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Blueprint of human thymopoiesis reveals molecular
mechanisms of stage-specific TCR enhancer
activation

Agata Cieslak!*@®, Guillaume Charbonnier?3*@®, Melania Tesiol, Eve-Lyne Mathieu?3, Mohamed Belhocine**®, Aurore Touzart'*, Charlotte Smith?,
Guillaume Hypolite!, Guillaume P. Andrieu!, Joost H.A. Martens®, Eva Janssen-Megens®, Marta Gut®”, Ivo Gut®”, Nicolas Boissel®, Arnaud Petit®®,
Denis Puthier?3@®, Elizabeth Macintyrel, Hendrik G. Stunnenberg®®, Salvatore Spicuglia?>**@®, and Vahid Asnafi™**@®

Cell differentiation is accompanied by epigenetic changes leading to precise lineage definition and cell identity. Here we
present a comprehensive resource of epigenomic data of human T cell precursors along with an integrative analysis of other
hematopoietic populations. Although T cell commitment is accompanied by large scale epigenetic changes, we observed that
the majority of distal regulatory elements are constitutively unmethylated throughout T cell differentiation, irrespective of
their activation status. Among these, the TCRA gene enhancer (Ea) is in an open and unmethylated chromatin structure well
before activation. Integrative analyses revealed that the HOXA5-9 transcription factors repress the Ea enhancer at early
stages of T cell differentiation, while their decommission is required for TCRA locus activation and enforced af T lineage
differentiation. Remarkably, the HOXA-mediated repression of Ea is paralleled by the ectopic expression of homeodomain-
related oncogenes in T cell acute lymphoblastic leukemia. These results highlight an analogous enhancer repression
mechanism at play in normal and cancer conditions, but imposing distinct developmental constraints.

Introduction

T lymphocytes develop from a stepwise process of cell fate
choices whereby distinct signaling pathways in the thymus
cause hematopoietic precursors to commit to the T cell fate,
while mobilizing a T cell gene expression program that prepares
the cells for TCR expression, TCR-based repertoire selection, and
long, versatile careers as immune effectors (Dik et al., 2005b;
Rothenberg, 2019; Spits, 2002). However, major questions re-
main as the molecular mechanisms involved in this process and
the stage-specific regulation of T cell genes are not well defined
yet. Despite numerous reports on the dynamics of epigenetic
modifications during murine T cell differentiation (Pekowska
et al., 2011; Zhang et al., 2012; Hu et al., 2018; Wei et al., 2011),
we still have a limited understanding of the epigenetic mecha-
nisms controlling human T cell differentiation. Thus, describing

these mechanisms is of crucial importance, given the potential
relevance for immune-related diseases (Clave et al., 2018; Kernfeld
et al., 2018) as well as for the oncogenic transformation of T cell
precursors (Aifantis et al., 2008).

Human T lymphocyte ontogeny in the thymus requires the
ordered somatic recombination of V, D, and ] gene segments at
the TCR loci to determine the development into either y8 or aff
T cell lineages (Dik et al., 2005b; Spits, 2002). While the TCRD,
TCRG, and TCRB loci rearrange at the early double negative (DN)
tCD34 (CD34*/CD3~/CD4~/CD8") stage (Fig. S1 A), the TCRA lo-
cus germline expression and rearrangements start at the early
cortical (EC) stage and reach high levels of mature TCRA ex-
pression by late cortical (LC) and subsequent single positive (SP)
stages (Dik et al., 2005b). It has been previously shown that the
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TCRA gene enhancer (Eo enhancer) is essential for the tight
regulation of TCRA rearrangements and expression during aff
T cell differentiation (Bassing et al., 2003; Sleckman et al., 1997).
The Ea enhancer is the only known enhancer associated with the
TCRA locus and is both necessary and sufficient to provide lin-
eage- and stage-specific TCRA rearrangements and expression.
The Ea activates transcription originating from the T early o
(TEA) promoter, located upstream to the Jo gene segments (100
kb upstream to Ea), thus preparing the 5 Jo chromatin state for
the initial recombination events (Abarrategui and Krangel,
2009; Hawwari and Krangel, 2005; Villey et al, 1996). As
such, the Ea enhancer represents a paradigm of gene regulation
whereby a nucleoprotein complex is assembled during T cell
differentiation in order to drive timely and stage-specific re-
arrangements of the TCRA locus (Carico and Krangel, 2015; Giese
et al., 1992, 1995; Hernandez-Munain et al., 1999; Roberts et al.,
1997; Spicuglia et al., 2000). However, the factor, either acti-
vators or repressors, governing the stage-specific activation of
Ea remains elusive.

To investigate the epigenetic mechanisms guiding the T cell
identity, we generated epigenomic and transcriptomic data
within the BLUEPRINT Epigenome Project (Stunnenberg and
Hirst, 2016), including whole-genome bisulfite sequencing
(WGBS) DNA methylation maps, genome-wide maps of six his-
tone modifications, and RNA expression of key thymic sub-
populations of human T cell precursors. The integration of other
epigenomic dataset from BLUEPRINT and Roadmap, covering
the development of the major branches of the hematopoietic
system, provided a comprehensive view of the epigenomic dy-
namics at play at crucial transitions of T cell commitment and
development. We observed that most of the distal regulatory
elements are constitutively unmethylated throughout T cell
differentiation, irrespective of their activation status. This was
best exemplified by the Ea enhancer that was found to be in an
open and unmethylated chromatin structure well before the
activation of the TCRA gene.

Our thorough gene expression analysis revealed that the
HOXA5-9 transcription factors are down-regulated concomi-
tantly to Ea activation and repress its activity. These findings
highlight the key role of HOXA proteins in the epigenetic control
of TCRA rearrangements and illustrate a general mechanism of
“setting the stage” for orchestrated developmental progression
as soon as the inhibition is removed.

Results

A reference epigenome of human early T cell differentiation
As part of the BLUEPRINT project, we generated reference ep-
igenomes of sorted human thymocytes encompassing the main
differentiation stages (Fig. S1, A and B), including immature DN
CD34* (tCD34: CD34*/CD3/CD47/CD8"), EC (TCRaf~/CD3~/
CD4*/CD8*), LC (TCRaf*/CD3*1°%w/CD4*/CD8*), SP CD4 (SP4:
TCRof*/CD3*/CD4*/CD8"), and SP CD8 (SP8: TCRaf*/CD3*/
CD47/CD8"). Reference epigenomes comprise chromatin im-
munoprecipitation sequencing (ChIP-seq) for four histone
marks positively associated with gene expression (H3K36me3,
H3K4mel, H3K4me3, and H3K27ac) and two with silent
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chromatin (H3K27me3 and H3K9me3), WGBS, and RNA se-
quencing (RNA-seq; details in Table S2). Replicates from dif-
ferent individuals were merged and normalized to provide a
consistent set of reference epigenome tracks for each differ-
entiation stage.

To obtain a global view of the epigenomic landscape of hu-
man hematopoiesis, we integrated the ChIP-seq data of each
thymic subpopulation into 11 chromatin states derived from the
six histone modifications (Fig. S1 C) and compared them with
chromatin states for other hematopoietic populations generated
by the BLUEPRINT and Roadmap consortia. Multiple corre-
spondence analysis (MCA) based on reduced chromatin states
(Carrillo-de-Santa-Pau et al., 2017) allowed us to create a mul-
tidimensional space, where the different hematopoietic samples
were placed depending on their chromatin state vectors across
the genome. Clustering based on the first two components
grouped samples from the same cell type while the main he-
matopoietic populations were clearly separated from each other,
in agreement with previous results (Carrillo-de-Santa-Pau et al.,
2017; Fig. 1 A). The first component revealed two main differ-
entiation branches, representing the myeloid and lymphoid cell
lineages, while the hematopoietic stem cells (HSCs) localized in a
central position. The second component reflected the differen-
tiation stage and the environmental context of each cell type
with respect to the HSCs. Interestingly, the thymocyte sub-
populations clustered tightly to the peripheral T cells, except for
the most immature T cell precursors (tCD34), which clustered
close to HSCs and complied with an incomplete commitment to
the T cell lineage (Dik et al., 2005b; Fig. 1 A).

To assess whether the epigenomic states were consistent
with the known biological functions of each cell type, we ana-
lyzed the enrichment in biological processes of genes associated
with active enhancer states (Fig. S1 C). The enhancer regions
found in each population were significantly enriched in path-
ways associated with the corresponding lineage (Fig. 1 B). For
instance, thymic and peripheral T cells were associated with
TCR signaling, B cells with B cell antigen receptor signaling, and
myeloid lineages with phagocytosis and innate immunity.

Lineage-specific genes displayed the expected chromatin
dynamics across the hematopoietic populations (Fig. 1 C). The
stem cell marker CD34 was associated with open chromatin
states in HSC and tCD34 early T cell precursors; the CD3 cluster
of T cell receptors was open in T cell samples; the B cell master
transcription factor PAX5 was associated with open chromatin
in B cells; the myeloid marker CD33 was associated with open
chromatin in HSCs, monocytes, and neutrophils but only
transcribed in the myeloid lineage. Thus, the epigenomic states,
including those from the newly generated thymocyte pop-
ulations, were able to capture the main biological differences
between cell types and were consistent with their known un-
derlying biological processes.

We next investigated more deeply the epigenetic dynamics
during human T cell differentiation. Chromatin states clearly
separated the main stages of thymic T cell differentiation from
HSC and peripheral T cells (Fig. 1 D), suggesting a specific
chromatin signature of thymic T cell precursors. While the first
dimension (separating T cells from HSC and tCD34 precursors)
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Figure 1. Reference epigenomes of human hematopoietic and T cell precursors. (A) MCA of human hematopoietic samples based on chromatin states.
Ovals highlight the major subtypes of hematopoietic lineages. (B) Top enriched MSigDB pathways associated with active enhancers found in each hema-
topoietic population of A. Vertical lines delineate the main hematopoietic lineages. (C) Chromatin state profiles at representative genes of the different
hematopoietic lineages. The color code is indicated at the right of the panel. (D) MCA of HSC and human T cell populations based on chromatin states.
(E) Sankey diagram depicting the main epigenomic transitions between the HSC and the human T cell populations. The width of the arrows is proportional to
the number of regions associated with the indicated chromatin state. The color code represents the merged chromatin states as indicated at the right of the
panel. (F) Chromatin state profiles at representative genes specifically expressed at different stages of T cell differentiation. The color code is as in C. BH,
Benjamini-Hochberg. Mac, macrophages; Neu, neutrophils; Mono, monocytes.
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was enriched with cell homeostasis and activation functions,
the second dimension (separating the thymocyte populations
from peripheral T cells and HSC) was specifically enriched with
V(D)] recombination (Fig. S1 D). To get a global view of the
main epigenetic changes occurring during T cell differentia-
tion, we represented the chromatin state transitions among
HSCs, thymic subpopulations, and peripheral T cells using a
Sankey diagram (Fig. 1 E). We observed a progressive increase
of heterochromatin regions along with a decrease of active
enhancers and transcribed regions. This suggests a gradual loss
of plasticity from HSCs to mature T cells. Finally, master
transcription factors that are either repressed (SPI1/PU.1, TALI)
or activated (BCL1IB, TCFI/TCF7) during T cell commitment or
required for specific CD4* (ZBTB7B/THPOK) or CD8* (RUNX3)
T cell differentiation displayed consistent epigenomic changes
(Fig. 1 F).

Overall our analysis of the hematopoietic reference epi-
genomes recapitulated the hematopoietic chromatin signatures
and accurately captured the main biological identities of thymic
T cell precursors. It demonstrates that our epigenomic data
provide an excellent resource to study the regulatory networks
underlying early T cell differentiation in humans.

DNA demethylation is a hallmark of distal regulatory elements
irrespective of their activation status in T cells

We next analyzed the DNA methylation status of the five thymic
subpopulations and the different hematopoietic populations
using WGBS data generated by both the BLUEPRINT and Road-
map consortia. Similar to the chromatin state classification, a
dimensional reduction based on DNA methylation grouped the
different hematopoietic samples according to their cell lineage,
while the thymocyte populations were separated from periphe-
ral T cells (Fig. S2 A).

Gene distal DNA hypomethylation has been shown to be a
hallmark of enhancer regions, allowing an accurate identifica-
tion of recognized cis-regulatory sequences (Stadler et al., 2011).
To assess the dynamics of enhancer activities during early T cell
differentiation, we retrieved all distal hypomethylated regions
found in at least one thymic subpopulation and clustered these
regions based on the changes of DNA methylation across the
thymic subpopulations (Fig. 2 A and Fig. S2 B). Clusters 1-4
corresponded to constitutively hypomethylated regions and
represented the majority of distal hypomethylated regions.
Cluster 5 corresponded to regions preferentially hypomethy-
lated in tCD34 precursors. Regions of clusters 1-5 were poorly
enriched in H3K27ac (Fig. 2 B), and the associated genes were
expressed at low levels in thymocytes (Fig. 2 C), displayed low
thymus specificity (Fig. 2 D), and were either related to he-
matopoietic lineages other than T cells or not specifically en-
riched in relevant biological processes (Fig. 2 E). In contrast to
clusters 1-5, clusters 6-8 corresponded to regions that were
hypermethylated in tCD34 thymocytes and underwent pro-
gressive demethylation through different T cell differentiation
stages. Consistent with this, clusters 6-8 were highly enriched
with H3K27ac mark (Fig. 2 B), and the associated genes were
expressed at a high level in thymocytes (Fig. 2 C), displayed
higher thymus specificity (Fig. 2 D), and were related to
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T cell-specific functions (Fig. 2 E). The results suggest that
clusters 6-8 are likely enriched in T cell-related genes that are
expressed at all stages, but for which the relative expression
level is fine-tuned during differentiation.

As we were surprised by the elevated proportion of consti-
tutively hypomethylated regions (77% of total distal hypomethy-
lated regions), we decided to further explore the epigenomic
dynamics of these potential regulatory regions. Clustering of
the constitutively hypomethylated distal DNA regions (corre-
sponding to clusters 1-4 from Fig. 2 A), based on H3K27ac
levels (Fig. S2, C and D), revealed five clusters with dynamic
H3K27 acetylation (Fig. 2, F and G), representing 17% of the
total set of distal hypomethylated regions. Changes in H3K27ac
levels roughly followed the expression dynamics of neighbor-
ing genes (Fig. 2 H). Consistent H3K27ac signatures at the
promoter and constitutively hypomethylated distal regions
were observed for early (RAGI-RAG2) and late (CD44) expressed
loci. The II7R locus was associated with distal enhancers acti-
vated either at the early (downstream) or the late (upstream)
stages; in both cases, the regulated enhancers were constitu-
tively demethylated (Fig. 2 I).

These observations strongly indicate that DNA hypomethylation
marks distal regulatory elements independently of their ac-
tivation status, both preceding to and persisting after enhancer
activation.

Chromatin opening precedes enhancer activation
The above analyses suggested that the activation onset of distal
regulatory elements might be preceded by DNA demethylation.
This raised the question of whether premarked enhancers (DNA
hypomethylated) are already in an open chromatin configura-
tion (nucleosome free). To address this issue, we performed
assay for transposase-accessible chromatin (ATAC) experiments
in tCD34 and EC stages, as these stages reflected the major epi-
genetic transitions (Fig. 1 and Fig. 2). We identified 2,084 and
2,905 distal ATAC peaks in tCD34 and EC, respectively (Fig. 3, A
and B). About one-third of the distal ATAC peaks (1,108) were
shared between the two thymic populations. Distal ATAC peaks
present in both tCD34 and EC stages and specific to EC were in
proximity to genes associated with T cell differentiation and
function, while tCD34-specific peaks were associated with more
general functions (Fig. 3 C). Consistent with this, analysis of
conserved transcription factor binding sites in tCD34-associated
peaks showed a preferential association of hematopoietic factors
such as TALl and AML1 (RUNX1), while transcription factors
involved in T cell differentiation and activation such as E47
(TCF3), STAT, and ETS were preferentially found in EC-associated
peaks (Fig. 3 D). As predicted, ATAC peak regions were consti-
tutively demethylated in tCD34 and EC stages, independently of
whether the regions were specifically open in tCD34 or EC thy-
mocytes (Fig. 3 E). This suggests that DNA demethylation may
both precede enhancer opening and hold after enhancer closing.
Thus, DNA demethylation seems to represent a primary marking
of distal regulatory regions, independently of the actual enhancer
activity or chromatin accessibility.

Next, we asked whether constitutively open and demethy-
lated regions could be associated with changes in enhancer
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Figure 2. DNA demethylation is a hallmark of distal regulatory elements irrespective of their activation status in T cells. (A) Heatmap displaying DNA
methylation scores of distal hypomethylated regions in the indicated thymocyte populations, based on WGBS. Regions are clustered into eight groups using
k-means. The scale of DNA methylation is indicated at the bottom of the panel. (B) H3K27ac profiles in the indicated thymocyte populations, centered on the
hypomethylated clusters defined in A. (C) Median of the RNA-seq signal of genes associated with the hypomethylated clusters defined in A, in the indicated
thymocyte populations. (D) Fraction of thymus-specific genes associated with each hypomethylated cluster defined in A and in all genes (AG). The Human
Protein Atlas version 19.2 (Uhlén et al,, 2015) was used to assess tissue specificity. Inset shows the percentage of thymus-specific genes that is associated with
a distal hypomethylated region. (E) Top GO biological processes enriched at genes associated with the hypomethylated clusters defined in A. Relevant he-
matopoietic and T cell related terms are highlighted. Labels are abbreviated as follows: neg, negative; pos, positive; reg, regulation; pol, polymerase.

Cieslak et al. Journal of Experimental Medicine
Epigenomic blueprint of human T-cell precursors https://doi.org/10.1084/jem.20192360

5 of 21


https://doi.org/10.1084/jem.20192360

(F) K-means clustering of DNA hypomethylated regions with dynamics H3K27ac levels among thymocytes subpopulation. The heatmap of H3K27ac levels in
the indicated thymocytes subpopulation is shown. (G) H3K27ac, H3K4mel, and WGBS profiles in the indicated thymocyte populations centered on the clusters
defined in E. Same color code as in B. (H) Z-scores of the median H3K27ac signal of the regions defined in E and RNA-seq signal of associated genes in the
indicated thymocyte populations of genes associated with clusters defined in E. (1) Chromatin states, H3K27ac, and WGBS profiles of representative loci
displaying constant hypomethylation, but dynamic H3K27ac enrichments in the indicated thymocyte populations (red rectangles). The regulation of the as-
sociated gene, specifically expressed at different stages of T cell differentiation, is indicated at the top of each panel. The normalized signal range is indicated
by brackets. For WGBS track, red and blue colors indicate methylated and unmethylated CpGs, respectively. The color code for the ChromHMM track is as in

Fig. 1C.

activity. For this purpose, shared ATAC peaks were ordered
relative to the H3K27ac ratio between tCD34 and EC thymocytes
(Fig. 3 F). Interestingly, ATAC regions that are most highly
H3K27ac marked in tCD34 (tCD34 high) or EC (EC high) cells
(Fig. 3 G) were linked with genes that significantly decrease or
increase expression, respectively (Fig. 3 H; paired Wilcoxon
test). Concordant proportions of differentially regulated genes
were also observed (Fig. 3 I). This suggests that constitutively
open and demethylated distal regions can be associated with
locus activation or repression.

To identify potentially interesting loci, we searched for genes
showing strong differential expression between tCD34 and EC/
LC thymocytes that were also associated with distal open regions
displaying a gain of H3K27ac (Fig. 3 ] and Fig. S3). Strikingly, the
TRAC transcript, associated to the TCRA locus, was the most
induced gene having an H3K27ac enhancer gain in a region
corresponding to the known Ea enhancer (Hawwari and
Krangel, 2005; Ho et al., 1989; Winoto and Baltimore, 1989;
Fig. 4 A).

The Ea enhancer is in an open but epigenetically silent
configuration in immature thymocytes

To better understand the tight regulation of the Ea enhancer, we
depicted the epigenetic dynamic at the TCRA locus during the
human thymopoiesis (Fig. 4 A). In tCD34 thymocytes, the TCRA
locus was in a relatively closed configuration, with low levels of
H3K4mel, H3K4me3, and H3K27ac and relatively high levels of
H3K27me3. In contrast, EC and LC cortical thymocytes displayed
overall high levels of H3K4mel, H3K4me3, H3K27ac, and
H3K36me3, whereas H3K27me3 was strongly reduced. Of note,
active histone marks were shifted from the 5’ to the 3’ side of the
Ja-Ca locus between the EC and LC stages, in agreement with
progressive Vo-to-Jo rearrangements (Hawwari and Krangel,
2005; Huang et al., 2002; Krangel et al., 2004). The adjacent
TCRD locus displayed a general loss of active marks during T cell
differentiation, as expected (Fig. 4 A). In contrast to the TCRA
locus, the Ea enhancer was found to be in an open chromatin
configuration since the very immature stages of thymic matu-
ration (ATAC), when it was fully demethylated (WGBS) and
enriched in H3K4mel (a mark of poised enhancers; Fig. 4, A and
B). By the EC and LC stages on, the Ea region had gained sub-
stantial levels of H3K27ac and, in particular, H3K4me3, previ-
ously shown to be associated with highly active enhancers
(Pekowska et al., 2011).

Our findings are consistent with murine data showing that
Ea is occupied by transcription factors from the early CD4-/
CD8~ DN stage of thymocyte development, thus preceding the
transcriptional activation of TCRA locus, which takes place after
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the B-selection (Herndndez-Munain et al., 1999; Spicuglia et al.,
2000). We have previously suggested that the Ea enhancer ac-
tivation occurs via a conformational change of a preassembled
nucleo-protein complex (Cauchy et al., 2016; Spicuglia et al.,
2000). Analysis of published ChIP-seq experiments for ETSI,
RUNXI, E47/TCF3, GATA3, and Ikaros lymphoid transcription
factors (Zacarfas-Cabeza et al., 2015; Koch et al., 2011; Lepoivre
et al., 2013; Wei et al., 2011; Vanhille et al., 2015; Oravecz et al.,
2015) confirmed that Ea is already occupied by these activating
transcription factors in murine DN thymocytes (Fig. S4 A). Im-
portantly, transcription of short noncoding enhancer RNAs, a
hallmark of active enhancers, was only observed in murine late
CD4*/CD8" double positive (DP) thymocytes (Fig. S4 B). Fur-
thermore, as shown by ChIP-quantitative PCR (ChIP-gPCR) as-
says (Fig. 4, C and D), Ea is already bound by its activating ETS1
and RUNX1 transcription factors in human immature tCD34
thymocytes. This was also confirmed for RUNX1 by ChIP-seq
experiment (Fig. 4 E).

Overall, these data suggest that Ea is in an open chromatin
state and is already bound by its activating transcription factors
from the very immature stages of human and murine thymic
maturation. As Ea remains inactive until the cortical stages, this
suggests that a repressive mechanism prevents its activity
during the early stages of thymic maturation in mice and hu-
mans. While the functions of Ea have been intensively studied
(Carey, 1998; Hawwari and Krangel, 2005; Ho et al., 1989, 1990;
McMurry and Krangel, 2000), the molecular mechanisms
mediating the stage-specific activation of Ea have remained
elusive. As such, Ea control of the TCRA locus represents an
unsolved paradigm of tissue-specific gene regulation by distal
regulatory elements.

The HOXA locus is progressively repressed during early

T cell differentiation

Given that Ea is already bound by key transcription factors re-
quired for its activation, we hypothesized that the loss of a
transcriptional repressor might explain the stage-specific acti-
vation of Ea. To explore this possibility, we analyzed RNA-seq of
the main human thymic subpopulations to identify transcripts
that were down-regulated at the TCR [B-selection. Unsuper-
vised gene expression analysis identified 19 clusters, each corre-
sponding to transcripts with different gene expression kinetics
during thymic maturation (Fig. 5 A). Cluster C13, containing
893 different transcripts, presented the expected profile of gene
expression modulation, with high expression at the early stages
and gradual reduction during maturation up to the extinction
of expression after the B-selection stage (immature single
positive [ISP] > EC > LC; Fig. 5 A). Interestingly, this cluster
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Figure 3. Chromatin opening precedes enhancer activation. (A) Overlap between ATAC peaks identified in tCD34 and EC thymocytes. (B) Clustered
heatmap of ATAC signal in tCD34 and EC thymocytes (left panels). Scores associated with the color code is on the right. (C) Top GO biological processes
enriched in genes associated with distal ATAC peaks specific to either tCD34 or EC thymocytes, or common to both. (D) Conserved TFBS enriched at distal
ATAC peaks specific to either tCD34 or EC thymocytes, or common to both. (E) Average profiles of WGBS signals corresponding to the ATAC peaks defined in A.
(F) Heatmap of H3K27ac signals based on common ATAC peaks ordered by the H3K27ac ratio between tCD34 and EC. (G) Average H3K27ac profiles centered
on ATAC peaks with relative high H3K27ac signal in either tCD34 or EC thymocytes or remained unchanged, as defined in E. (H) Violin plots of the RNA-seq
signal of genes associated with distal ATAC peaks (as defined in E) in the indicated thymocyte populations. Right panels represent RNA-seq data from Casero
et al. (2015). Statistical significance was assessed by a Wilcoxon rank-sum test. **, P < 0.01; ***, P < 0.001; ****, P < le-04. (1) Percentage of significantly
regulated genes associated with distal ATAC peaks defined in E. (J) Top significantly induced genes associated with ATAC peaks and H3K27ac gain. The
expression fold change between Thy3 (tCD34) and Thy4 (EC/LC) thymocytes is indicated.
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Figure 4. Epigenetic and transcription factor analysis of the TCRA locus in the human thymic subpopulations. (A) ChromHMM, ATAC-seq, and ChIP-seq
profiles for histone modifications (H3K27ac, H3K4mel, H3K4me3, H3K36me3, and H3K27me3) and BS-seq at the TCRA/D locus in the human thymic sub-
populations tCD34, EC, and LC. A zoom on Ea is presented on the right. The legend is as in Fig. 2 H. (B) ATAC profiles of the TCRA locus (TRAJ gene segments and
TCRA enhancer) in human thymic subpopulations CD34*1a-, CD34*1a*, EC, and LC. Representative of two independent experiments. (C) ChIP-qPCR analysis of
ETS1 binding to Ea in human thymic subpopulations tCD34, EC, and LC. ChIP enrichment level is presented as percent of input and corresponds to the ratios
between the Ea and IgG signal. Data are presented as duplicates of experiments with error bars to represent SEM. (D) ChIP-qPCR analysis of RUNX1 binding to
Ea in human thymic subpopulations tCD34, EC, and LC. ChIP enrichment level is presented as percent of input and corresponds to the ratios between the Ea
and actin signal. IgG isotype control was performed to assess absence of nonspecific Ea ChIP enrichment. Data are presented as duplicates of experiments with
error bars to represent SEM. (E) RUNX1 ChiP-seq profile in thymic CD34* population (tCD34).

contained several members of the HOX-like (HOXL) subclass of  transcription factors (i.e., TLX1 and TLX3 from the NKL sub-
homeodomain (Hox) transcription factors (Fig. 5 B and Fig. S5,  class) was reported to exert repressive activity on Ea in T cell
A and B). Of note, ectopic expression (i.e., oncogenic deregu- acute lymphoblastic leukemia (T-ALL), an aggressive cancer
lation by chromosomal translocations) of the HOX family of developed from thymic precursors (Dadi et al., 2012). We then
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which expression progressively decreases after B-selection (ISP). The expression of the HOXA5, HOXA7, HOXA9, and HOXAL0 genes is highlighted. (C) TLDA
analysis of HOXL expression profiles in thymic subpopulations. The expression level is classified from blue to red. Only genes that show expression at any of the
thymic subpopulation are presented. Results represent means duplicate reactions. (D) RQ-PCR analysis of HOXA9 gene expression in human thymic sub-
populations. Results are relative to the ABLI housekeeping gene. Representative of two independent experiments. (E) RQ-PCR analysis of Cat gene expression in
human thymic subpopulations. Results are relative to the ABLI housekeeping gene expression. Representative of two independent experiments. (F) RQ-PCR
analysis of TEA-Ca gene expression in human thymic subpopulations. Results are relative to the ABLI housekeeping gene. Representative of two independent
experiments. (G) RQ-PCR analysis of TCRA germline from normal human thymocyte subpopulations. Normalization was performed with the albumin
housekeeping gene. Representative of two independent experiments. (H) Fluorescent PCR Genescan analysis of Va-Ja rearrangements detected in sorted
thymic populations. Representative of two independent experiments. (I) Ea-CAT fold repression in HeLa cells following transfection with encoding vectors for
ETSL, RUNXL, LEF1, and individual HOXA5-9 (FL and HD-deleted forms). TLX1 is used as a positive control of repression. Ea-CAT signals were normalized to
those of control cells transfected with an empty GFP vector. Data are presented as means of at least triplicate measurements with error bars to represent SEM.
(J) RQ-PCR analysis of Ca gene expression in T-ALL cell line transfected with HOXAS5-9 (FL or AHD forms)-expressing vectors. Results are relative to the ABLI
housekeeping gene expression. Representative of two independent experiments. (K) Violin plots of quantile-normalized H3K27ac signalin Ea in T-ALL patients.
Immature T-ALLs (IMO, IMD, and IMB) were excluded. Red dots: T-ALLs with no deregulation of homeodomain genes (n = 23); green dots: T-ALLs over-
expressing HOXA-5, -6, -7, and -9 genes (n = 6); blue dots: TLX1 positive T-ALLs (n = 3); violet dots: TLX3 positive T-ALLs (n = 7). Statistical significance was
assessed by a Wilcoxon rank-sum test. ***, P < 0.001; ****, P < le-04. (L) Anti-Flag ChIP-qPCR analysis of HOXA5-9 binding to Ea in the Loucy cell line
expressing Flagged HOXA5-9 (FL or AHD forms). ChIP enrichment level is presented as a percentage of input and corresponds to the ratios between the Ea and
actin signals. ChIP with an empty NTAP vector was performed as a control. Results represent means and SEM of triplicate reactions. (M) Upper panel: ColP
using HOXA9 antibody followed by an immunoblotting with anti-ETS1 antibody in human thymocytes. The input corresponds to the 1% of cell extract used in
the ColP experiment. LW, last wash. A representative result of two independent experiments is shown. Lower panel: IP using anti-ETS1 antibody followed by an
immunoblotting with anti-HOXA9 antibody in Loucy cell line. A representative result of two independent experiments is shown. The input corresponds to the
1% of cell extract used in the ColP. (N) Duolink PLA and confocal microscopy analysis of cells labeled with anti-ETS1 (Alexa 488, purple) and anti-HOXA9 (Alexa
555, green) antibodies in Loucy cell line and tCD34*/CD3" and tCD34-/CD3* thymocytes. Scale bars, 10 um. On the right, the quantification of the number of

PLA dots per cell is presented with the mean values and SD.

focused on HOXL genes pattern expression during human
thymopoiesis. A TagMan Low-Density Array (TLDA) was de-
signed to evaluate the expression of all HOXL members in an
independent set of human thymic subpopulations (Table S1).
Unsupervised TLDA clustering showed that HOXA5, HOXA6,
HOXA7, and HOXA9 genes best fitted the relevant expression
profiles (Fig. 5 C and Fig. S5, C-E). In particular, HOXA9 ap-
peared to be a good candidate, as its down-regulation perfectly
coincides with the Ca up-regulation, the presence of TEA-Ca
germline transcripts, and the beginning of TCRA rearrange-
ments (Fig. 5, D-H).

HOXA5-9 proteins repress Ea activity via their homeodomain

To test the possibility that HOXA5-9 proteins interfere with Ea
transcriptional activity, we used a gene reporter assay in which
the expression of chloramphenicol acetyltransferase (CAT) is
under the control of Ea. (Ea-CAT) (Giese et al., 1995). The ectopic
expression of HOXA-5, -6, -7, and -9 repressed Ea-regulated CAT
expression by three- to fivefold (Fig. 5 I). Next, we evaluated the
level of Ea-CAT repression of the truncated forms of HOXA
proteins, lacking their homeodomains (AHD). As shown in Fig. 5
I, all truncated HOXA forms (AHD) exerted significantly reduced
repressive activity compared with their respective full-length
(FL) proteins. The reduced activity of HOXA5-9 AHD proteins
was not due to their lack of nuclear localization because they
were mainly localized in the nucleus as their FL counterpart
(Fig. S5 F). Using the same expression vectors, we tested
whether HOXA5-9 proteins can repress TCRA activity in the
HOXA-negative and TCRap-positive T-ALL cell line Jurkat. As
shown in Fig. 5 J, HOXA9 overexpression resulted in the
strongest repression of the TCRA gene expression. Additionally,
we found that H3K27ac signal, a hallmark of active enhancers, is
significantly lower in Ea in HOX-overexpressing T-ALLs, com-
pared with T-ALLs without deregulation of homeodomain genes
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(Fig. 5 K). We concluded that HOXA5-9 proteins repress Ea
transcriptional activity in a homeodomain-dependent manner.

ChIP assays using Loucy (HOXA overexpressing) or HeLa
(HOXA-negative) cell lines nucleotransfected with Flag-tagged
expressing vectors for FL HOXAS5, -6, -7, or -9, showed signifi-
cantly enriched Ea DNA (Fig. 5 L and Fig. S5 G). Importantly,
HOXA proteins without their homeodomain (AHD) displayed
reduced binding to Ea. As Ea lacks the AT-rich DNA motif
TAATNA characteristic of the HOX homeodomain binding, we
hypothesized that HOXA proteins exert their Ea repressive ac-
tivity by interacting with ETS], as we showed for TLX proteins,
members of the NKL subclass of homeodomain proteins (Dadi
et al., 2012). Co-immunoprecipitation (IP) assays with anti-HOXA9
antibody in human thymocytes recovered both ETS1 and
HOXA9 in the precipitated material (Fig. 5 M, upper panel).
CoIP assays in the Loucy cell line, which coexpresses HOXA9
and ETS], also showed that an anti-ETS1 antibody coimmuno-
precipitated HOXA9 (Fig. 5 M, lower panel). Furthermore,
proximity ligation assay (PLA) confirmed the HOXA9-ETSI
interaction in Loucy and in immature CD34*/CD3" thymocytes
(Fig. 5 N). However, more mature CD34/CD3* thymocytes, as
expected, showed no HOXA9-ETSI interaction (Fig. 5 N).

Taken together, these data sug