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HIGHLIGHTS

� Cdkn2a deletions occur in T-ALL driven by the ETV6::JAK2 fusion
protein when the pre−TCR is absent.

� Germline Cdkn2a inactivation favors malignant transformation of
DN3 thymocytes.

� Mouse T-ALL originating from Cdkn2a+/� DN3 thymocytes often
presents Cdkn2a loss of heterozygosity.

� Further secondary events occur in T-ALL originating from
Cdkn2a+/� DN3 thymocytes.

CDKN2A deletion is the most frequent genetic alteration in T-cell
acute lymphoblastic leukemia (T-ALL), occurring across all molecu-
lar and immunophenotypic subtypes. CDKN2A encodes two func-
tionally unrelated tumor suppressor proteins, ARF and INK4a,
which are critical regulators of cell cycle and proliferation. Arf has
been reported to suppress T-ALL development in post−b-selection
thymocytes, but whether CDKN2A acts as a tumor suppressor gene
in immature, pre−b-selection thymocytes remains to be elucidated.
Resorting to a Rag2-deficient model of T-ALL, driven by the ETV6::
JAK2 fusion, we report that Cdkn2a haploinsufficiency at early
stages of T-cell development facilitates leukemia development.
ETV6::JAK2;Rag2�/�;Cdkn2a+/� T-ALL arose from pre−b-selec-
tion thymocytes because the thymocyte differentiation arrest
caused by Rag2 deficiency was maintained in preleukemic mice.
Furthermore, somatic loss of the Cdkn2a wild-type allele was fre-
quently observed in ETV6::JAK2;Rag2�/�;Cdkn2a+/� T-ALL cells,
suggesting a selective advantage for total inactivation of Cdkn2a.
Both Cdkn2a-sufficient and Cdkn2a-defective T-ALL presented
additional genetic alterations, such as Notch1 mutations and gains of
chromosomes 13 and 15. These data indicate that Cdkn2a acts as a
gatekeeper for leukemogenesis from the most immature stages of
thymocyte development.
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Pre−T-cell receptor (pre−TCR) expression in CD4�/CD8� dou-
ble-negative (DN) thymocytes, following successful Tcrb locus rear-
rangements, is critical for the b-selection checkpoint. The pre−TCR is
composed of a TCRb chain paired with the invariant pTa protein
and CD3 family proteins. Although pTa expression has been docu-
mented in a high proportion of human T-cell acute lymphoblastic leu-
kemia (T-ALL) [1,2], its role in leukemogenesis has been a matter of
debate. In several T-ALL mouse models [3,4], pTa or pre−TCR was
found to be essential for leukemogenesis. In turn, although not found
as essential, pre−TCR favored leukemogenesis induced by intracellu-
lar Notch1 (ICN1) transduction [5] or transgenic expression of
Notch3 [6], Myc [7], and ETV6::JAK2 fusion [8]. Further indicating
that pre−TCR expression can be a major driver of thymocyte malig-
nant transformation, compensatory genetic alterations were observed
in pre−TCR-deficient ETV6::JAK2-driven leukemias, including chro-
mosome 15 gains and chromosome 4 microdeletions encompassing
the Cdkn2a locus [8].

The CDKN2A locus encodes two distinct tumor suppressor pro-
teins, ARF and INK4a, which are crucial to regulating cell survival
and proliferation. CDKN2A deletions are common in solid and
hematological malignancies, being frequent in T-ALL and specific
subtypes of B-cell ALL [9]. Additionally, Cdkn2a epigenetic silencing
was found in the ICN1-driven T-ALL mouse model [10], and inacti-
vation of Arf and/or Ink4a genes accelerated T-ALL development in
mouse models driven by expression of intracellular Notch1, Tal1,
Lmo2, or Hmga1a proteins [11−14].

Arf expression was proposed to act as a fail-safe mechanism
against aberrant pre−TCR-positive thymocytes by inducing cell death
and impairing their maturation [15]. Similarly, Volanakis et al. [10]
reported that Arf prevents the malignant transformation of thymo-
cytes after b-selection when thymocytes undergo massive prolifera-
tion after TCRb rearrangements. However, because CDKN2A loss
has been detected across all maturation subtypes of human T-ALL
[9,16], it is likely that Arf and/or Ink4a act as tumor suppressors not
only after but also before b-selection.
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METHODS

Mice

EmSRa-ETV6::JAK2 (B6.Cg-Tg(Emu-ETV6/JAK2)71Ghy) transgenic
mice [8] were bred with Rag2 (B6.129S6-Rag2tm1Fwa) and Cdkn2a
(B6.129-Cdkn2atm1Rdp/NCI) knockout mice on the C57BL/6 back-
ground. The ETV6::JAK2 transgene was kept in hemizygosity. The
Cdkn2a knockout mice [17] were obtained from the National Cancer
Institute Mouse Repository (strain number 01XB1). Mice were bred
and maintained at the i3S barrier animal facility (high efficiency par-
ticulate air filtration of incoming air, differential pressure, and disinfec-
tion or sterilization of room equipment and supplies) under 12:12-
hour light:dark cycles and with food (2014S diet; Envigo) and water
ad libitum. All experimental procedures were approved by the i3S
ethics committee and Portuguese authorities (Direç~ao-Geral de Agri-
cultura e Veterin�aria) and followed recommendations from the Euro-
pean Commission (Directive 2010/63/UE) and the local Portuguese
authorities (Decreto-Lei n°113/2013). Both female and male mice
were used for all experiments. Mice were monitored for signs of dis-
ease (i.e., dyspnea, lethargy, enlarged lymph nodes, enlarged abdo-
men, and paraplegia) and euthanized by CO2 inhalation upon
reaching predefined experimental end points. Mice of different geno-
types from the same litter were kept together in the same cages, and
monitoring for signs of disease was performed blindly. Adult mice
that were euthanized without leukemia were censored in Kaplan
−Meier survival curves.

Low-coverage Whole Genome Sequencing

For low-coverage whole genome sequencing, the Ion Xpress Plus
Fragment Library kit (ThermoFisher Scientific) was used for library
preparation, and sequencing was performed using the Ion S5XL sys-
tem (ThermoFisher Scientific). For copy number analysis, sequencing
data were aligned with the mouse reference genome (Genome Refer-
ence Consortium Mouse Build 38 or mm10 reference genome) and
further analyzed using QDNAseq (RRID:SCR_003174) package, R
software. A bin size of 30 kb was used.

Statistical Analysis

Statistical analysis was performed with GraphPad Prism 6.0 software
(RRID:SCR_002798). Unpaired Student t test was used for compari-
sons between the two groups. Log-rank test was used to compare the
survival of different groups. Sample numbers are indicated in the
figure legends. p < 0.05 was considered statistically significant.

RESULTS AND DISCUSSION

To determine whether Cdkn2a inactivation could act as a tumor sup-
pressor in pre−b-selection thymocytes, we investigated a mouse
model of T-ALL arising from thymocytes arrested at the DN stage.
ETV6::JAK2;Rag2�/� mice develop late-onset thymic lymphomas
(median of 9 months) with malignant cells expressing CD4 and CD8
[8]. Because Rag2 deficiency imposes a strict arrest at the CD4�/
CD8�/CD25+/CD44� DN stage 3 of thymocyte development, we
assessed if the arrest could be overcome by ETV6::JAK2 transgenic
expression. Thymocyte cellularity of preleukemic ETV6::JAK2 and
Rag2�/� mice remained very low, similar to that of Rag2�/� mice.
Eight of nine mice retained the DN3 block (Figure 1A,B), indicating
that the ETV6::JAK2 transgene did not systematically rescue the
DN3 block caused by Rag2 deficiency. One of nine ETV6::JAK2;
Rag2�/� thymuses presented DN4 cells (CD4�/CD8�/CD25�/
CD44�), but these expressed aberrantly high levels of the immature
thymocyte marker CD24, indicating they were already transformed
thymocytes. These data show that ETV6::JAK2 fusion protein does
not bypass the b-selection block caused by Rag2 deficiency and trans-
forms malignant cells at DN3 or earlier stages of thymocyte develop-
ment.

Because chromosome 4 deletions encompassing the Cdkn2a locus
were previously described in pre−TCR-deficient ETV6::JAK2 T-ALL
[8], we performed Cdkn2a locus quantitative PCR in ETV6::JAK2;
Rag2�/� (pre−TCR-deficient) T-ALL. Cdkn2a copy number loss,
encompassing all exons, was found in one of six cases (Supplemen-
tary Figure E1). Compiling these results with reported array compara-
tive genomic hybridization data [8], we verified that Cdkn2a loss
occurred only in pre−TCR-deficient and not in pre−TCR-proficient
T-ALL (3/15 vs. 0/11 cases analyzed; Figure 1C). Together, these data
hint that Cdkn2a inactivation can cooperate with the ETV6::JAK2
fusion protein in the malignant transformation of pre−b-selection
thymocytes.

Next, to determine the impact of germline Cdkn2a genetic inacti-
vation on pre−TCR-deficient T-ALL, we bred ETV6::JAK2;Rag2�/�

mice with the Cdkn2a constitutive knockout allele to generate
cohorts carrying normal or haploinsufficient Cdkn2a copy number.
Although not statistically significant, ETV6::JAK2;Rag2�/�;Cdkn2a+/�

mice developed lymphoma/leukemia tendentially faster and with
higher frequency than ETV6::JAK2;Rag2�/� mice (median survival
of 53 weeks vs. 72 weeks and survival proportions of 19.7% vs.
49.2%, respectively; Figure 1D). ETV6::JAK2;Rag2�/�;Cdkn2a+/�

mice presented thymic lymphomas, reduced dissemination to the
spleen and lymph nodes, and immature immunophenotype, that is,
aberrant expression of CD4 and CD8, as well as high levels of CD24
and CD25, similar to that of ETV6::JAK2;Rag2�/� mice (Figure 1E,
F). Of note, we could not investigate the impact of complete Cdkn2a
deficiency on ETV6::JAK2;Rag2�/� T-ALL development, because
Rag2�/�;Cdkn2a�/� mice developed rapid B-cell precursor leukemia,
a phenotype similar to that of Rag2�/�;Arf�/� mice [16].

We surmised that the reduced latency of T-ALL in ETV6::JAK2;
Rag2�/�;Cdkn2a+/� mice could be caused by a DN3 block bypass
before leukemia onset. However, we found that Cdkn2a haploinsuffi-
ciency did not rescue the DN3 developmental block. Indeed, pre-leu-
kemic ETV6::JAK2;Rag2�/�;Cdkn2a+/� mice presented similar
thymic atrophy, thymocyte hypocellularity, and DN3 thymocyte
developmental arrest as Rag2�/�;Cdkn2a+/� or Rag2�/� mice (Sup-
plementary Figure E2A,B).

To determine whether leukemogenesis was associated with
somatic inactivation of Cdkn2a, we assessed the Cdkn2a copy num-
ber status in ETV6::JAK2;Rag2�/�;Cdkn2a+/� leukemic cells. Indeed,
six of 10 cases showed loss of the wild-type (WT) allele (Figure 2A),
indicating a selective advantage for complete Cdkn2a loss. Because
ETV6::JAK2;Rag2�/� leukemias presented increased frequency of
DNA copy number alterations [8], we assessed the genome-wide
copy number status of T-ALL from Cdkn2a-sufficient and -haploinsuf-
ficient mice by low-coverage whole genome sequencing. We
observed recurrent chromosomal numerical alterations in both
ETV6::JAK2;Rag2�/� (occurring in 83% of cases, most frequently
chromosome 15 gains) and ETV6::JAK2;Rag2�/�;Cdkn2a+/� T-ALL
(found in 50% of cases, most frequently chromosome 4, 13, and



Figure 1 Cdkn2a genetic inactivation accelerates T-ALL development in ETV6::JAK2;Rag2�/� mice. (A) Flow cytometry analysis of
DN thymocytes (CD90.2+CD4�CD8�) from representative 4- to 6-month-old Rag2�/� and ETV6::JAK2;Rag2�/� preleukemic mice.
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Figure 2 Frequent Cdkn2a loss of heterozygosity and DNA copy number alterations in ETV6::JAK2;Rag2�/�;Cdkn2a+/� leukemia. (A)
PCR detection of wild-type (WT) and Cdkn2a knockout (KO) alleles in ETV6::JAK2;Rag2�/�;Cdkn2a+/� T-ALL cells. Loss of the WT
allele (loss of heterozygosity) was detected in 6 of 10 cases (numbers 41, 53, 76, 128, 143, and 189). (B) DNA copy number altera-
tions assessed by low-coverage whole genome sequencing of T-ALL cells from Cdkn2a-sufficient and -haploinsufficient ETV6::
JAK2;Rag2�/� mice. Recurrent copy number chromosomal alterations were found in both groups (chromosome 13 and 15 gains).
Each graph represents DNA copy number distribution for each T-ALL case of the indicated genotype. Red arrowheads show chro-
mosomal gains. (C) Schematic representation of the age of T-ALL onset in mice of the indicated genotypes with or without Notch1
exon 34 PEST domain mutation (mut and wt, respectively). Each dot represents a mouse. Asterisks mark mice of ETV6::JAK2;Rag2+/
� genotype (D) Schematic representation of detected Cdkn2a loss-of-heterozygosity (LOH) and Notch1 mutations in ETV6::JAK2;
Rag2�/�;Cdkn2a+/� T-ALL cases. Het=heterozygous.
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15 gains; Figure 2B). In two cases (nos. 53 and 128), Cdkn2a loss of
heterozygosity (LOH) co-occurred with the gain of chromosome 4,
which harbors the Cdkn2a locus. From the low-coverage sequencing,
there was no indication of Cdkn2a deletion in these cases with chro-
mosome 4 gain. These findings suggest that the chromosome carrying
theWT Cdkn2a allele was lost, resulting in LOH, and the chromosome
Wild-type (WT) thymocytes were analyzed as a control. (B) Percenta
Each column represents a mouse of the indicated genotype. (C) Summ
tary Figure E1) and array comparative genomic hybridization (Array-C
cient T-ALL mice. (D) Kaplan−Meier leukemia-free survival curves fo
JAK2;Rag2�/�;Cdkn2a+/� and ETV6::JAK2;Rag2�/� mice yielded p =
0.97−4.73. Mice euthanized because of causes other than leukemia/ly
� mice) were censored in the analysis (tick marks). (E) Thymus, spleen
Each column represents a mouse. Mouse no. 61 developed B-cell leuk
phoid organs. (F) Flow cytometry analysis of a representative ETV6::J
CD4, CD8, and CD25, high levels of CD24, and absence of TCR-b exp
subpopulations is shown as the control. DP=Double-positive; SP=sing
carrying the mutant allele was triplicated. This conjecture is reminis-
cent of uniparental isodisomies of chromosome 9 segments harboring
CDKN2A detected in human T-ALL [18]. These data suggest that
complete Cdkn2a inactivation favors ETV6::JAK2-induced leukemo-
genesis and that further genetic alterations are still required for the
malignant transformation of pre−TCR-deficient thymocytes.
ge of DN1−DN4 thymocytes, gated in CD90.2+CD4�CD8� cells.
ary of detected loss of Cdkn2a by quantitative PCR (Supplemen-
GH) [8] in 3 of 15 pre−TCR-deficient and 0 of 11 pre−TCR-profi-
r the indicated genotypes. Survival curve comparison of ETV6::
0.0585 (log-rank test). The hazard ratio was 2.15, with a 95% CI of
mphoma (e.g., solid tumors in old ETV6::JAK2;Rag2�/�;Cdkn2a+/

, and lymph node (LNs) weights of mice with leukemia/lymphoma.
emia and splenic lymphoma without the involvement of other lym-
AK2;Rag2�/�;Cdkn2a+/� leukemia showing surface expression of
ression. Expression of these markers in wild-type (WT) thymocyte
le-positive; ISP=immature single-positive.
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Because Notch1 mutations occur frequently in human and mouse
T-ALL, including ETV6::JAK2 mouse T-ALL [19], and have been
associated with progression [20], we assessed whether the frequency
of Notch1 mutations was influenced by Cdkn2a allele loss. Notch1
PEST domain (exon 34) mutations, which account for most Notch1
mutations reported in murine T-ALL [21,22], were detected with sim-
ilar frequency (»60%) among ETV6::JAK2, ETV6::JAK2;Rag2�/�,
and ETV6::JAK2;Rag2�/�;Cdkn2a+/� leukemias, with no correlation
with age of onset (Figure 2C). Notch1 PEST domain mutations in
ETV6::JAK2;Rag2�/�;Cdkn2a+/� T-ALL occurred independently of
Cdkn2a copy number status because four cases carried both Cdkn2a
LOH and Notch1 mutation, two cases carried only Cdkn2a LOH,
three cases carried only Notch1 mutations, and one case neither alter-
ation (Figure 2D and Supplementary Table E1). This indicates that
Cdkn2a complete inactivation did not relieve the selective pressure
for Notch1mutation acquisition and these two types of genetic altera-
tions can complement each other in leukemogenesis.

In summary, using the ETV6::JAK2-driven T-ALL mouse model,
we show that Cdkn2a suppresses leukemogenesis in immature pre
−b-selection thymocytes. This notion is supported by two main
pieces of evidence: (1) germline loss of 1 Cdkn2a copy aggravated leu-
kemogenesis in ETV6::JAK2;Rag2�/� mice without bypassing the
DN3 thymocyte developmental block; and (2) Cdkn2a somatic allele
loss was frequently observed in ETV6::JAK2;Rag2�/�;Cdkn2a+/� T-
ALL cells, which suggests a selective advantage for total inactivation
of Cdkn2a. The fact that 40% of cases retained the WTallele indicates
that either Cdkn2a haploinsufficiency conferred a selective advantage
for leukemic cells or Cdkn2a is inactivated through other mechanisms,
such as epigenetic silencing, previously reported in Notch1-driven
mouse T-ALL [10]. Although Cdkn2a genetic inactivation facilitated
thymocyte leukemogenesis, Cdkn2a-defective leukemic cells still pre-
sented other genetic alterations, such as Notch1 mutations and chro-
mosomal gains. This indicates that Cdkn2a deletion does not fully
compensate for the absence of a pre-TCR signaling complex, and sec-
ondary alterations, such as Notch1-activating mutations, are required
for leukemogenesis.

Although Cdkn2a haploinsufficiency favored leukemogenesis, leu-
kemia onset in ETV6::JAK2;Rag2�/�;Cdkn2a+/� mice occurred
much later than in pre−TCR-proficient ETV6::JAK2 transgenic mice
(median survival of 14 weeks; p < 0.0001, log-rank test). The chance
for the acquisition of genetic alterations in Rag2-deficient pre
−b-selection thymocytes is purportedly very low, due to the absence
of Rag-mediated mutagenic recombination events [23] and a low
rate of cell division. Although at this stage we cannot determine
which events in which order are required for leukemogenesis, we
posit DN3 thymocytes expressing the ETV6::JAK2 fusion protein
undergo malignant transformation upon acquisition of an odd onco-
genic event that either inactivates Cdkn2a completely or cooperates
with reduced INK4a/ARF tumor suppressive activity. Loss of Arf has
been shown to promote leukemia self-renewal [13], so this might be
a crucial event in pre−b-selection thymocytes. Notch1 mutations or
other events (e.g., chromosome 13 or 15 trisomy) may bolster the
self-renewal or malignant phenotype of leukemic cells with haploin-
sufficient or complete inactivation of Cdkn2a. Notch1 mutations in
our model are likely secondary events, paralleling human T-ALL,
where NOTCH1 mutations are often found in minor subclones
[18,20].

Our results support the notion that Cdkn2a acts as a brake for leu-
kemogenesis at the early stages of thymocyte development before
the formation of the pre-TCR complex. Other reports indicated that
Cdkn2a is an important tumor suppressor in post−b-selection thymo-
cytes [11], which undergo massive proliferation and are prone to
genetic alterations. These data and the occurrence of CDKN2A dele-
tions in all subtypes of human T-ALL [24] allow us to conclude that
Cdkn2a acts as a gatekeeper for leukemogenesis from the most imma-
ture until the post−b-selection stages of thymocyte development.
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