML cases compared 
to TET2WT sAML cases. This suggests a collaborative role 
for SRSF2, ASXL1, RUNX1, CEBPA, DNMT3A, and TP53 
mutations with TET2MT in MDS development and sAML 
progression. JAK2, FLT3ITD, N-RAS, and SETBP1 muta-
tions are later events that are critical for MDS to trans-
form to sAML [153]. Compared to TET2WT MDS/MPN 
and MPNs, a higher frequency of SRSF2, ASXL1, RUNX1, 
CBL, JAK2, N-RAS, and SF3B1 mutations were observed 
in TET2MT MDS/NPM, whereas a higher frequency of 
JNK2, ASXL1, SRSF2, TET2, CBL, SETBP1, N-RAS, and 
EZH2 mutations were seen in TET2MT MPNs. In de novo 
AML, higher frequencies of NPM1, DNMT3A, CEBPA, 
ZRSR2, ASXL1, and N-RAS mutations were observed in 
TET2MT cases compared to TET2WT cases, while FLT3-
ITD, FLT3-TKD,  JAK2, RUNX1, CEBPA, CBL,  KIT, 
SMC3, CBL, EZH2, and CUL mutations are comparable 
between TET2MT and TET2WT cases [154, 155]. There-
fore, ASXL1, SRSF2, DNMT3A, and EZH2 mutations 
commonly concur in all types of TET2MT myeloid malig-
nancies, while splicing factor mutations (e.g., SF3B1 and 
SRSF2) more commonly occur in MDS and MDS/MPN 
cases, JAK2, CBL, and N-RAS kinase mutations more 
commonly occur in MPN and MDS/MPN cases, NPM1, 
FLT3-ITD, JAK2, CBL, c-KIT, and isolator mutations are 
more common in AML (Fig. 3A).

Some genetic mutations present at much lower fre-
quencies or are even exclusive of TET2MT, suggesting 
that these mutations might either be functionally redun-
dant with TET2MT or toxic to TET2MT cells. For example, 
TET2MT is mutually exclusive to WT1 and IDH1/2 muta-
tions in all types of myeloid malignancies (Fig. 3B) [156–
158]. WT1 physically interacts with and recruits TET2 to 
its target genes [156]. Mutations in WT1 induce a simi-
lar effect to that of TET2MT, suggesting a common path-
way may exist for TET2 and WT1 [157]. Mutant IDH1 
or IDH2 convert isocitrate to 2-hydroxyglutarate (2HG) 
instead of α-ketoglutarate (α-KG). 2HG inhibits TET2 
activity by competing with α-KG. Thus, IDH1/2 muta-
tions can mimic the effect of TET2mutations, leading 
to a similar transcriptomic profile [159]. A recent study 
suggested that 2HG is synthetically lethal to TET2MTin 
myeloid tumors [131]. Two recent studies suggested that 
TET3 is required for the growth of human TET2MTAML 
cells [45, 131], suggesting that IDH1/2 mutations might 
selectively repress TET2MT myeloid malignancies by 
2HG-mediated inhibition of TET3. Interestingly, IDH1/2 

and TET2 mutations commonly co-occur in AITL, which 
will be discussed in the following section. In DLBCL 
patients, TET2 and CREBBP mutations are mutually 
exclusive, suggesting that TET2 and CREBBP cooperate 
to regulate cell differentiation and cell-cycle exit and to 
prevent lymphomagenesis in GC B-cells [61]. Thus, it is 
not surprising that TET2 and CREBBP mutations show 
a similar impact on the transcriptional profile of the 
affected cells. Moreover, TET2MT was found to be coin-
cidental with rarely occurring somatic mutations such as 
MPLW515L and PML-RARα within the BM hematopoietic 
cells derived from MDS patients [153].

Concomitant mutations in  TET2MT PTCL
As is the case with MDS, a majority of PTCL patients 
with TET2MT harbored more than one TET2 mutation, 
presenting as either bi-clonal/oligoclonal T- cells or bi-
allelic mutations in a single clone, suggesting a clonal 
evolutionary mechanism in TET2MT T-cell clones [106]. 
Malignant cells from TET2MT PTCL patients express 
TFH markers (such as CD10, CXCL13, ICOS, PD-1, 
and BCL6) and TFH gene profiling, suggesting they are 
derived from TFH cells. Almost all TET2MT PTCLs are 
subclassified into either AITL or PTCL-NOS (TFH) 
[109, 136]. Interestingly, as distinct from myeloid malig-
nancies,  IDH2R172 mutations commonly co-occur with 
TET2MT in PTCL. The  IDH2R172K mutation is observed in 
20–45% of AITL cases and 7.5% of PTCL-NOS patients 
(Fig.  4A) [137]. TET2MT are present in 60 ~ 100% of 
 IDH2R172K-mutant AITLs [106, 137].  A study suggests 
that, compared to other mutant IDH2,  IDH2R172K might 
generate a lower concentration of 2HG, which impairs 
lymphocyte development but is less toxic to TET2MT 
T-cells [160]. In addition to TETs, 2HG also inhibits more 
than 60 other α-KG-dependent dioxygenases including 
JmjC domain-containing histone demethylases (KDMs) 
and ATM, which are involved in multiple cellular func-
tions including epigenetic regulation, DNA repair, HIF1α 
regulation, and collagen maturation [160]. Therefore, 
there is a possibility that 2HG produced by  IDH2R172K 
promotes TET2MT T-cells by inhibition of other α-KG-
dependent dioxygenases [160].

The most commonly concurring mutation in TET2MT 
PTCL is the  RHOAG17V mutation.  RHOAG17V is detected 
in ~ 60–70% of TET2MT AITL patients (Fig.  4A). 
 RHOAG17V functions as a dominant-negative mutation 
that competes with WT RHOA and probably with other 
RHOA family members as well, for guanine nucleotide-
binding. Thus,  RHOAG17V represses canonical RHOA 
signaling. In addition,  RHOAG17V also presents with 
some additional functions. For example, Fujisawa et  al. 
demonstrated that  RHOAG17V gains the ability to bind 
to VAV1 and promotes VAV1-PLCγ1-NFAT signaling 
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downstream of TCR. Other studies have found that 
 RHOAG17V enhances TFH lineage specification by the 
activation of mTOR signaling, probably through up-regu-
lation of ICOS [106, 161]. These studies suggest that acti-
vation of TCR and ICOS signaling might promote AITL 
development in combination with TET2MT (Fig.  4B) 
[162].  Consistent with this conclusion, the concurrence 
of activating mutations in the key components of TCR 
and ICOS signaling have been identified in TET2MT AITL 
and PCTL-NOS-THF, including 9% CD28, 38% CTLA4-
CD28 fusions, 14–23% FYN-TRAF3IP2 fusions, 11% 
VAV1, 14% PLCG, 7% PI3K elements, 6% CTNNB1, 6% 
GTF2I, 23% PCLO and 17% PIEZO1 (Fig. 4A) [146, 150]. 
In addition, mutations in the JAK-STAT pathway, such 
as mutations in JAK1, STAT3, and STAT5, coincide with 
TET2MTin PTCL patients [162, 163].  CD8+ PTCLs are 
characterized by concurring DNMT3A and TET2muta-
tions [164].

Clonally heterogenic architecture of hematopoietic 
malignancies
Next-generation DNA/RNA sequence assays showed 
a dynamic accumulation of driver mutations during 
the development and progression of hematopoietic 
malignancies. It was suggested that the average num-
ber of driver mutations is increased from 1 in ARCH 
to 3 in MDS and > 5 in AML [22, 23, 165]. Single-cell 

approaches, including single-cell DNA-seq, single-cell 
RNA-seq, and single-cell proteomics, demonstrated 
a clonal heterogeneity in the architecture of these 
hematopoietic malignancies due to both linear and 
branching clonal evolutionary processes in disease 
development. For example, in AML samples, based on 
mutational history, pre-leukemic clones, MDS clones, 
and multiple AML clones can be detected in the same 
patient. Although all clones in the same patients share 
the same founder mutation, such as TET2MT, the sub-
sequent mutations are not the same among them [166, 
167]. Because the therapeutic responses of different 
clones are not all the same, some clones are completely 
eliminated during treatment and only AML cells from 
certain clones are sustained, which eventually leads to 
disease relapse. In many patients, new mutations are 
acquired in some clones which provide a growth advan-
tage leading to disease relapse. Moreover, the clonal 
architectures in different patients are different. Thus, 
the dynamic and heterogenic clonal evolutionary pro-
cesses occurring in these malignancies make the dis-
eases difficult to treat [165]. Therefore, understanding 
the unique biology of each clone by elucidating how 
the concurrent mutations collaborate in the induction, 
development, and progression of the disease will sug-
gest novel combinatory strategies for eventually cur-
ing these fatal diseases. Genetically modified animal 

Fig. 3 Concurrent genetic mutations of TET2MT human myeloid malignancies. A. Mutations of ASXL1, SRSF2, DNMT3A, and EZH2 concur in all types 
of myeloid malignancies. Second allele mutations of TET2 are commonly detected in MDS and MPNs but not in de novo AML. In addition, mutations 
in splicing factors such as SF3B1 and U2AF1 are commonly detected in MDS, while mutations of signaling molecules are commonly detected 
in MPN and AML patients. B Idh1/2 regulate the production of α-KG and promote TET2 activity, whereas mutant Idh1/2 regulate the production 
of 2HG and repress TET2 activity. TET2 regulates the differentiation of myeloid progenitors primarily by interacting with WT1 for DNA binding. 
Mutations of Idh1/2 and WT1 are exclusive in TET2MT myeloid malignancies. (Created with BioRender.com)
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models will continue to provide useful platforms to 
examine and address such issues.

Oncogenic collaboration of mutations with  Tet2MT in animal 
models
The potential oncogenic cooperation effect of com-
monly-concurring mutant genes with the inactivation 
of Tet2 has been evaluated in numerous animal models. 
Consistent with TET2MT in human hematopoietic malig-
nancies, Tet2 deficiency in mice induces a “poised” state 
in pre-leukemic HSPCs through altered gene expres-
sion. Tet2−/− mice develop CMML-like disease and 
T/B-cell malignancies with long-term latencies after 
acquiring additional mutations. In the  tumors which 
develop in Tet2−/− mice, numerous mutations, includ-
ing Apc, Nf1, Flt3, Cbl, Notch1, and Mll2, have also been 
detected in human hematological malignancies [42]. 
These accumulated mutations not only drive the aberrant 
proliferation and survival of the Tet2−/− cells for malig-
nant development but also drive the lineage commitment 

and differentiation of the mutant cells to determine the 
identity of the malignant cells.

Compound-mutant mouse experiments demonstrated 
that combinations of two concurrent mutant genes in 
mice induce hematopoietic malignancies that largely 
resemble similar diseases in patients (Fig. 5 and Table 2). 
For example, the concurrence of DNMT3A and TET2 
mutations was detected in patients with almost all types 
of hematopoietic malignancies [168]. Consistent with 
this, mice with compound Dnmt3a and Tet2 mutations 
(including Dnmt3a−/−Tet2−/− or DnMt3aR882HTet2−/−) 
developed multiple types of hematologic malignancies 
including AITL, AML, and T-ALL. Mechanistically, it 
was found that loss of Dnmt3a maintains an HSC tran-
scriptional program, and loss of Tet2 derepresses myeloid 
lineage commitment. The deficiency of both Dnmt3a and 
Tet2 synergistically accelerates disease development by 
promoting HSC self-renewal and amplification of pro-
genitor cells. Detailed comparative studies of Dnmt3a 
and Tet2 double-mutant HSPCs with individual gene 

Fig. 4 Concurrent genetic mutations of  TET2MT PTCL. A.  RHOAG17V mutation and mutations of key components of TCR and ICOS signaling pathways 
such as CD28, PLCG1, and VAV1 commonly co-occur in TETMT PTCL. Consequently, TCR and ICOS signaling are activated in TET2MT PTCL, determining 
the Tfh phenotype. In addition, second TET2 mutations are commonly detected in TET2MT PTCL. Moreover,  IDH2R172K mutation also commonly 
co-occurs in TET2MT PTCL. B. The molecular mechanism of  RHOAG17V mutation in the pathogenesis of PTCL in collaboration with  TET2MT.  RHOAG17V 
mutation antagonizes the normal function of RHOA and activates ICOS-AKT-mTOR and PLCγ1-NFAT signaling by stimulating the activation of VAV1. 
 TET2MT collaborates with  RHOAG17V mutation in the regulation of FoxO1 activity in T-cells. (Created with BioRender.com)
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mutant HSPCs demonstrated that Dnmt3a and Tet2 
cooperatively regulate a subpopulation of genes such as 
Klf4 and Epor [140, 141].  N-rasG12D and Tet2 deletion 
synergistically represses Spry2, a negative regulator of 
MAPK, thereby causing synergistic activation of MAPK 
signaling. Concurrence of N-RAS and TET2 mutations 
were detected in patients with CMML or AML. Mice 
with compound mutations of Tet2 and N-ras (Mx1Cre-

Tet2fx/fxN-rasG12D) developed accelerated CMML or 
AML [143, 144]. In addition, cooperation of Tet2MT with 
Ezh2, Asxl1, or Bcor mutations in MDS/MPN, Tet2MT 
with Jak2V617F in MPN, Tet2MT with Flt3ITD, Aml1-Eto, 
Pu.1UREΔ/WT, or Ncstn mutations in AML, and Tet2MT 
with KitD816V in mastocytosis have been also evaluated 
in mouse models (Table 2). In combination with Tet2MT, 
oncogenic kinase mutations such as Jak2V617F, Flt3ITD, 
and KitD816V promote NPM and AML development 
by inducing the uncontrolled proliferation of Tet2MT 
myeloid progenitors by stimulating Akt-mTor and Jak-
Stat5 signaling. In addition, Flt3ITD also synergizes with 
TetMT in the regulation of DNA methylation and target 
gene expression. A distinct set of genomic loci (> 500 
region including the Gata2 gene) are hypermethylated 
in HSPCs with both Flt3ITD and Tet2MT compared to 
HSPCs with either mutation alone [138].  Therefore, the 
Flt3ITD and Tet2MT combination synergistically acceler-
ates AML development. Aml1-Eto or Ncstn mutation 
promotes AML development in Tet2MT mice by prevent-
ing myeloid progenitor cell differentiation. In addition, 

HMGA2, a chromatin modifier, is overexpressed in 
patients with MDS and AML. Mice with Hmga2 expres-
sion and Tet2−/− develop progressive phenotypes of MDS 
and AML. Hmga2 promotes MDS/AML development by 
stimulating the expression of Igf2bp2 and impairing the 
differentiation of Tet2−/−myeloid cells [146].

The cooperation of  RhoAG17V and  Tet2MT in the patho-
genesis of AITL has been studied in several animal mod-
els. Over-expression of RhoAG17V in  CD4+T-cells in 
transgenic mice induces relatively increased TFH-cell 
populations accompanied by markedly reduced naive 
T-cell numbers. Such mice developed autoimmunity as 
indicated by a cellular infiltrate within the ears and tails 
as well as elevated serum titers of anti-double-stranded 
DNA antibodies and renal immune complex deposi-
tion [58]. When RhoAG17V transgenic mice were crossed 
with Vav-Cre+Tet2fl/fl mice, the compound-mutant mice 
developed T-cell lymphomas. Tumor cells had transcrip-
tional signatures enriched for mTOR-associated genes. 
Transplanted tumors were responsive to the mTor inhibi-
tor everolimus, providing a possible strategy for targeting 
RhoAG17V lymphomas [58]. Using virally-mediated trans-
duction of RhoAG17V in Tet2−/− HSPCs and a transplanta-
tion model, Zang et al., demonstrated that Tet2 deletion 
causes repression of the FoxO1 gene, while RhoAG17V 
promotes AKT-mediated FoxO1 phosphorylation and 
inactivation.  RhoAG17V cooperates with Tet2 deletion to 
induce AITL development by collaborative inhibition of 
FoxO1 activity [150].  Cortes et  al. found that  RhoaG17V 

Fig. 5 Oncogenic collaboration of mutations with  TET2MT in animal models. Tet2MT mice develop MPNs, AITL-like, AML-like, or T-ALL-like diseases 
when combined with  Dnmt3AR882H mutation or Dnmt3A deletion, and accelerated MPN or AML when combined with N-rasG12D mutation. However, 
Tet2MT mice develop AITL, AML, MPN, MDS/MPN, or mastocytosis when combined with  RhoAG17V, Flt3ITD/AML1-ETO/NcstnMT,  Jak2V617F, Ezh2MT/
Asxl1MT/BcorMT or  KitD816V, respectively. All these mutant phenotypes resemble the disease phenotypes of patients having the same combinations of 
mutations. (Created with BioRender.com)
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expression in  CD4+ T-cells induces Tfh cell specifica-
tion by increasing ICOS upregulation and stimulating 
PI3K and MAPK signaling.  RhoAG17V expression in the 
endogenous RhoA locus, together with Tet2 loss, resulted 
in the development of AITL in mice [151]. Fujisawa et al. 
found that  RhoAG17V gains Vav1 binding ability and acti-
vates Vav1-Plcγ1-Nfat signaling by phosphorylating Vav1 
in T-cell lines [161]. Collectively,  RhoAG17V promotes the 
activation of Tcr/Icos-Pi3k-mTor signaling in Tet2−/− T 
cells, which stimulates AITL development by induc-
ing the TFH differentiation of naive T-cells and TFH 
expansion.

Potential targeted therapy for TET2MT malignancies
TET2MT is frequently detected in many types of hemat-
opoietic malignancies [169]. The prognostic significance 
of TET2MT remains a subject of debate [158]. In MDS, 
several studies suggested that patients with TET2MT tend 
to be associated with a lower-risk disease based on IPSS, 
and also show better survival and lower rates of leuke-
mic transformation [170]. However, some other studies 
suggested that there is no significant difference in leuke-
mic transformation and survival between TET2MT and 
TET2WT groups [158, 171]. In CMML, TET2MT patients 
were older, more likely to have dysplastic blasts, a higher 
number of co-occurring mutations, and lower risk strati-
fication. Importantly,  TET2MT  was associated with a 
survival advantage compared to TET2WT cases [172]. 
One study of AML patients indicated that homozygous 
TET2MT showed significantly inferior event-free survival 
and a higher relapse rates compared to those with het-
erozygous TET2MT [154].

Intensive chemotherapy is still the front-line choice 
of treatment for TET2MT  malignancies. Up until now, 
there have been no effective targeted therapies for 
TET2MT  malignancies. Several studies suggested that 
TET2MT predicts the response of patients to treatment 
with DNA hypomethylating agents (HMA) including 
5-azacytidine and decitabine [170, 173]. It is suggested 
that HMAs inhibit the growth of TET2MT malignant 
cells by restoring the expression of TET2-targeted genes. 
However, such a conclusion is still debatable and is not 
confirmed by several other studies. It is most likely that 
the response of TET2MT malignancies to HMA therapy is 
determined by concurrent mutations or signaling altera-
tions. Nevertheless, 5-azacytidine might be a potential 
targeted therapy for TET2-silenced T-ALL [113]. In addi-
tion, mutant forms of several kinases such as  FLT3ITD, 
 cKITD816V, or  RhoAG17V are commonly detected in many 
TET2MT AML cases, mastocytosis, and PTCL, respec-
tively. Studies of compound-mutant animals (including 
Tet2−/−FLT3ITD, Tet2−/−cKITD816V, and Tet2−/−RhoAG17V) 
suggested that such hematopoietic malignancies are 

highly sensitive to a combination of HMA and a FLT3-
specific inhibitor, or the multi-kinase inhibitor dasatinib 
[108, 173].

In addition, both restoration and inhibition of TET 
protein activity have been proposed for the treatment 
of TETMT hematopoietic malignancies. Preclinical stud-
ies suggested that vitamin C (a cofactor in TET catalysis) 
represses TET2MT cell growth by enhancing the activity 
of remaining WT TET2 molecules, as well as TET1 and 
TET3 [140, 141, 143, 167, 174]. The anti-cancer property 
of vitamin C can be enhanced when combined with the 
SIRT activator SRT1720, P300/CBP inhibitors C646 or 
HATi, or the HDAC I/II inhibitor trichostatin A, through 
regulation of the site-specific acetylation of TETs [175]. 
The addition of vitamin C treatment in TET2MT leukemia 
augments the activity of residual TET-dioxygenase and 
enhances their sensitivity to PARP inhibition and hypo-
methylating agents [174, 176–178]. In a case report, an 
acute supraphysiological dose of vitamin C helps to elim-
inate chemorefractory AML cells with either TET2MT 
or WT1 mutation [179]. However, these conclusions 
have not been verified by large scale clinical studies. The 
optimal effective dosage of vitamin C in AML treatment 
has not been determined. A recent study suggested that 
TET2MT cells might be more vulnerable to TET inhibition 
compared with normal HSPCs [131]. The TET inhibitor 
TETi76 has been tested in the preclinical setting. This 
study demonstrated that TETi76 restricts the growth of 
TETMT leukemic cells, engineered TET2−/− human cells, 
and Tet2−/− murine HSPCs with reduced effects on nor-
mal HSPCs. TET inhibition leads to a major metabolic 
shift in TET2MT cells, as demonstrated by significant 
down-modulation of c-MYC target genes. Whether TET 
inhibitor treatment will be beneficial to patients in the 
clinical setting remains to be verified.

Furthermore, in addition to regulating normal hemat-
opoiesis and its implications in the development of 
malignancy, Tet2 also regulates cytokine production 
in macrophages and differentiation processes in both 
B-cells and T-cells. Thus, TETs mediate the interface 
between cancer and immunity [180]. Tet2 inhibition in 
B-cells represses the transition of GC B-cells to plasma 
B-cells. Tet2 deletion in T-cells promotes the produc-
tion of Th1-TNF-α and Th17-IL17 cells at the expense of 
Treg-IL-10 cells. Inactivation of Tet2 in the M1 type of 
macrophages promotes IL-6, IL-1β, and TNF-α produc-
tion. In tumor models, inhibition of Tet2 in immune cells 
enhances antitumor immunity by reducing the functional 
immunosuppressive role of tumor-infiltrating myeloid 
cells (including MDSCs and TAM) and enhancing the 
tumor-killing activity of tumor-infiltrating lymphocytes 
(TILs) [181]. Tet2 reshapes the chromatin accessibility 
of several key TFs at genomic binding regions, including 
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BATF and ETS1 in  CD8+tumor-infiltrating lymphocytes, 
thereby enhancing its anti-tumor immune function and 
suppressing melanoma growth in  vivo. Disruption of 
TET2 in CD19-CAR-T cells promotes anti-leukemic 
therapeutic efficacy [182]. However, in the B16-OVA 
melanoma model, TET2 in tumor cells functions as an 
important mediator of the IFN-γ/JAK/STAT signal-
ing pathway. Deletion of TET2 in tumor cells represses 
the expression of the checkpoint protein PD-L1 and the 
production of Th1-type chemokines CXCL9, CXCL10, 
and CXCL11. Vitamin C-stimulated TET activity can 
enhance TIL activity and promote the antitumor immu-
nity induced by anti-PD1/PD-L1 treatment [183]. Thus, 
TET2 mediates an immune-repressive activity in T-cells 
and an immune-stimulatory activity in monocytes and 
macrophages  [184]. With all of this information taken 
together, it is apparent that the role of TET2 in immune 
cells needs to be considered in future treatments for 
TET2MT hematopoietic malignancies.

Finally, in order to develop more effective targeted 
medications for TET2MT hematopoietic malignancies, 
many questions still need to be answered to better under-
stand the pathogenesis of TET2MT malignancies:

1. Tet2 deletion in HSPCs results in dysfunction of 
the small-intestinal barrier and bacterial dissemina-
tion; such does not occur in myeloid cell Tet2 dele-
tion. Intestinal microbial-stimulated inflammatory 
signaling and increased interleukin-6 production 
are required for CMML-like disease development 
in Tet2−/− animals. Consequently, mice with Tet2 
deletion in their myeloid progenitors (induced by 
 LysMCre) did not develop CMML-like disease. Mice 
with deletion of both Tet2 and Tet3 in HSPCs develop 
accelerated AML. It is important to determine 
whether microbe-stimulated inflammatory signal-
ing is also required for the development of AML 
in Tet2−/−Tet3−/−mice. It will be also important to 
determine whether the deletion of both Tet2 and 
Tet3 in myeloid progenitors by  LysMCre induces AML 
development. This will help to determine whether 
the AML that occurs in this model is also an HSPC-
related disease and whether microbe-stimulated 
inflammation is required for AML development.

2. A majority of mice in a Tet2gt strain (Tet2 gene trap 
mice with 80% Tet2knockdown) developed AITL-
like diseases with a long latency (∼17 months) [57]. 
However, most Tet2−/− mice develop CMML-like 
disease within 1.5 years of birth, and most remaining 
mice develop a B-cell malignancy within 2  years. It 
is unknown what determines the disease identity in 
these animals.

3. Tet3 represses AML development in Tet2−/− mice as 
demonstrated by Tet2−/−Tet3−/− mice. Yet TET3 is 
required for the survival and proliferation of TET2MT 
AML cells both in patients and in mouse models. The 
reason for such contradictory conclusions needs to 
be determined. Future studies also need to examine 
whether a specific inhibitor for certain TETs can pro-
duce better treatment effects for TET2MT AML than 
a pan-TET inhibitor.

4. Deletion of either Tet1/2 or Tet2/3 in Treg cells 
results in downregulation of FoxP3 and impairment 
in the production of Treg cells. These studies sug-
gested that all three Tet proteins collaboratively regu-
late Treg cell production. Future studies need to use 
lineage-specific deletion of all three Tets to deter-
mine how these three enzymes collaborate in HSCs, 
HPCs, and committed progenitor cells.

5. Loss of TET2 in BM stromal cells (SCs) increases cell 
proliferation and self-renewal and enhances osteo-
blastic differentiation potential in BMSCs, which 
may, in turn, alter their behavior in supporting HSPC 
proliferation and differentiation. TET2MT BMSCs 
contribute to the progression of myeloid malignan-
cies in animal models. Tet2deficiency alters the BM 
microenvironment by facilitating the secretion of 
pro-inflammatory cytokines such as IL-1a, IL-5, IL-6, 
and CXCL5, thus favoring the expansion of leuke-
mic progenitors [139]. It is still unknown whether 
 TET2MT or TET2 downregulation also occurs in 
human BMSCs and contributes to the development 
of malignancy in patients.

6. How can the catalytic activity-independent role of 
Tet2 in HSCs be attenuated by Tet1 deletion?

Conclusion
All three TET proteins are expressed in BM hemat-
opoietic cells. Among them, TET2 is highly expressed 
in HSPCs and is involved in the regulation of lineage 
commitment and differentiation of HSPCs at almost all 
stages of the process by collaborating with key lineage-
specific TFs. TET2 deletion promotes self-renewal in 
HSCs and impairs differentiation of HSPCs at multi-
ple stages, leading to a state of predisposition toward 
various hematopoietic malignancies. As a consequence, 
TET2 mutations are commonly detected in almost all 
types of hematopoietic malignancies. However, a TET2 
mutation alone is not sufficient to cause hematopoietic 
malignancies. Rather, additional mutations are required 
for the transformation to hematopoietic malignancy 
by promoting both the survival and proliferation of 
TET2MT HSPCs. Understanding how these concurrent 
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mutations collaborate with TET2MT in the induction 
of various types of hematopoietic malignancies will 
help us to be able to develop novel target therapies for 
patients with TET2MT malignancies.

Although mutations of TET1 or TET3 are rarely 
detected in hematopoietic malignancies, in most 
TET2MT malignancies, TET1 and TET3 function as 
tumor repressors by compensating for TET2 activity. 
In such tumors, TET1 and/or TET3 is (are) down-reg-
ulated due to the epigenetic methylation of enhancers/
promoters. Thus, demethylating agents might prove 
to be useful treatments in this context. However, in 
many TET2MT AML cases, TET3 might be required for 
the survival of the malignant cells. In such a situation, 
inhibition of TET3 activity might be a beneficial strat-
egy for treatment. Thus, fully understanding how TET1 
and/or TET3 function in regulating the survival, prolif-
eration, and differentiation of different types of TET2MT 
malignancies will help in the development of novel, 
personalized medication regimens for better overall 
treatment of these diseases.
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