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Notch3-regulated microRNAs impair CXCR4-dependent
maturation of thymocytes allowing maintenance and
progression of T-ALL
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Malignant transformation of T-cell progenitors causes T-cell acute lymphoblastic leukemia (T-ALL), an aggressive childhood
lymphoproliferative disorder. Activating mutations of Notch, Notch1 and Notch3, have been detected in T-ALL patients. In this
study, we aimed to deeply characterize hyperactive Notch3-related pathways involved in T-cell dynamics within the thymus and
bone marrow to propose these processes as an important step in facilitating the progression of T-ALL. We previously generated a
transgenic T-ALL mouse model (N3-ICtg) demonstrating that aberrant Notch3 signaling affects early thymocyte maturation
programs and leads to bone marrow infiltration by CD4+CD8+ (DP) T cells that are notably, Notch3highCXCR4high. Newly, our in vivo
results suggest that an anomalous immature thymocyte subpopulation, such as CD4−CD8− (DN) over-expressing CD3ɛ, but with
low CXCR4 expression, dominates N3-ICtg thymus-resident DN subset in T-ALL progression. MicroRNAs might be of significance in
T-ALL pathobiology, however, whether required for leukemia maintenance is not fully understood. The selection of specific DN
subsets demonstrates the inverse correlation between CXCR4 expression and a panel of Notch3-deregulated miRNAs. Interestingly,
we found that within DN thymocyte subset hyperactive Notch3 inhibits CXCR4 expression through the cooperative effects of miR-
139-5p and miR-150-5p, thus impinging on thymocyte differentiation with accumulation of DNCD3ɛ+CXCR4− cells. These data
point out that deregulation of Notch3 in T-ALL, besides its role in sustaining dissemination of abnormal DP T cells, as we previously
demonstrated, could play a role in selecting specific DN immature T cells within the thymus, thus impeding T cell development, to
facilitate T-ALL progression inside the bone marrow.
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INTRODUCTION
Acute lymphoblastic leukemia (ALL) is a lymphoproliferative
disorder caused by the malignant transformation of B- (B-ALL) or
T-cell (T-ALL) progenitors. Among childhood acute leukemias,
about 60% is ALL, of which 15-20% cases are of T-lineage [1], with
a poorer outcome compared with B-ALL [2, 3]. Genetic
abnormalities block T-cell precursors differentiation in the thymus
and abet abnormal cell proliferation [4]. Accumulating leukemic
cells infiltrate the bone marrow (BM) and extramedullary sites [5].
In 60% of T-ALL patients, Notch1 gain-of-function mutation and
hyperactivation of Notch3 occurs [6], but Notch3 activating
mutations have also been described [7]. Intensive chemotherapy
can cure 80% of pediatric patients, but at least 20% of pediatric

and 40% of adult T-ALL patients eventually relapse, with poor
prognosis. Notch can contribute to chemotherapy resistance [8]
therefore, the need to contrast this signaling in T-ALL
progression.
Notch is a single-helix transmembrane receptor involved in

T-cell development [9] and hemopoiesis and also plays a vital
role in the functional regulation of peripheral lymphoid cells,
thereby influencing the immune response [10]. In the thymus,
the cooperation of Notch with pre-TCR and CXCR4, and then the
mature TCR receptor αβ, determine the proliferation, cell fate
specification, or death of CD4−CD8−(DN) BM-derived progeni-
tors [9, 11–13]. Previously, we generated a transgenic mouse
model overexpressing the active intracellular-domain of Notch3
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under the proximal lck promoter (N3-ICtg) which develops an
aggressive disease with a rapid clinical course, sharing multiple
aspects with human infantile T-ALL [14]. The persistence of
immaturity traits, such as CD25 and the pre-TCR α-chain (pTα)
expression, the NF-kB constitutive activation, may alter critical
events in DN3/DN4 T cells and lead to deregulated thymocyte
growth during the Pre-T/T transition in N3-ICtg mice [14–16].
Progressively, transgenic immature DP T-cells are found in blood
circulation, a characteristic common to other Notch models of
T-ALL [17]. In particular, we previously demonstrated that pre-
leukemic DP T-cells with a high cell-surface expression of CXCR4
and Notch3 (CD4+CD8+Notch3+highCXCR4+high) prematurely
egress from the thymus of N3-ICtg in early leukemia stages
and massively infiltrate the N3-ICtg spleen and the BM, a process
that can be prevented by CXCR4 antagonism in young (3–4-
week-old) N3-IC-Tg mice [18]. We and other groups demon-
strated the critical role of CXCR4 and its ligand CXCL12/SDF-1 in
Notch-induced T-cell leukemia maintenance and progression
and the effect of CXCR4 antagonism in BM infiltration [19, 20].
Notably, during T-ALL progression, the N3-ICtg thymus became

precociously fibrous and hypocellular, and here we demonstrate
that it is mostly populated by immature CD3ɛ+ T-cells with a
reduced expression of CXCR4.
Multiple molecular types of machinery regulate CXCR4

expression, by implying transcription factors like E2A and
NF-kB [21–23] or epigenetic post-transcriptional regulators of
CXCR4 [24–26].
MicroRNAs (miRNAs) play an essential role during both normal

and malignant haematopoiesis, including T-ALL [27, 28]. These
bioactive small non-coding RNAs, which interact with the
complementary sequences in the 3′ untranslated region (3’UTR)
of protein-coding mRNA, negatively regulate gene expression by
inducing translational repression or mRNA degradation [29].
miRNAs are deregulated in DP cells of N3-ICtg mice [30], and in
Notch-1-dependent murine models of T-ALL [31, 32]. However,
their role in immature DN thymocytes during development or in
T-cell leukemia is poorly known [33, 34]. Presently, in this context,
we demonstrate the Notch3-deregulated expression of a panel of
miRNAs (miR-150-5p/miR-139-5p/miR9-5p/miR-223-5p) correlated
to the altered dynamic of the thymocyte subsets in T-ALL
progression. We identify a novel miR-139-5p/miR-150-5p coopera-
tion with Notch, capable to downmodulate CXCR4 gene expres-
sion. and to expand DNCD3ɛ+CD25+CXCR4− thymocytes which
improperly populate the N3-IC-Tg BM.

RESULTS
Notch3-induced expansion of immature DN thymocytes
overexpressing CD3ε
Starting from 4 weeks of age, N3-ICtg mice developed an
aggressive multicentric T-cell lymphoma with an aberrant pre-T-
cell development [14]. At 10-13 weeks, the thymus appeared
residual, and the lymphoblastic cells massively infiltrate lymphoid
organs in the periphery [17]. In order, to find new molecular
mechanisms involved in T-ALL progression, we analyzed the
thymocyte subpopulations in 12–14-week-old wt and N3-ICtg
mice, possibly involved in leukemia maintenance. At that age,
Notch3 transgenic thymus was hypocellular compared to wt mice
(Fig. 1A). Flow-cytometric analysis of CD4 and CD8 subsets
distribution demonstrated that under the influence of Notch3
overexpression, the percentages (Fig. 1B) and the absolute
numbers (Fig. 1C) of DN thymocytes significantly increase in N3-
ICtg versus WT mice.
The expression of the CD3ε co-receptor chain on leukemic T

cells can be variable but is emerging as a new and valuable target
in antileukemic T-cell immunotherapy [35]. CD3ε, is also com-
plexed in pre-TCR and specifically expressed at the thymocyte
DN2-DN3 transition phase until the DP stage [36]. Therefore, we

analyzed CD3epsilon expression (CD3ε, OKT3), in 12–14-week-old
WT and N3-IC-Tg mice. Interestingly, the transgenic DN T-cells
were mainly composed of high CD3ɛ (DNCD3ɛ+) expressing cells
and displayed a significant increase in the absolute number
(Fig. 1D) as well as in the per cell expression of this T-cell marker
(Fig. 1E, left panel). Moreover, CD3ɛ+high proportion is consider-
ably expanded in the DN subset of N3-ICtg versus WT (Fig. 1E,
right panel). Thus, our results, in agreement with sustained pre-
TCR expression [16] newly suggested that Notch3 selects a
DNCD3ɛ+high thymocyte subset by enhancing CD3ɛ expression,
which could represent an effective target of Notch in T-ALL [37].

Progressive maturation of DN thymocytes is dampened by
Notch3-induced CXCR4 downmodulation in N3-ICtg mice
Given the cooperative role of pre-TCR, Notch, and CXCR4 in early
thymocyte development [11] we evaluated, in the DNCD3ɛ+

subset, the expression of CXCR4 cell-surface receptor. In WT mice,
no difference is found in the percentage of DNCD3ɛ+CXCR4+ and
DNCD3ε+CXCR4− cells (Fig. 2A). The equality of the two subsets
agrees with the continued maturation of DN T-cells in a normal
thymus. On the contrary, in N3-ICtg thymus, the percentage of
DNCD3ε+CXCR4− cells significantly increased (Fig. 2A), in agree-
ment with their higher absolute number in N3-ICtg versus WT
thymocytes (Fig. 2B), hence, Notch3 selectively expanded a
DNCD3ɛ+CXCR4− subpopulation.
We also analyzed the expression of CXCR4 in DN3 and DN4

stages, distinguished by staining for CD25 and CD44 by flow
cytometry (CD44−CD25+ and CD44−CD25− respectively). Indeed,
in 12–14-week-old N3-ICtg mice, DN3 and more evidently DN4
thymocytes displayed a clear decrease of CXCR4 surface expres-
sion with respect to WT mice (Supplementary Fig. 1), suggesting a
partial differentiative block.
CXCR4 receptor normally anchors preselection thymocytes to

the thymic cortex via interaction with its ligand CXCL12/SDF-1α on
cortical thymic epithelial cells, and disruption of CXCL12/CXCR4
engagements releases preselection thymocytes from the thymic
cortex [21]. Indeed, in thymic stromal cells of 6–8-week-old N3-
ICtg mice, we previously demonstrated a decreased SDF-1 mRNA
expression [38], that could eventually contribute to the egress of
immature DP T cells from the thymus. Considering the role of the
CXCL12(SDF-1α)/CXCR4 system in driving thymocyte progressive
maturation across the cortex and medulla [39, 40], we now
investigated the ability of DN T cells to migrate. In vitro, SDF-1-
induced migration of WT DN thymocytes increased in a dose-
dependent manner. Whereas low-CXCR4 expressing DN thymo-
cytes of N3-IC-tg showed a reduced migration ability (Fig. 2C), a
potential mechanism to slip away from control in the
thymus niche.
Overall, Notch3 modified the thymus microenvironment and

could contribute to the aberrant maturation of DN cells with an
altered migration capacity, in addition to the decrease of DP
T-cells observed in T-ALL progression [38]. CD5Low expression has
been associated to leukemic lymphoblasts in T-ALL [41]. Interest-
ingly, CD5+ cells, as well as its expression level (percentages and
MFI) inside the DNCD3ε+ subset is greatly decreased in N3-ICtg
(irrespective of CXCR4 surface expression) as compared to wtmice
(Fig. 2D, left and right panels), suggesting that our model shares
this feature with human T-ALL cells [34, 42].
The pro-survival role of CXCR4 and its Notch3-induced down-

modulation prompted us to study transgenic thymocyte prolifera-
tion and apoptosis. In 12–14-week-old N3-IC-Tg mice, thus at an
advanced stage of T-ALL, we assessed by flow-cytometry the
expression pattern of Ki67 and Annexin V (Fig. 2E, F). We observed
that DNCD3ε+CXCR4+ thymocytes proliferate much less in N3-
ICtg thymus compared to the CXCR4 negative counterpart
(Fig. 2E). Additionally, we evaluated the apoptotic rate, which is
associated to a higher expression of Annexin V in the
DNCD3ε+CXCR4+ thymocytes of the N3-ICtg mice (Fig. 2F).
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Therefore, the reduced proportion of DNCD3ε+CXCR4+ subpopu-
lation in the N3-ICtg thymus associates with a decreased
proliferative capacity.
The different biological properties of the two N3-IC-tg subsets

above may be suggestive of the expansion of the DNCD3ε+CXCR4−

cells unable to progressively mature, depending on reduced
migration and responsiveness ability in the thymus microenviron-
ment (see Fig. 2C) as compared to the decrease of
DNCD3ε+CXCR4+ cells, anchored to the thymus and possibly still
sustaining maturation programs and propagation abilities.

WT

N3-IC tg

CD3ɛ

D.

C.

A.

68,60%
± 9,65

81,18% ±
5,94

B.

CD4

C
D

8

WT

N3-IC tg

E.

3,44% ±
0,73

7,83% ±
0,81

Fig. 1 Notch3 expands the immature CD4−CD8−CD3ε+/high thymocytes. A Absolute numbers of total cell in WT (n= 6) and N3-ICtg (n= 5)
Thymus. B Thymocyte subset distribution with average DN and DP percentage ± SD; C Absolute numbers of Total DN T-cells in WT (n= 5) and
N3-ICtg (n= 4) mice; D Significant higher number of DNCD3ε+ in the N3-ICtg transgenic thymus; E Analysis of CD3ε Mean Fluorescence
Intensity (MFI) in the DN subset of WT (n= 7) and N3-ICtg (n= 8) mice. Representative FACS analysis of CD3ε expression; Student’s t-test;
(*p < 0.05; **p < 0.01; ***p < 0.001).
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Notch3-modulated microRNAs inversely correlate with cxcr4
gene expression in DN thymocytes
To investigate how Notch3 down-modulates CXCR4, we analyzed
the expression of the cxcr4 gene in purified DN T-cells isolated
from the thymus of 12–14-week-old WT and N3-IC-Tg mice.
Starting from the morphological parameters (Supplementary

Fig. 2A) the DNCD3ε+ sample was further selected by excluding

NK1.1, MAC1, and GR1 positive cells in both WT and N3-ICtg mice
and any contamination by CD4+ and CD8+ cells (Supplementary
Fig. 2B). RT-qPCR assesses cxcr4 expression in highly purified DN
T-cells. In N3-ICtg mice, cxcr4 expression was significantly lower
than in its WT counterpart (Fig. 3A) Given the positive correlation
reported above between CXCR4 and Notch expression, it was
intriguing to detect a high expression of the Notch3 gene that it is
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still found in these selected transgenic DN thymocytes (Fig. 3B), at
this stage of the disease. The data also support the inverse
correlation between β-arrestin (Fig. 3C) and CXCR4 expression, as
we previously demonstrated by in silico analysis of a selected
T-ALL patient subgroup [39].
To investigate how Notch3 downregulates CXCR4 inside

DNCD3ε+ subset, we considered the emerging role of microRNAs
(miRNAs) as clinical diagnostics and therapeutic targets in human
diseases. Recently, interesting studies highlighted miRNAs invol-
vement also in T-ALL [43]. In addition, microarray analysis
demonstrated the modulation of miRNA profile in DP thymocytes
in our Notch3-dependent T-ALL model, such as miR-223, regulated
by Notch/NF-κB partnership, and miR-139-5p [30]. Both miRNAs
share a putative Notch effector consensus site, RBPjK, evolutiona-
rily conserved between human and mouse. The 3′UTR of the cxcr4
gene was studied using bioinformatic tools for the prediction of
putative miRNA binding sites, namely miRbase and TargetScan
(Fig. 3D). The analysis identified three miRNAs conserved between
human and mouse: miR-150-5p, miR-139-5p, and miR-9-5p that
target cxcr4 3′UTR in different tumors [44–46]. The miR-139-5p and
miR-9-5p and the cxcr4 3′UTR itself are evolutionarily conserved,
between humans and mice, in their sequence at the binding site.
Newly, miR-139-5p appears to bind two contiguous sites to the
3’UTR of cxcr4 in mice. The first site has the sequence at position
267–274, conserved in most vertebrates, including humans and
mice (site: TargetScanHuman 7.2, [47]).
Notably, in 12–14-week-old mice, the expression of miR-150-5p,

miR-139-5p and miR-9-5p, monitored by digital droplet PCR
(ddPCR), in selected DNCD3ε+ thymocytes significantly increased
in transgenic mice when compared with WT (Fig. 3E). Although,
miR-9-5p is poorly represented (0.09copies/μl ± 0.02) nor
increased suggesting a minor role in this context. Few reports
demonstrated that miR-150-5p targets the 3′UTR of cxcr4 only in
non-neoplastic contexts [48, 49]; notably, the miRNA-binding site
of the 3’UTR of cxcr4 is conserved between human and mouse;
whereas, the binding sequence of cxcr4 differs by a few nucleotide
bases (site:TargetScanHuman 7.2, [47]). Interestingly, the marked
increase of miR-150-5p at the DN stage (Fig. 3E) was in opposition
to the great decrease described at the DP stage in N3-IC-tg mice
[30] and to the downmodulation observed in the normal
hematopoietic process [50], thus evidencing a critical role of this
miRNA along T-cell development and leukemia [51]. MiR-150-5p
and miR-139-5p high expression (Supplementary Fig. 3A-B) and
miR-223 low expression was observed in the same samples of
transgenic DNCD3ε+ T-cells (Supplementary Fig. 3C); in contrast to
its reported high expression in transgenic DP [30]. Therefore,
Notch3 differently modulated this miRNA in distinct T-cell
maturation stages.
Based on previous results, we analyzed ex-vivo DNCD3ε+ T cells

derived from N3-ICtg thymus and purified as described above. We
first selected DNCD3ε+ cells and then distinguished for positive or
negative CXCR4 expressing cells (Fig. 3F) (for check purity, see
Supplementary Fig. 4).
The predominant DNCD3ε+CXCR4− cells had fivefold lower

mRNA levels of cxcr4 than the smaller DNCD3ε+CXCR4+ (Fig. 3G)
subpopulation. This evidence suggested a direct correlation

between mRNA level and cell-surface expression of CXCR4 in
selected DN T-cells. Additionally, both miR-150-5p and miR-139-5p
expression levels are inversely correlated to CXCR4 mRNA level
(Fig. 3G).
Therefore, our ex-vivo experiments supported the hypothesis of

a post-transcriptional role of Notch3 in regulating CXCR4
expression and for the first time suggest CXCR4 as a new
potential target of miR-150-5p and miR-139-5p in Notch-
induced T-ALL.

miR-139-5p and mir-150-5p cooperate in downmodulating
CXCR4 expression in transgenic N3-232T-cell line
To confirm data above in an in vitro system, murine N3-232T cell
line, established from a 6-week-old N3-IC-Tg thymus [14] was
transfected with miR-139-5p mimic (100 nM) and its negative
control miRNA (CTRL-;100 nM) using the Neon transfection system
(Fig. 4A). After 72 h, we assessed the expression of the
endogenous CXCR4 receptor by flow-cytometry. The CXCR4-
membrane down-modulation is shown by the overlay of miR-
139-5p mimic transfected (MFI 910.00 ± 140.0) versus control
(CTRL-) cells (MFI 1096.66 ± 144.0) (Fig. 4A, right-panel). In parallel,
RT-qPCR demonstrated the reduced cxcr4 gene transcript in miR-
139-5p transfected as compared to CTRL- cells (Fig. 4A, left-panel),
and transfection efficiency (Supplementary Fig. 5A). To demon-
strate a specific correlation between miR-139-5p and CXCR4, we
transfected N3-232-T cells with antagomiR-139-5p at 100 nM
(Fig. 4B) and monitored transfection efficiency (Supplementary
Fig. 5B). Our results, 72 h post transfection, in antagomir-
transfected-, as compared to the CTRL- cells, showed a significant
increase in CXCR4 mRNA expression (Fig. 4B, left panel), as well as
in CXCR4 cell-surface expression, as measured by MFI value
(Fig. 4B, right panel, 850.00 ± 36.5 vs 709.54 ± 15.1, respectively).
Moreover, we analyzed miR-150-5p effects on endogenous

CXCR4 expression through RT-qPCR and flow-cytometry analysis,
72 h post-transfection of N3-232-T cells with miR-150-5p mimic
100 nM (Fig. 4C). We demonstrated that mimic decreased CXCR4
mRNA level (Fig. 4C, left panel), correlating with the flow-
cytometry data (Fig. 4C, right panel), showing increased percen-
tages of transfected N3-232-T cells (30,30% ± 1.8) with reduced
cell-surface receptor expression as compared to CTRL-. The
Transfection efficiency was verified (Supplementary Fig. 5C).
Consequently, we demonstrated an inverse correlation between
miR-150-5p expression levels and CXCR4 mRNA and protein
expression. The specific effect of miR-150-5p was also assayed by
its Antagomir and results shown in Fig. 4D demonstrated the
increased expression of CXCR4 expression at both mRNA and cell-
surface protein levels.
The convergent inverse correlation between miR-139-5p and

miR-150-5p with CXCR4 expression and their simultaneous high
expression in a specific T-cell context, DNCD3ε+CXCR4− cells,
prompted us to carry out further experiments to explore the
possible combined effect of both miRNAs. After 72 h, the N3-232-T
cells co-transfected with both miR-139-5p and miR-150-5p mimics
show a more significant reduction of CXCR4 surface expression
with respect to CTRL- (Fig. 4E, right panel). Accordingly, the left
panel of Fig. 4E shows the inverse correlation between

Fig. 2 Notch3-induced CXCR4 downmodulation impairs DN T-cells maturation and migration. A Average percentage (±SD) of
DNCD3ε+CXCR4+ and DNCD3ε+CXCR4− thymocyte subsets in WT (n= 4) and N3-ICtg (n= 4) mice and B absolute numbers of
DNCD3ε+CXCR4− of WT (n= 6) and N3-ICtg (n= 8) mice. C Fold increase of DN migrating thymocytes percentages versus unstimulated
thymocytes (CTRL), in response to (20 ng/ml and 200 ng/ml) SDF-1 and an unrelated ligand (Secondary Lymphoid Tissue Chemokine, SLC) in
WT (n= 3) and N3-ICtg (n= 3) mice. Each experiment was performed with 12–14-week-old mice. D Absolute numbers of DNCD3ε+CD5+
normalized to total DNCD3ε+ thymocytes values in WT (n= 4) and N3-ICtg (n= 4) mice (12–14-weeks-old), flow-cytometry evaluation of CD5
Mean Fluorescent Intensity (MFI). Evaluation of proliferation and apoptosis of DNCD3ε+CXCR4+ and DNCD3ε+CXCR4− thymocytes in N3-ICtg
mice. E Reduced Ki67 levels in the DNCD3ε+CXCR4+ cells of the transgenic concerning DNCD3ε+CXCR4− cells (n= 4); F Higher expression of
Annexin-V in the DNCD3ε+CXCR4+ thymocytes of N3-ICtg mouse concerning DNCD3ε+CXCR4− (n= 4). Results represent mean ± SD.
(*p < 0.05; **p < 0.01; ***p < 0.001; ns=not-significant); Student’s t-test.
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E.

Selected DNCD3ɛ⁺Thymocytes

Selected DNCD3ɛ⁺Thymocytes of N3-IC tg

F.

A.

N3-IC tg
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P
C
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DNCD3ɛ⁺CXCR4⁺

DNCD3ɛ⁺CXCR4⁻

Selected DNCD3ɛ⁺Thymocytes

D.

G.

B. C.

Fig. 3 CXCR4 expression inversely correlates with miR139-5p and miR150-5p in transgenic DNCD3ε+ thymocytes. Selection of DN
thymocytes negative for NK1.1, MAC1 and GR1- in WT (n= 5). The same strategy was used for N3-ICtg mice (n= 6); in these selected
thymocytes, A CXCR4 mRNA levels are drastically reduced, in contrast to B Notch3 gene expression still high in N3-ICtg mice, and C the
increased β-arrestin1 mRNA levels in N3-ICtg (n= 4) comparing WT (n= 4) mice. D Putative sites of miR-150-5p, miR-139-5p and miR-9-5p on
the 3′UTR target of the cxcr4 gene (TargetScan and miRbase software). E Digital-droplet-PCR (ddPCR) of miR-150-5p, miR-139-5p, and miR-9-
5p in selected DNCD3ε+ thymocytes of 12–14-week-old WT (n= 4) and N3-ICtg (n= 4) mice; F Positive selection for DNCD3ε+ followed by
positive and negative selection for CXCR4 by sorting analysis; G Evaluation of CXCR4 transcript expression, and miR-150-5p and miR-139-5p in
the DNCD3ε+CXCR4+ and DNCD3ε+CXCR4− subpopulations. Student’s t-test (*p < 0.05; **p < 0.01; ***p < 0.001; ns not significant).
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overexpression of miR-139-5p/miR150-5p (Supplementary Fig. 5D)
and CXCR4 mRNA expression, further sustained by RT-qPCR
analysis of CXCR4 mRNA levels (Supplementary Fig. 5E), as
compared to the negative control (CTRL-) and cells transfected
with the single mimic, respectively mimic-139-5p and mimic-150-
5p (Fig. 4A and C). Dissection of the regulation by miRNAs

involved the analysis of the combined Antagomirs effect. N3-232T
cells were transfected with the Antagomir150-5p and 139-5p
combo which greatly increased CXCR4-membrane expression
(Fig. 4F, right panel) as shown also by the down-modulation of
CXCR4 mRNA expression (Fig. 4F, left panel). In summary, for the
first time, our data demonstrated an inverse correlation between
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miR139-5p/150-5p and CXCR4 expression and the cooperative
effect of these two miRNAs in the T-ALL context.

Overexpressed miR-150-5p functionally cooperates with
endogenous miR-139-5p to downmodulate CXCR4 in human
TALL-1 cells
To support our data above, we extended the in vitro studies in a
human T-ALL cell line, TALL-1, overexpressing Notch3 and
previously demonstrated to be highly positive for CXCR4. In that
cell context, Notch3 silencing downmodulated CXCR4 cell-surface
expression through a β-Arrestin1-dependent mechanism [38].
TALL1 cells, with an immature DP phenotype, endogenously
express miR-139-5p at a high level, as already demonstrated
[30, 45]; conversely, miR-150-5p is nearly undetected (Supple-
mentary Fig. 6A, CTRL), in agreement with previous reports
[30, 51].
Based on this evidence, and to prove the combined action of

the two miRNAs, we transfected increasing amounts of mimic
miR-150-5p, 100 and 200 nM (Supplementary Fig. 6A), and the
relative negative control (CTRL-). Seventy-two hours post-transfec-
tion, the highest level of miR-150-5p (200 nM) increases the

percentage of TALL1 cells with reduced CXCR4 membrane
expression (Fig. 4G, right panel) further supported by the inverse
correlation of the miRNAs with CXCR4 mRNA levels (Fig. 4G, left
panel) and by RT-qPCR analysis displaying the decreased CXCR4
mRNA level already at 100 nM of miR-150-5p (Supplementary
Fig. 6B).

RBPjk site occupancy is common to active miR-139-5p
promoter in human and murine T-ALL
To deepen our study on miRNA regulation in a Notch-induced T-
ALL context and considering the relationship between Notch and
miR-150 and miR-223 transcriptional regulation [30, 51], we
inspected the human promoter of miR-139-5p and identified an
RBPjk binding site. This transcription factor is the main transcrip-
tional effector of Notch signaling [9]. As shown in Fig. 5A, the
RBPjk consensus site (5′-TGATAA-3′) is localized 324 bp upstream
of the human miR-139-5p sequence. To analyzed if RBPjk was able
to bind human miR-139-5p promoter, we conducted a Chromatin
immunoprecipitation assay in Molt3 (Notch1-dependent) and
TALL-1 (Notch3-dependent) T-ALL cells. Surprisingly, we observed
that the miR-139-5p promoter is transcriptionally active in Molt3

Fig. 4 The cooperative function of miR-150-5p and miR-139-5p reduces CXCR4 expression in murine and human T-ALL cell lines. Analysis
of CXCR4 mRNA levels (left-panels) and cell-surface expression (right-panels) in N3-232-T and TALL1 cells 72 h post transfection with the
negative control (CTRL−), and with single or combined miRNAs. A Mimic miR-139-5p at 100 nM, CXCR4 mRNA and membrane expression;
B antagomiR-139-5p at 100 nM, CXCR4 mRNA and cell-surface expression; C mimic miR-150-5p at 100 nM, CXCR4 mRNA and membrane
expression; D antagomiR-150-5p at 100 nM, CXCR4 mRNA and cell-surface expression, E correlation analysis between CXCR4 mRNA, miR-139-
5p and miR-150-5p expression levels and decreased CXCR4 surface expression; F correlation between CXCR4 mRNA, antagomir-139-5p and
antagomiR-150-5p expression levels, and increased CXCR4 cell-surface expression. G Human TALL1 cells transfected with increasing miR-150-
5p (100 and 200 nM), correlation analysis between CXCR4 mRNA and miRNAs levels. mRNA levels are expressed as the average value ± SD.
Student’s t-test (*p < 0.05; **p < 0.01). Pearson-r test (***p < 0.001 Fig. 7E, F).

Fig. 5 Analysis of RBPjk occupancy in human and murine miR-139-5p promoter. A graphical representation of human miR-139-5p
promoter region. RBPjk binding site is shown. B Crosslinked protein-DNA complexes from Molt3 and TALL1 cell lines were subjected to
immunoprecipitation with antibodies against RBPjk and AcH4. The immunoprecipitated DNA samples were amplified by RT-qPCR using miR-
139-5p promoter-specific primers which encompass one RBPjk binding site (as indicated in A). C Graphical representation of murine miR-139-
5p promoter region. Two RBPjk binding sites are shown. D Purified DNCD3ε+CXCR4 negative thymocytes from a pool of N3-ICtg mice (n= 10)
were crosslinked and immunoprecipitated with anti-RBPjk and anti-AcH4 as described above in B). Amplification of the immunoprecipitated
DNA samples was performed by RT-qPCR with promoter-specific primers primers which encompass both RBPjk binding sites as shown in
C, for murine miR-139-5p. Results are shown as the mean average ± SEM of three (Molt3) and two (TALL1) independent experiments. Student’s
t-test (*p < 0.05; **p < 0.01, ***p < 0.001).
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and TALL1 cells, as documented from the hyperacetylated
chromatin status (AcH4 bars in the graph of Fig. 5B), and that
RBPjk is efficiently recruited in both cell lines (compare IgG with
RBPjk bars in graphs of Fig. 5B). Interestingly, analysis of murine
miR-139-5p promoter sequence has revealed the presence of two
RBPjk binding sites (5′-GTGGGA-3′) located at 157 bp and 115 bp
upstream of the miRNA sequence, respectively (Fig. 5C). The ChIP
assay was performed using purified DNCD3ε+CXCR4− thymocytes
obtained from a pool of ten Notch3-ICtg mice and by
immunoprecipitation of RBPjk and the acetylated histone H4 to
confirm the promoter activation status. Results clearly indicated
that RBPjk strongly bound the transcriptionally active miR-139-5p
promoter (Fig. 5D) also in the murine context. These data
strengthen the role of the Notch effector RBPjk in miRNA-
mediated CXCR4 regulation and, for the first time, demonstrate a
mechanism of direct control of Notch on miR-139-5p transcrip-
tional regulation that is common to both human and murine
T-ALL.

CXCR4 expression is inversely correlated with miR-150-5p and
miR-139-5p expression in T-ALL patient-derived samples
To extend our results to human T-ALL patients, we analyzed the
expression of CXCR4, as well as miR-150-5p and miR-139-5p in a
panel of patient-derived xenograft models established from
clinical samples in NOD/SCID mice [52, 53]. As shown in Fig. 6,
we analyzed five xenografts characterized by Notch1 mutation
except for PDTALL13, with no Notch1 mutation. In all the samples
we detected the inverse correlation between CXCR4 expression
and miR-150-5p and miR-139-5p expression, as evaluated by RT-
qPCR. Interestingly, the Notch1 mutated PDTALL47 and the
Notch1-unmutated PDTALL13 display really the opposite for what
concern CXCR4 and the two miRNAs expression. Our results
strengthen the possible role of Notch-induced miRNA-mediated
CXCR4 regulation, also in PDX with human T-ALL patient cells.

Lack of membrane CXCR4 enhances vasculature-associated
circulating DNCD3ε+ T cells in N3-ICtg mice
CXCR4 regulates leukemia homing/infiltration into lymphoid
organs and promotes T-ALL cell invasion [54]. Moreover, CXCR4
is responsible for anchoring and retaining thymic-resident T-cells
within the cortex for progressive maturation [21].
On these premises and based on the results so far obtained

about the expanded DNCD3ε+CXCR4− T-cells in (12–14-week-
old) transgenic mice, we investigated whether CXCR4 down-
modulation could influence the dissemination of this subset as
T-ALL progresses. To sustain our hypothesis, we did a tail injection

of CD45.2-PE antibody: CD45.2+ cells are referred to as
vasculature-associated circulating while CD45.2 negative
(CD45.2−) are considered parenchymal and so residing in the
tissue [55, 56]. NK1.1+ cells, that express CXCR4, were excluded
from the analysis (Supplementary Fig. 7). In N3-IC-Tg thymus, we
observed a higher percentage of DNCD3ε+CD25+CD45.2+ gated
cells (Fig. 7A, left panel), possibly representing high motile cells,
localized in the perivascular zone, with respect to wt counterpart.
Intriguingly, CXCR4 negative cells dominated this transgenic
DNCD3ε+CD25+CD45.2+ subpopulation, with a tenfold increase
compared to CXCR4+ cells (Fig. 7A, right panel). These results
agreed with increased DNCD3ε+CD45.2+ cells most prominently
CXCR4 negative (Supplementary Fig. 8B) and suggested that
thymocytes lacking CXCR4 membrane expression, in the
DNCD3ε+ subset, could be more prone to circulation. Indeed,
DNCD3ε+CD25+ cells greatly increase in transgenic BM concern-
ing WT (Fig. 7B, left panel) and display a higher percentage of
CXCR4 negative T Cells (Fig. 7B, right panel). Of Note,
DNCD3ε+CD25+ subpopulation is almost absent in WT BM.
Collectively our results suggest that Notch3-induced CXCR4

downmodulation could favor the egress of thymocytes and result
in a deep thymus depletion in advanced T-ALL progression
(Fig. 1A).
Additionally, the gated DNCD3ε+CD25+CD45.2+ cells (Supple-

mentary Fig. 9C) are quite equally and low represented in the of
BM of WT and N3-ICtg in which, however, prevail the CXCR4+ cells.

DISCUSSION
In this study, we investigated the Notch3-modulated pathway/s
that altered thymocyte dynamics and lead to the anomalous BM
infiltration by immature DN T-cells, in advanced stages of T-ALL.
Impaired DN thymocyte development in N3-IC-tg mice

enhanced the generation of DN3 (CD44−CD25+) thymocytes with
low/absent CXCR4 expression also common to the reduced DN4
(CD44−CD25−) subset, thus suggesting a stage-specific Notch3
effect on CXCR4. Namely, Transgenic DNCD3ε+CXCR4− T-cells
accumulate inside the thymus, became less responsive to CXCL12-
SDF1 stimulus, which decreased their ability to migrate, and
potentially to respond to thymic microenvironment signals for
maturation and retention. Therefore, expanded DNCXCR4− cells
are unable to progressively mature, slip away from control, and
are possibly free to egress from the thymus and disseminate.
Conversely, Notch3-restricted DNCD3ε+CD5−CXCR4+ cells could
represent the small subset of quiescent thymocytes that persisted
normally anchored to the thymus, potentially for disease relapse,

Fig. 6 CXCR4 expression is inversely correlated to miR-150 and miR-139 in patient-derived xenograft (PDTALL). For each of the five
samples of PDTALL were analyzed by RT-qPCR CXCR4 mRNA and miR-139-5p and miR-150-5p expression. The results shown in the figure are
expressed as the mean average deviation of two separate experiments.
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but with a reduced self-renewal capacity (Fig. 2E, F) and capability
to generate mature and immunocompetent cells. We theorize that
this defective Notch3 transgenic thymus might disrupt the natural
cell competition between ‘old’-thymus- and ‘young’-BM-resident
leukemic cells known as a tumor suppressor mechanism within
the thymus [57, 58].
To unbalance the thymus-resident thymocyte subsets, Notch3

operated through a miRNA-based mechanism which negatively
regulated CXCR4 expression and expanded the immature
DNCD3ε+CD5−CXCR4− subset. We analyzed in DN T cells a panel
of four miRNAs: miR-9-5p, miR-139-5p, miR-150-5p expression,
comparatively to miR-223. Indeed, while we have a quite detailed
knowledge of different transcription factors in DN stages [59],
underexplored is the role of miRNAs in DN thymocyte [34], and to
be studied in T-ALL development. In Supplementary Fig. 3C, we
evidenced a high expression of miR-223-5p in selected WT DN
T-cells compared to low miR-150-5p and miR139-5p levels. Newly,
we demonstrated the cooperative function miR-139-5p/miR-150-
5p that by downregulating CXCR4 had a double effect on N3-IC-Tg
thymus: to interfere with T-cell progressive maturation and to
enhance the presence of an immature DNCD3ε+CD5−CXCR4−

T-cells close to the perivascular zone prone to egress and to
anomalously infiltrate the BM. We would favor the hypothesis that

these immature T-cell subset may sustain T-ALL progression, once
migrated in the BM.
We demonstrated that the cooperation of the two miRNAs is a

common mechanism in murine and human T-ALL cells. Interest-
ingly, standing the high expression of miR-139-5p in the human
TALL1 [30], increasing concentrations of miR-150-5p (100–200 nM)
are required to downmodulate the expression of the endogenous
CXCR4 receptor. Interestingly, we individuated one binding motifs
for RBPjk in the human and two in the murine miR-139-5p
promoter. Newly, our data demonstrated in vivo the occupancy of
RBPjk site in the transcriptionally active promoter of human and
murine T-ALL cells.
Identifying microRNAs involved in pediatric T-ALL with the

potential to become critical diagnostic tools for classification and
monitoring clinical outcomes is an unmet need in hematological
malignancies. Few papers analyzed microRNA profiles in T-ALL
[28], mostly to distinguish B- to T-ALL [60, 61] or in adult leukemia
[62, 63]. Interestingly, our data individuated a panel of four
miRNAs that we would suggest for the miRNA signature still not
available for T-ALL. Of note, no paper reported about the
deregulated expression of miRNAs in DN T-cells, a subset to be
deeply studied since strictly related to leukemia development as
demonstrated in Lmo2-induced T-ALL [58, 64].

Fig. 7 In vivo CD45 labeling reveals the high level of vasculature-associated DNCD3ε+CD25+ in N3-ICtg thymus possibly invading
transgenic bone marrow. In vivo CD45 labeling of T cells in 12–14-week-old WT (n= 2) and N3-ICtg mice (n= 4); A The percentage of
DNCD3ε+CD25+CD45.2+ in the thymus of N3-ICtg as compared to WT, and the frequency of transgenic CXCR4+ and CXCR4− cells (right-
panel). B) The percentage of DNCD3ε+CD25+ T cells in the BM of N3-ICtg (n= 7) concerning WTmice (n= 3), and the frequency of transgenic
CXCR4+ and CXCR4− cells (right panel). Student’s t-test (*p < 0.05; ****p < 0.0001).
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Notably, For the first time, we observed an inverse correlation
between the expression of CXCR4 and two miRNAs, miR-150-5p
and miR-139-5p also in patient-derived xenograft, thus sustaining
the importance of miRNAs/CXCR4 crosstalk in human Notch
induced T-cell leukemia.
In conclusion, as depicted in Fig. 8 our studies demonstrated

how dynamic are changes in the thymus microenvironment and
the central role of this lymphoid compartment [65] not only in
early [39, 66], but also in later events of T-ALL progression. The
progressive depletion of thymus operated by Notch3 may suggest
two possible scenarios: thymus microenvironment could represent
the reservoir of a leukemia-initiating cells and/or the future niche
for immature leukemic T cells coming from the BM. Future studies
are required to detail how (re)circulation of T lymphoblasts
between these two different lymphoid organs occurs, but our
studies strongly underline the strategic role of the thymus in T-ALL
progression.

MATERIAL AND METHODS
Mice
N3-ICtg mice [67] were bred and maintained as reported in [68] and
detailed in Supplementary Information.

Cell culture
Murine N3-232T cells maintained as described elsewhere [14]. Human
TALL1 and Molt3 cells were maintained as described in [7]. Details are in
Supplementary Information.

Flow cytometry
T-cells from the thymus and BM were processed as described in [15] and
antibodies are described in Supplementary Information.

Isolation of DN T-cell subsets by fluorescent-activated cell sorting. Thymo-
cytes of 12–14-week-old N3-ICtg mice were stained and selected according
to the protocols in Supplementary Information.

Migration assay
In vitro CXCL12/SDF-1-induced migration was performed with thymocytes
as previously described [39]. See details in Supplementary Information.

Transfections of N3-232T and TALL-1 cell lines
N3-232T cells were transfected with miR-139-5p, AntagomiR-139-5p, and
miR-150-5p, while TALL1 with increasing levels of miR-150-5p by using
Neon Transfection System (Invitrogen). All details are described in
Supplementary Information.

RNA extraction and RT-qPCR and Droplet digital PCR (ddPCR)
Total RNA extraction, reverse-transcription and RT-qPCR are reported in
Supplementary Information. Droplet digital PCR (ddPCR) was performed
using the Bio-Rad QX200 System (Bio-Rad Laboratories, Hercules, CA, USA)
following the manufacturer’s protocol. See details in Supplementary
Information.

Chromatin immunoprecipitation assay (ChIP assay) of human
and murine T-ALL cells
Human T-ALL cell lines, TALL-1 and Molt3, and purified DNCD3ɛ+CXCR4
negative thymocytes from N3-ICtg mice (n= 10) were used for ChIP
experiments described in Supplementary Information.

In vivo intravenous CD45 labeling and analysis of thymic DN
T-cells
In vivo labeling and analysis of DN CD3ɛ+ thymocytes in the thymic
perivascular spaces, see detailed information in Supplementary
Information.

Fig. 8 Graphical representation of the dynamic changes subverting the transgenic N3-ICtg thymus at 12–14 weeks of age. Our model
suggests the interesting new Notch/miRNAs crosstalk impinging on the differentiation and dissemination programs dominating advanced
stages of the T-ALL and highlights the important role of the thymus that is poorly understood.
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Statistical analysis
Analysis of results performed according to the protocols in Supplementary
Information.

DATA AVAILABILITY
The raw data supporting the conclusions of this article will be made available by the
authors, without undue reservation, to any qualified researcher.
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