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Evaluation of allelic strength of human TET2 mutations and
cooperation between Tet2 knockdown and oncogenic Nras
mutation

The TET2 (tet methylcytosine dioxygenase 2) gene encodes a

methylcytosine dioxygenase that catalyses the hydrolysis of 5-

methylcytosine (5mC) to 5-hydroxylmethylcytosine (5hmC)

and promotes DNA demethylation through passive and active

mechanisms (Shih et al, 2012). Loss-of-function mutations in

TET2 are identified in patients with myeloid and lymphoid

malignancies, and are particularly frequent in patients with

chronic myelomonocytic leukaemia (CMML) (36–58%) (Shih

et al, 2012). Consistent with the patient sequencing analysis,

conditional knockout of Tet2 in mice dysregulates haemato-

poietic stem cell (HSC) function and promotes development

of a myeloid malignancy closely resembling human CMML

(Cimmino et al, 2011). Despite the high mutation frequency,

the prognostic importance of TET2 mutations is unclear in

many cases (Shih et al, 2012). We postulated that this could

be due to the differential allelic strengths of distinct TET2

mutations (e.g. amorphic versus hypomorphic) and/or the

influence of other concurrent genetic alterations.

Although nonsense and frameshift mutations are found

spread over the entire TET2 sequence, the majority of mis-

sense mutations occur in the two conserved regions of TET2

protein (Fig S1): a cysteine-rich region within 1134–1444

amino acids and a catalytic domain (double strand b helix,

DSBH) in 1842–1921 amino acids (Fig 1A). To determine

the allelic strengths of distinct TET2 mutations, we character-

ized five missense mutations prevalent in the COSMIC data-

base in the context of full length human TET2. Two of them

(C1193W and R1261G) are located in the cysteine-rich

domain and have not been examined before. The other three

mutations (I1873T, H1881Q, and R1896S) are located in the

DSBH domain and their equivalent mutations were previ-

ously evaluated in mouse Tet2 (Ko et al, 2010). Transient

expression of full-length wild-type human TET2 in HEK293T

cells showed a predominant nuclear localization (~75%) and

concomitant detection of 5hmC in the nucleus (Fig 1B–D).

We observed that in ~25% of TET2-expressing cells, TET2

protein was distributed in both cytoplasm and nucleus and

5hmC staining was diminished (Fig 1B and C). These results

suggest that intracellular localization of TET2 influences pro-

duction of 5hmC. In contrast, the mutant proteins contain-

ing C1193W, R1261G, I1873T or H1881Q mutations

maintained their nuclear localization but 5hmC levels were

not detectable, suggesting that these mutations are amorphic.

TET2R1896S mutant only showed partial loss of function,

suggesting that this mutation is hypomorphic (Fig 1D).

Importantly, our results of human TET2I1873T and

TET2R1896S are not consistent with those obtained from

equivalent mouse Tet2 mutants, which did not show dimin-

ished 5hmC staining (Ko et al, 2010). This could be due to

the differences between human TET2 and mouse Tet2,

emphasizing the importance of validating discoveries from

mouse genes in human genes. Nonetheless, our data indicate

that leukaemia-associated TET2 mutations lead to complete

or partial loss of TET2 function, providing a rationale to

further stratify leukaemia patients based on their specific

TET2 mutations in future prognostic studies.

Recent work identified a significant synergy between loss-

of-Tet2 and loss-of other epigenetic regulators (Ezh2 (Muto

et al, 2013) and Asxl1 (Abdel-Wahab et al, 2013)) or

NOTCH inactivation (loss of Ncstn) (Lobry et al, 2013) in

mice. These results suggest that TET2 mutations might indi-

cate a poor prognosis outcome in CMML patients with con-

current EZH2, ASXL1, or NCSTN mutations. However, the

prognostic importance of TET2 mutations in patients with

other concurrent mutations, for example, RAS signalling

pathway mutations, has not been evaluated.
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(A)

(B) (C)

(D)

Fig 1. Missense mutations at the Cys-rich and DSBH regions of human TET2 attenuate its catalytic function. (A) Schematic illustration of TET2

protein structure and localization of constructed human TET2 point mutations. These mutations were confirmed by sequencing. (B–D) HEK293T

cells were transiently transfected with pCMV6-TET2 or various mutant plasmids and simultaneously stained for Flag-tagged TET2 and 5hmC. (B)

Representative images of transfected cells. (C, D) Quantification of nuclear TET2 (C) and 5hmC-positive cells (D). The results are presented as

percentages of total TET2 expressing cells. The cytoplasm/nucleus distribution of TET2 proteins and 5hmC was quantified in at least 100 cells for

each experiment under a fluorescent microscope. All experiments were performed at least three times, and values are presented as means � stan-

dard deviation. ***P < 0�001.
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(B)

(D)

(C)

Fig 2. Tet2 knockdown does not promote NrasG12D/+-induced CMML. (A) Summary of KRAS, NRAS, TET2, ASXL1, EZH2 and NCSTN muta-

tion status in five human CMML patients. The percentages of mutant alleles are shown in parentheses. (B–D) Bone marrow cells from control or

NrasG12D/+ mice were infected with retrovirus encoding control or Tet2 shRNA and transplanted into lethally irradiated recipient mice. (B) Kap-

lan-Meier survival curves of different groups of recipient mice were plotted against days post-transplant. P values were determined by the Log-

rank test. (C) Splenomegaly in different groups of recipient mice. (D) Quantification of donor-derived myeloid cells in peripheral blood of mori-

bund mice. The percentages of monocytes (Mac1+ Gr1�) and neutrophils (Mac1+ Gr1+) are indicated in their corresponding quadrants. The

results are presented as mean � standard deviation. Red font indicates significant changes compared with recipients transplanted with control

cells infected with control (Ctr) shRNA. Asterisks indicate significant changes compared with recipients transplanted with NrasG12D/+ cells infected

with Tet2 shRNA. *P < 0�05; ***P < 0�001. BM, bone marrow; N.S., not significant; CMML, chronic myelomonocytic leukaemia; WBC, white

blood cell.
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Given the high mutation rate of TET2 in CMML

patients, we set out to find and characterize additional gene

mutations concurrent with TET2 mutations. We performed

whole exome sequence analysis of five CMML patients with

a normal karyotype and at different stages of CMML devel-

opment, including two collected from patients transformed

to acute myeloid leukaemia (AML) with antecedent of

CMML, one with Type II CMML, and two with Type I

CMML (Fig 2A). All of them contained TET2 mutations,

including 4 frameshift and 11 missense mutations. Among

the missense mutations, L1721W and I1762V were reported

before (Nibourel et al, 2010; Kohlmann et al, 2011), L1340R

was found in the COSMIC database (http://cancer.sanger.ac.

uk/cancergenome/projects/cosmic/), while N7S, Q129K, and

N196K have not been described but are absent from the

SNP database (http://www.snp-nexus.org/). Detection of

more than one TET2 mutation in individual patients sug-

gests the presence of multiple leukaemic clones. The muta-

tion frequency of TET2 in our small cohort is much higher

than previously reported (Shih et al, 2012). This could be

due to the small sample size and the selection of myelopro-

liferative variant of CMML (indicated by high white blood

cell and monocyte counts) and transformed AML in our

study.

Consistent with the mouse studies, our sequencing results

revealed that all patients carried ASXL1 mutations and two

patients carried EZH2 mutations. However, NCSTN muta-

tions were not detected in any of the patients (Fig 2A). In

addition, four patients carried canonical oncogenic mutations

in NRAS or KRAS, and one patient carried the KRASV7E

mutation, which has not been reported in human cancers.

However, V7 codon was recently suggested as a key residual

in regulating oncogenic Kras activity (Maurer et al, 2012).

Our finding of concurrent TET2 mutations with oncogenic

RAS mutations in CMML patients is consistent with our

data-mining result of the COSMIC database (Table SI) and

other reports (Table SII).

To determine whether loss-of-Tet2 co-operates with onco-

genic Ras to promote CMML development, we knocked down

Tet2 expression in NrasG12D/+ bone marrow cells (Fig 2B–D).

Compared with recipients transplanted with control cells

expressing a scrambled shRNA, recipients transplanted with

control cells expressing Tet2 shRNA (Ko et al, 2010) devel-

oped CMML-like phenotypes after a prolonged latency, con-

sistent with previous reports of Tet2 knockout mice

(Cimmino et al, 2011). To our surprise, knockdown of Tet2

did not accelerate NrasG12D/+ induced CMML (Fig 2B) or fur-

ther promote CMML phenotypes (Fig 2C and D). All CMML

mice displayed comparably enlarged spleen and significantly

higher percentage of monocytes (Mac1+ Gr1�) and neutro-

phils (Mac1+ Gr1+) in peripheral blood compared to controls.

It is likely that Tet2 knockdown does not result in long-

term abrogation of Tet2 expression. Alternatively, oncogenic

Ras signalling might alter the subcellular localization of Tet2

protein to promote Tet2 loss-of-function during CMML

development as shown in BCR-ABL1-driven chronic myeloid

leukaemia (Mancini et al, 2012). Thus, further downregula-

tion of Tet2 expression in NrasG12D/+ bone marrow cells does

not significantly accelerate CMML progression. It is also pos-

sible that the order of mutational acquisition is important.

However, current technologies do not allow us to assess this

possibility under physiological conditions.

In summary, our results provide a rationale to further

stratify leukaemia patients based on their specific TET2

mutations and presence of specific additional genetic muta-

tions in future prognostic studies.
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