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Normal T-cell differentiation requires a complex regulatory network which supports a series of

. maturation steps, including lineage commitment, T-cell receptor (TCR) gene rearrangement, and

. thymic positive and negative selection. However, the underlying molecular mechanisms are difficult to

. assess due to limited T-cell models. Here we explore the use of the pro-T-cell line P5424 to study early

. T-cell differentiation. Stimulation of P5424 cells by the calcium ionophore ionomycin together with

. PMA resulted in gene regulation of T-cell differentiation and activation markers, partially mimicking the
CD4CD8 double negative (DN) to double positive (DP) transition and some aspects of subsequent T-cell
maturation and activation. Global analysis of gene expression, along with kinetic experiments, revealed
a significant association between the dynamic expression of coding genes and neighbor IncRNAs
including many newly-discovered transcripts, thus suggesting potential co-regulation. CRISPR/Cas9-
mediated genetic deletion of Robnr, an inducible IncRNA located downstream of the anti-apoptotic
gene Bcl2, demonstrated a critical role of the Robnrlocus in the induction of Bcl2. Thus, the pro-T-cell
line P5424 is a powerful model system to characterize regulatory networks involved in early T-cell
differentiation and maturation.

. T lymphocytes are one of the main players of the adaptive immunity. T-cell development in the thymus requires
. temporally regulated rearrangements of the T-cell receptor (Tcr) genes and a series of selection events, whereby
. newly assembled TCR complexes signal for cell survival, proliferation and differentiation processes'?. The Tcrb
. locus rearranges in the most immature thymocytes, known as CD4-CD8~ double-negative (DN) thymocytes.
. Thymocytes that have successfully rearranged a Tcrb allele differentiate into CD4"CD8* double-positive (DP)
. thymocytes in a process known as (3-selection. This process is driven by signaling through the pre-TCR, which is
- composed of TCR@ and the invariant pT« protein, and through cooperation with the Notch signaling pathway.

The 3-selection process triggers the activation of Tcra rearrangements and transcription along with complex

intracellular pathways resulting in wide changes in the transcriptional and epigenetic programs of the immature
- T cells*®. The expression of a functionally rearranged Tcra gene leads to the formation of a variable TCRaf3
. heterodimer and, ultimately, to the selection of TCRaf expressing cells which will terminally differentiate into
© CD4* or CD8" single positive (SP) T cells. Disruptions of these genetic and epigenetic processes might result in

oncogenic transformation of T-cell precursors (i.e. leukemia and lymphoma”®) or immune-related pathologies’.
: Long non-coding RNAs (IncRNAs) are a heterogeneous group of non-coding genes transcribed by RNA pol-
: ymerase II from intergenic or intragenic regions and varying in length from 200 nt to over 100kb'’. Many studies
. have demonstrated that IncRNAs are key components of the repertoire of regulatory elements that control normal
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development and disease!!-1°. Although the mechanism(s) of regulation of gene expression by IncRNAs are not
yet well understood, many of them have been shown to mediate epigenetic modifications by recruiting chroma-
tin remodeling complexes to specific loci, thus regulating both the expression of neighboring genes and distant
genomic sequences'.

Several IncRNAs involved in normal and malignant hematopoiesis have been discovered!*-V, including
IncRNAs involved in T-cell differentiation and activation'®-??, T-cell immune response®-%*, lymphoid malignan-
cies?*-*? and immuno-deficiencies?**. As the expression of IncRNAs is highly tissue- and context-specific, it is
likely that many relevant IncRNAs involved in T-cell lymphocyte differentiation and function have not yet been
identified.

To gain insights into the IncRNAs regulatory circuits that underlie T lymphocyte differentiation and activa-
tion we used the pro-T-cell line P5424 as a tractable model**. The P5424 cell line has been derived from Ragl~/~;
537/~ mice and express the CD4 and CD8 markers, but also early T-cell markers, such as Hes1 and Ptcra, which
encodes for the surrogate o chain (pTa) of the pre-TCR complex, suggesting that the cells are blocked at the
B-selection checkpoint™*3>. Combined treatment of T cells with phorbol 12-myristate 13-acetate (PMA) and
ionomycin have been shown to resemble (pre-)TCR mediated signaling by synergistic activation of calcium ions
(Ca™) and mitogen-activated protein kinase (MAPK) pathways®**-#, thus partially mimicking early T cell dif-
ferentiation processes. Here, we show that signals induced by the PMA and ionomycin stimulation of P5424
cells resemble part, but not all the signals required for the 3-selection process and aspects of subsequent T-cell
maturation/activation, including the induction of the anti-apoptotic gene Bcl2. By combining transcriptomic and
epigenomic experiments, we identified a set of IncRNAs, including many previously uncharacterized transcripts,
associated with the regulation of key T-cell genes. Genetic inactivation of the PMA/ionomycin inducible IncRNA
XLOC_000895 (Robnr), located downstream of the Bcl2 gene, resulted in impaired Bcl2 activation, thus revealing
a critical regulator of the Bcl2 locus and highlighting the usefulness of the P5424 pro-T-cell line to dissect the
molecular basis of T-cell regulatory networks.

Results

Effect of the PMA/ionomycin treatment on P5424 gene expression. The P5424 cell line was
derived from DN thymocytes of p53 and Ragl double knock-out mice*. Akin other DN-derived leukemic
cell lines, the P5424 cells express the CD4 and CD8 surface markers, likewise double positive (DP) thymo-
cytes**>. However, these cells have a transcription signature similar to double negative (DN) thymocytes, which
includes high expression of Ptcra and the Notch1-target gene Hesl, as well as, very low level of Tcra expres-
sion (Supplementary Fig. 1A,B). These observations suggest that P5424 cells are somehow blocked between the
DN-to-DP transition during the 3-selection process.

To study the gene regulatory networks downstream of the (pre-)TCR signaling during early T-cell differ-
entiation we used a combination of PMA and ionomycin to stimulate the protein kinase C (PKC)- and the
calcineurin-mediated pathways***! in the mouse P5424 T-cell precursor cell line. PMA/ionomycin treatment of
early T-cell precursors has been shown to activate the pre-TCR signaling pathway and to induce the expression
of the Tcra locus®. Based on the expression level of the Tcra gene, we determined that treatment with 10 ng/
ml of PMA and 0.5 ug/ml of ionomycin for 4 h resulted in the highest gene induction (Supplementary Fig. 1A).
Thus, we decided to use these conditions in further experiments. The PMA/ionomycin stimulation of P5424 cells
reflects the 3-selection by repressing the expression of the early T-cell markers Ptcra and Hesl and inducing the
Tera and Egrl genes (Supplementary Fig. 1B). To further validate these findings, we analyzed the expression of
the human (h)CD25 in a stable transfected P5424 cell line, where hCD25 is under the control of the mouse Ptcra
promoter*? (Supplementary Fig. 1C). As expected, the PMA/ionomycin stimulation caused an homogeneous loss
of hCD25 expression at the surface of the P5424 cells (Supplementary Fig. 1D), meaning that the Ptcra promoter
was strongly repressed by the PMA/ionomycin treatment.

The (3-selection process has been shown to result in cell proliferation in vivo'. However, after the PMA/iono-
mycin treatment of P5424 cells, we observed a blockage of cell proliferation (Supplementary Fig. 1E), accompa-
nied by an increased apoptosis compared to unstimulated cells (Supplementary Fig. 1G-F). This was consistent
with previous results*’ and might reflect an overstimulation of the cells, reminiscent of the negative selection
occurring at later stages of thymic T cell maturation, which is mediated by apoptosis induced by strong T-cell
stimuli*,

To have a comprehensive view of the transcriptional and epigenomics effects of the PMA/ionomycin treat-
ment, we performed RNA-seq and ChIP-seq (for H3K4me3 and H3K27ac) experiments on mock (DMSO) and
PMA/ionomycin-treated P5424 cells. Analysis of the RNA-seq for de novo discovery of IncRNAs identified 7098
transcripts corresponding to 6487 de novo IncRNA genes (Supplementary Dataset 1). As expected, most de novo
IncRNAs were T-cell specifics (Supplementary Fig. 2A). The PMA/ionomycin treatment led to 799 induced and
433 repressed coding genes, as well as 172 induced and 163 repressed IncRNAs (including 148 and 152 de novo
IncRNAs, respectively) (adjusted p-value < 0.01; fold change > 2; Supplementary Dataset 2; Fig. 1A). However, we
did not observe substantial changes in the level of histone modifications at promoters of differentially regulated
genes (data not shown). Visual inspection of significantly regulated genes reveals that several genes related to
the early differentiation of T lymphocytes were significantly repressed (e.g., Ragl/2, Ptcra, Dntt, Notch1, Notch3,
DtxI) while genes associated with T-cell activation or maturation were induced (e.g., Nfatc1, Nfatc2, Tox, IkzfI,
Cde69, Egrl) (Fig. 1B). Accordingly, functional enrichment analysis revealed that the repressed genes were related
to development and early differentiation of T lymphocytes (e.g., developmental process, V(D)] recombination,
somatic diversification of T-cell receptor genes), whereas the induced genes were linked to T-cell activation (e.g.,
immune response, response to cytokine, leukocyte activation) (Fig. 1C).

To precisely assess to what extent the PMA/ionomycin stimulation of P5424 cells resembles the 3-selection
process, we analyzed the relative enrichment of the (3-selection signature obtained by comparing gene
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Figure 1. Effect of the PMA/ionomycin treatment on P5424 gene expression. (A) Heatmap showing the
normalized RNA-seq signal of differentially expressed coding and IncRNA genes in 3 controls (DMSO) and 3
PMA/ionomycin-treated (PMA/Iono) P5424 cells. (B) Scatter plot highlighting upregulated and downregulated
coding genes (red) and IncRNAs (blue) in response to PMA/ionomycin stimulation on P5424 cells. (C) The

top 10 biological processes identified by functional enrichment analysis (g:Profiler) of coding genes that were
affected by stimulation with PMA/ionomycin.

expression between DN4 and DN3a thymocytes**. As shown in Supplementary Figure 1H-I, genes repressed by
the 3-selection were enriched in unstimulated P5424 cells (Supplementary Fig. 1H), while 3-selection induced
genes were enriched in PMA/ionomycin treated cells (Supplementary Fig. 1I). However, we also noted that the
expression of several 3-selection induced (such as Rorc, Ikzf3 and Camk4, Lefl, Nfatc3) and repressed (Lfng,
Mamli3, Dtx3/31, I2ra and IL7r) genes where not affected by the PMA/ionomycin treatment or regulated in the
opposite way, suggesting that an incomplete transcriptional program was induced following PMA/ionomycin
treatment. Thus, although the PMA/ionomycin stimulation of P5424 cells did not exactly match the 3-selection
process, it provides a good in vitro model for the analysis of mechanisms leading to early T-cell differentiation
and activation.

Functional annotation of PMA/ionomycin-regulated INcRNAs.  As an initial assessment of the bio-
logical functions of IncRNAs affected by the PMA/ionomycin treatment, we investigated the biological processes
enriched in the set of coding genes surrounding the differentially expressed IncRNAs, using the GREAT tool*.
This tool assigns biological meaning to a set of non-coding genomic regions (in this case, the IncRNA loci) by
analyzing the annotations of the surrounding genes using a binomial test. Strikingly, PMA/ionomycin-regulated
IncRNAs were significantly associated with coding genes involved in the development and activation of T cells
(e.g. V(D)J recombination and regulation of T lymphocyte differentiation) (Fig. 2A).

To determine whether there was a statistical association between the regulated IncRNAs and their neighboring
mRNAs, we computed the distance between each induced or repressed IncRNA and the closest regulated mRNA,
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Figure 2. Correlation between IncRNAs and mRNAs regulation in P5424 cells. (A) The functional annotation
(biological processes) of coding genes which are associated with PMA/ionomycin-regulated IncRNAs, using
the GREAT tool. The top 15 most significant terms are indicated. The inverted Log10 of the Binomial P value
is represented. (B) Scatter plot depicting the Log2 (fold-change between PMA/ionomycin and DMSO) of
regulated mRNA/IncRNA pairs in respect to the distance between their TSSs (Kb). Pairs separated by less than
100kb, 200kb and 500 Kb are displayed. Typical examples are highlighted in red. (C) Bar plot displaying the
number of regulated IncRNAs (x-axis) according to the expression state (induced/repressed) of their closest
mRNA and in terms of the distance between them (y-axis).

defined as IncRNA/mRNA pairs (Supplementary Dataset 3). We observed that pairs of IncRNA/mRNA separated
by less than 500 kb were similarly co-regulated (Fig. 2B,C). Moreover, the lower the distance were between the
two genes, the higher was the frequency of concordant changes (Fig. 2C). Indeed, we found that 40.74% of the
regulated IncRNAs were located at less than 100kb from a similarly regulated mRNA (Fig. 2C), demonstrating a
significant association between consistently regulated IncRNA/mRNA pairs (P =2e~'? and 1e* for the induced
and repressed IncRNA/mRNA pairs located at less than 100kb, respectively; hypergeometric test). However, no
significant association was found between pairs of dissimilarly regulated IncRNAs and mRNAs, indicating that
PMA/ionomycin regulated IncRNA/mRNA pairs are generally positively correlated. Overall, these results sug-
gested that some of the PMA/ionomycin-regulated IncRNAs, or the associated regulatory sequences, might play
arole in the cis-regulation of coding genes involved in T-cell differentiation or activation. This is consistent with
previous studies highlighting that IncRNAs at various stages of the murine T lymphocytes development and
differentiation are preferentially located adjacent to genes coding for cytokines or linage-specific transcription
factors!'®2047,
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Validation of correlated IncRNA/mRNA pairs. The above observations pointed us to look more in detail
for pairs of coregulated IncRNA/mRNA loci that might be involved in T-cell functions (Supplementary Dataset 3).
We used H3K4me3 and H3K27ac ChIP-seq data to better map the 5 regulatory regions of the IncRNA candidates.
Visual inspection of the PMA/ionomycin-regulated loci led to the selection of 5 co-induced and 3 co-repressed
IncRNA/coding gene pairs showing correlated expression and histone modification dynamics (Figs 3A, 4A,
respectively). RT-PCR assessment of the selected IncRNAs retrieved the expected results (Figs 3B, 4B;
Supplementary Fig. 3C and data not shown). Subsequently, we validated the co-regulation of the IncRNA/mRNA
pairs in PMA/ionomycin- and DMSO-treated P5424 cells by RT-qPCR (Fig. 4D,E). As anticipated, selected loci
were significantly co-regulated in the expected direction upon PMA/ionomycin treatment.

To further elucidate the relationships between the IncRNAs and their neighboring coding genes, as well as
the potential cis-regulatory functions of these IncRNAs, we analyzed their gene expression kinetics after PMA/
ionomycin stimulation. We collected PMA/ionomycin stimulated P5424 cells at different time points (0-30min-
1h-2h-3h-4h) and performed RT-qPCR analysis. The progressive Tcra activation and Ptcra repression confirmed
the quality of the kinetic experiments (Fig. 5A). Repression of the IncRNAs XLOC_031561 and XLOC_011166
expressions correlated well with the repression of their associated coding genes LefI and Bcl11b, respectively
(Fig. 5B). Likewise, some induced IncRNA/mRNA pairs showed a consistent regulation (XLOC_000895/Bcl2 and
XLOC_005923/Ikzf1), while the other induced IncRNA/mRNA pairs were less well correlated (Fig. 5C). Among
the well correlated pairs, we found that the XLOC_000895/Bcl2 pair displayed a highly similar kinetic of activa-
tion, hence strongly supporting a functional cis-regulatory link.

Bcl2 is a major regulator of cell death (apoptosis) and is involved in T-cell mediated immune response, as
well as in oncogenic transformation of lymphoid lineages*®->!. The XLOC_000895/Bcl2 locus was expressed
at low levels in developing thymocytes as observed with our or published RNA-seq datasets (data not shown
and Supplementary Fig. 4). As Bcl2 is required for normal T-cell differentiation and maturation®?, we hypoth-
esized that this locus might be expressed at high level in a small population of thymocytes or at later T-cell
maturation stages. Consistent with this, Bcl2 has been shown to be up-regulated in DP thymocytes treated with
PMA/ionomycin, likely reflecting cell survival during positive selection of DP cells®. To explore whether the
XLOC_000895/Bcl2 pairs is expressed at later stages of T-cell maturation or during T-cell activation, we rea-
nalyzed a published RNA-seq dataset covering most stages of thymic and peripheral T-cell differentiation’.
Interestingly, we observed that expression of the XLOC_000895 and Bcl2 genes were well correlated throughout
T-cell differentiation (Supplementary Fig. 4A,B), with the highest expression of both genes in differentiated Th2
cell populations (Supplementary Fig. 4C). This suggests a potential role of this IncRNA locus in the regulation of
Bcl2 expression during T-cell maturation.

The Bcl2 gene is often up-regulated in T-cell leukemia and lymphoma®*-¢. A recent study using a mouse
model of T acute lymphoblastic leukemia (T-ALL) identified Bcl2 as a direct target of TLX1 and NUP214-ABL1
oncogenes when both oncogenes were expressed in the same cells and suggested to be a potential therapeutic tar-
get in this context?. New analyses of this data demonstrated that the XLOC_000895 IncRNA was also induced in
TLX1/NUP214-ABLI expressing thymocytes, similarly to Bcl2 (Supplementary Fig. 5). Moreover, we observed an
increase of H3K4 methylation at the promoter of XLOC_000895 along with binding of TLX1 and STATS5 (a direct
target of NUP214-ABLI fusion protein) as well as p300 and BRD4 co-factors in TLX1/NUP214-ABLI positive
thymocytes (Supplementary Fig. 5E). These observations strongly suggested that XLOC_000895 is a direct target
in T-ALL and a potential regulator of Bcl2.

XLOC_000895 locus regulates the expression of Bcl2 in P5424 cells.  We named the XLOC_000895
IncRNA Robnr (Regulator of Bcl2 non-coding RNA). The Robnr IncRNA has 3 predicted isoforms sharing a single
transcription start site and 8 exons (Supplementary Dataset 1). To investigate whether the Robnr locus plays a
direct role in the regulation of Bcl2 expression, we deleted its promoter and the 5’ region of this IncRNA using
CRISPR/Cas9-mediated genome editing (Fig. 6A). Two homozygous knockout clones were identified by PCR
screen (ARobnr-cll and ARobnr-cl2; Supplementary Fig. 6). Next, the expression of Bcl2 gene was assessed by
RT-qPCR at different time points of PMA/ionomycin stimulation in Robnr deleted cells (Fig. 6B). As expected,
the expression of Robnr was reduced to background levels in the two ARobnr clones, demonstrating the full
inactivation of the IncRNA gene. Interestingly, the induction of BcI2 upon PMA/ionomycin treatment was signif-
icantly impaired in the two ARobnr clones (Fig. 6B). To assess whether Robnr influences the epigenetic regulation
of the Bcl2 locus, we analyzed the enrichment of H3K4me3 by ChIP-qPCR on three dynamic regions of the Bcl2
promoter (Fig. 6C,D). Accordingly, we observed a substantial reduction of H3K4me3 enrichment at the two
most downstream regions of the Bcl2 promoter in the ARobnr clones upon PMA/ionomycin treatment (Fig. 6D).
Taken together, our data strongly support the involvement of Robnr, or its associated regulatory sequences, in the
regulation of the pro-apoptotic Bci2 gene.

Discussion
T-cell differentiation is subjected to several developmental checkpoints which are controlled by either pre-TCR or
TCR complexes. In particular, (pre-)TCR downstream signaling triggers complex intracellular pathways resulting
in wide changes in the transcriptional and epigenetic program of genes associated with cell survival, prolifera-
tion and differentiation®. However, a precise understanding of the regulatory mechanisms at play during T-cell
differentiation is still lacking. Defining the players which allow T cells to pass from immature stages to an acti-
vated mature stage and their gene targets may not only help to gain a better understanding of the mechanisms
underlying the immune response regulation, but also provide insight into disease states and thereby facilitate the
identification of new therapeutic targets in which T-cell disorders play pathogenetic roles.

Current T cell differentiation models have limitations due to growth defect, transfection inefficiency, feeders
requirement for co-culture or presence of undefined abnormalities because they are derived from natural tumor
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Figure 3. Selected co-induced IncRNA/mRNA pairs. (A) The genome browser screenshots of control cells
(DMSO, upper panels) and PMA/ionomycin-treated cells (PMA/Iono, lower panels) show the RNA-seq data
(strand + in yellow and strand — in red) as well as the ChIP-seq data (H3K4me3 in green and H3K27ac in
blue) on the induced IncRNA loci and their nearby coding genes. Black arrows indicate the distance between
the IncRNA and its neighboring gene. The primers used for RT-PCR validation are denoted by vertical red
lines under the IncRNA position. (B) The PCR amplification of some IncRNAs that are induced by the PMA/
ionomycin treatment are shown in control cells (DMSO), PMA/ionomycin-treated P5424 cells (PMA/Iono)
and genomic DNA (gDNA). The Actb gene was used as an internal control in the experiments (Supplementary
Fig. 3C).
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Figure 4. Selected co-repressed IncRNA/mRNA pairs. (A) The genome browser screenshots of control cells
(DMSO, upper panels) and PMA/ionomycin-treated cells (PMA/Iono, lower panels) show the RNA-seq data
in red) as well as the ChIP-seq data (H3K4me3 in green and H3K27ac in
blue) on the repressed IncRNA loci and their nearby coding genes. Arrows indicate the distance between the
IncRNA and its neighboring gene. The primers used for RT-PCR validation are denoted by vertical red lines

(strand + in yellow and strand —

under the IncRNA position. (B) The PCR amplification of some IncRNAs that are repressed by the PMA/

ionomycin treatment are shown in control cells (DMSO), PMA/ionomycin-treated P5424 cells (PMA/Iono)
and genomic DNA (gDNA). The Actb gene was used as an internal control in the experiments (Supplementary

Fig. 3C). (C-E) RT-qPCR analyses in P5424 cells treated with DMSO or PMA/ionomycin of Tcra and Ptcra

control genes (C), repressed IncRNA/mRNA pairs (D) and induced IncRNA/mRNA pairs (E). Gene expression
was normalized to Rpl32. Statistical significance was assessed by Student’s ¢-test (unpaired, two-tailed) from 3

biological replicates (***P < 0.001, **P < 0.01, *P < 0.1). Data are represented with standard deviation.
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Figure 5. Kinetic studies of the IncRNA/mRNA pairs regulation upon PMA/ionomycin stimulation. A-C)
P5424 cells were stimulated by PMA/ionomycin and collected at the indicated time points for RT-qPCR analysis
of Tcra and Ptcra control genes (A), repressed InNcRNA/mRNA pairs (B) and induced IncRNA/mRNA pairs (C).
Experiments were performed in triplicates and the expression was normalized to RpI32. Data are represented
with standard deviation.

blasts®™*”. Here, we showed that stimulation of P5424 cells by PMA/ionomycin roughly mimics the 3-selection
process from pro-T cells like thymocytes, as well as aspects of subsequent T cell maturation/activation, including
Bcl2 up-regulation. This system will allow a better dissection of the kinetic events triggered by the (pre-)TCR
signaling that might be missed in sorted primary T cell precursors from steady state populations. This study

SCIENTIFIC REPORTS |

(2019) 9:4707 | https://doi.org/10.1038/s41598-019-41247-5


https://doi.org/10.1038/s41598-019-41247-5

www.nature.com/scientificreports/

— | 7 B
RNA-seq
0 () 116
(%]
2| HiK4me3 [o-18] ﬁ;——-‘ = s
H3K27Ac  [0-16] ——
— (4016 = A2 oM m s anadll ok
RNA-seq
<] (-) [0-16]
S
— i
§ H3K4me3 [0-18]
o — PO,
H3K27Ac [0-16] = e
gRNAs + primers [ < > ! 1" XLOC_ 000895/Robnr
1129 bp
Robnr Bcl2
* % *
f i
8 *k 140 1 [] *x
- wt s wt fui
7 120
58 = ARobnr-clt 58 ® ARobnr-of1
%S 6 @ S
8% 4 = ARobnr-cI2 g = ARobnr-cl2
5 52
g 4 o3
o N o N
25 3 2s
TE SE
x 2 ; x 2
o ]
30min 1h 2h 3h 4h  PMA/lono 30min 1h 2h 3h 4h PMA/lono
o [0-115]
+) ChIP H3K4me3
RNA-seq o [0-115] 6
§ % 5 Wt
[0-49] <
o| H3K4me3s - e ° = ARobnr-cl1
0-11 4
|__H3K27Ac ! § = ARobnr-cl2
(+)[o-115] - E 3
o |RNA-seq [0-115] G2
g ()~ o s
S 0-49 3
2| Hakames 2 . g’
s £
| nakzrae L — =0 Rl R2 R3 Rl R2 R3
Bcl2 , . :

1" 1" " DMSO PMA/lono
R1 R2 R3

Figure 6. The XLOC_000895/Robnr locus regulates Bcl2 expression. (A) Genome browser tracks showing

the RNA-seq and ChIP-seq data on the XLOC_000895/Robnr locus. The CRISPR/Cas9 targeted region is
highlighted in orange. The location of guide RNAs (gRNAs) are denoted by vertical blue lines and the size

of the targeted region is indicated. The primers used for RT-qPCR analysis are denoted by vertical red lines.

(B) Relative expression levels of Bcl2 and Robnr at different time points of the PMA/ionomycin treatment in
wild-type (wt) and Robnr-mutated clones, ARobnr-cl1 and ARobnr-cl2. Rpl32 was used for normalization.

The statistical significance was assessed at 4 h of stimulation from 3 biological replicates by a Student’s ¢-test
(unpaired, one-tailed; ***P < 0.001, **P < 0.01, *P < 0.1). Data are represented with standard deviation. Details
about the gRNA sequences, the PCR primers and the expected amplicons are provided in Supplementary
Table 1. (C) Genome browser tracks showing the RNA-seq and ChIP-seq data surrounding the Bcl2 promoter.
Three genomic regions displaying a higher H3K4me3 enrichment in PMA/ionomycin stimulated cells are
highlighted. The primers used for ChIP validation are denoted by vertical blue lines. (D) ChIP-qPCR analysis
of the H3K4me3 enrichment on the Bcl2 promoter in wild-type (wt) and the two Robnr-mutated clones, after
an exposure to DMSO or PMA/ionomycin (PMA/Iono) for 4h. The graph shows the results of 3 replicates. The
promoter of Actb was used for normalization.

also confirmed that integration of Ca** and kinase signaling is sufficient for efficient activation of inducible gene
expression in T-cell precursors.

Although PKC activation and calcium elevation may be part of the biochemical signals induced by (pre-)
TCR signaling during early T cell differentiation, signals induced by PMA and ionomycin resemble part, but not
all, of the signals required for the 3-selection and might also reflect subsequent T-cell maturation and activation
steps. Indeed, several differences suggested that an incomplete transcriptional program is induced by the PMA/
ionomycin treatment of P5424 cells. On the one hand, not all the genes regulated by the (3-selection process were
regulated by the PMA/ionomycin signaling or were not regulated in the same way (Supplementary Fig. 1H-,I).
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On the other hand, the 3-selection induces cell proliferation*>*$, while PMA/ionomycin treatment of the P5424
cells resulted in a blockage of cell proliferation and an induction of apoptosis (Supplementary Fig. 1E,F). More
generally, in Jurkat cells, TCR stimulation with various concentrations of anti-CD3 resulted in digital activation of
Nf-kB>*¢, which is a known regulator of the (3-selection®!. In contrast, treatment of Jurkat cells with various con-
centration of PMA/ionomycin resulted in analog type of activation®. Thus, stimulation of T cell lines by PMA/
ionomycin might mimic some, but not all, the signals received during T cell differentiation.

Scientific evidences accumulated over the last decade demonstrated a complex involvement and diverse activ-
ities of non-coding RNA in the regulation of gene expression''~'*>. However, few studies concerning their roles
in the development, differentiation and/or activation of T lymphocytes are available®?. In our study, we used the
P5424 cellular model to investigate the IncRNAs involvement in T lymphocytes development. Using RNA-seq
data of P5424 cells stimulated with PMA/ionomycin, we identified 163 repressed and 172 induced IncRNAs
(Fig. 1A,B), with the vast majority representing de novo transcripts. Interestingly, IncRNAs regulated by the PMA/
ionomycin stimulation were found to be close to genes involved in T-cell development (Fig. 2A). In addition, we
observed a positive co-regulation of neighboring IncRNAs and coding genes (Fig. 4D,E). This finding is consistent
with the emerging roles of IncRNAs in the modulation of expression of their nearby protein-coding genes®. For
instances, functional screening have suggested that approximately 10% of the IncRNA promoters may regulate
nearby genes®*. Several examples from the hematopoietic system have demonstrated specific cis-regulation by
IncRNAs, including Bcl116%, IGFIR?, Ifng®, y-globin®® or MYC® loci. However, the underlying cis-regulatory
mechanisms are not yet fully understood®, and might require the transcript itself, the transcriptional process or
the associated cis-regulatory elements (either enhancers or promoters)®¢>70.

As a proof of principle, we assessed the role of XLOC_000895 (Robnr) IncRNA, located downstream of the
Bcl2 gene (8.4kb from the end of Bcl2). Both genes were highly induced after PMA/ionomycin-treatment of the
P5424 cells and their kinetics of induction were tightly correlated. The induction of the pro-survival gene Bcl2
was contrasting with the high level of apoptosis observed following PMA/ionomycin treatment, and might reflect
an overstimulation of the T cell line*’. Genetic deletion of Robnr using the CRISPR/Cas9 editing significantly
reduced the induction of Bcl2 upon PMA/ionomycin stimulation (Fig. 6), implying that the Robnr locus is a
critical regulator of Bcl2 expression and the epigenetic marking of the Bcl2 promoter. While it is possible that the
Robnr IncRNA transcript directly promotes Bcl2 transcription, our current data did not exclude the possibility
that Robnr deletion inactivated an enhancer required for normal Bci2 transcription. The precise mechanism(s)
leading to Bcl2 regulation by the Robnr locus, as well as the specific contribution of the Robnr transcript and/or its
associated regulatory elements should be addressed in the future.

T-cell homeostasis requires maintaining a delicate balance between the rates of cell death (apoptosis) and cell
proliferation. Some of the most important genes controlling cell death belong to the Bcl-2 superfamily. These
proteins are known to determine whether developing T cells undergo apoptosis in the thymus or survive to
reach peripheral organs®®7!~74, Bcl2 deficient mice demonstrate normal differentiation of both B and T line-
ages, but these mice fail to maintain lymphoid homeostasis and display lymphocytes apoptosis in response to
activation stimuli’. Previous studies have also suggested that Bcl2 is not induced during 3-selection, whereas
Bcl2-A1 (Bcl2-related protein Al) is likely to be an important mediator of thymocyte survival during this pro-
cess’®. However, Bcl2-Al is not expressed in P5424 cells in neither unstimulated or stimulated conditions. p53
is required for apoptosis induced by DNA damage in thymocytes’”’-” and also for the deletion of cells that fail
to progress through the 3-selection checkpoint®. The absence of p53 gene in P5424 cells could therefore bias
the signals observed upon PMA/ionomycin stimulation. While expression of Bcl2-A1 and repression of p53 are
well recognized to control cell survival downstream from the pre-TCR, it has also been reported that overex-
pression of Bcl2, and to a minor extend of BcI2-A1, rescued the survival defect of NFAT5-deficient thymocytes
observed during 3-selection®’. This suggests that Bcl2 could also be relevant in the pro-survival function of the
pre-TCR signaling. Besides its potential role in the (3-selection, the regulation of Bcl2 by the Robnr locus might
be important at other stages of T cell differentiation or maturation. For instances, co-activation of Robnr and
Bcl2 is observed during Th2 differentiation (Supplementary Fig. 4C) pointing out potential implications of this
IncRNA in the immune responses. Bcl2 has been shown to be up-regulated in DP thymocytes treated with PMA/
ionomycin, likely reflecting cell survival during positive selection of DP cells**. Whether Robnr is also induced in
cells undergoing positive selection need to be investigated in the future.

Evasion of apoptosis is a hallmark of human cancer and is often mediated by overexpression of the pro-survival
Bcl-2 family proteins®. Defective signaling through the Bcl-2 family would enable thymocytes flagged for
destruction to survive and acquire additional lesions that promote full malignant transformation. This leads
T-ALL blasts to become dependent on this specific pathway whose actions perturb the normal balance between
thymocyte life and death signaling cues®’. Indeed, BcI2 overexpression can act as a major determinant of chemo-
therapy resistance®. Therefore, the pro-survival members of the Bcl-2 family as well as the pathways that signal
upstream of these proteins are attractive candidate targets and Bcl2 inhibitors have been proposed as a novel ther-
apeutic strategy in T-ALL35%. Strikingly, Robnr and Bcl2 are co-induced in a mouse model of (BcI2-dependent)
T-ALL (Supplementary Fig. 5)*”. Although, we did not detect the expression of Robnr in human T-ALL cell lines
(data not shown), the human orthologous region of the Robnr promoter appears to be in an open chromatin con-
figuration®”. Strikingly, this region was suggested to be involved in Notch-dependent chemoresistance in T-ALL
and can be specifically targeted by the use of epigenetic inhibitors that repressed the Bcl2 expression®”.

In conclusion, using a model system that approximates early T cell development, we identified IncRNAs
potentially regulating T cell development and functions. This in vitro model system should allow us to better
understand the kinetics of transcriptional regulation events driven by (pre-)TCR signaling that might be missed
by studying steady state populations ex vivo. The specific contribution of the Robnr locus to the progression of
leukemia and/or T cell function and development through the regulation of apoptosis is an important outcome of
this work that should be explored in the future.
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Materials and Methods

Cell culture. The P5424 line was grown in RPMI-1640 GlutaMAX ™ medium (Thermo Fisher Scientific,
61870-010), supplemented with 10% fetal calf serum (Thermo Fisher Scientific, 10270-106) at 37°C, 5% CO,.
Cells were subcultured every 2-3 days and routinely tested for mycoplasma contamination.

Stimulation of P5424 cells. P5424 cells were grown in 6-well plates at density of 3 x 10° cells/ml. Cells
were treated by DMSO or PMA at 10 ng/ml (P1585, Sigma) and ionomycin at 0.5 ug/ml (13909, Sigma) for 4 hours
in triplicates, except for experiments described in Supplementary Figure 1. In the kinetic studies, cells were stim-
ulated as described above, but they were collected at the indicated time points after treatment.

Cell proliferation and apoptosis assays. P5424 cells were treated with DMSO or PMA/ionomycin for
4hours. Cells were washed and recovered for 24, 48 or 72 hours. The cell proliferation was analyzed with the
Scepter™ cell counter (Millipore) and a 60 pm sensor tip, following the manufacturer instructions. To quantify
apoptotic cells, the samples were washed with phosphate-buffered solution (PBS), then stained with propidium
iodide (PI) and Annexin-V using the Annexin-V-FLUOS staining kit (11858777001, Roche) following the man-
ufacturer instructions. Cells stained with Annexin-V-FLUOS and PI were detected by flow cytometry analysis
(FACS) using a LSRII cytometer (BD Biosciences). FlowJo 7.6.5 was used to analyze the FACS data. The percent-
age of PI and Annexin-V positive cells was calculated.

RNA extraction and cDNA synthesis. The extraction of total RNA was performed using the RNeasy
Plus Mini kit (Qiagen) according to the protocol recommended by the supplier. Total RNA was quantified using
a Nanodrop 1000 spectrophotometer (Thermo Scientific) and stored at —80 °C until needed. The reverse tran-
scription was carried out using the Invitrogen™ SuperScript™ VILO™ Master Mix according to the manufacturer
instructions.

RNA-seq. Poly(A) RNA was isolated from three replicates of P5424 cells treated with DMSO or PMA/iono-
mycin and was used for the RNA-seq library preparation, using the TruSeq RNA Library Prep Kit v2 (Illumina).
Libraries were paired-end sequenced on the Illumina NextSeq 500 sequencer. Reads were aligned using STAR
aligner (v2.4.2a) with arguments “outFilterMismatchNoverLmax” and “outFilterMultimapNmax” set to 0.08 and
1, respectively. Transcripts discovery was performed using Cufflinks (v2.2.1) with the “library-type” argument set
to fr-firstrand, and a GTF file obtained from GENCODE (“Comprehensive gene annotation’, vM1) provided as
the genomic annotation. The GTF files produced for each sample by Cufflinks were combined using Cuffmerge.
The “class code” assigned to each transcript by Cuffmerge was used to defined unknown transcripts (class code
“u”). Only de novo transcripts with counts greater than 0 in at least one RNA-seq sample were kept for subse-
quent analyses (Supplementary Dataset 1). These de novo transcripts were combined with the GENCODE GTF
file to produce the final genomic annotation that was provided to FeatureCounts (v1.4.6-p4) for quantification.
Differential gene expression was performed using DESeq2 (v1.6.3). To create bigwig files, reads from Watson and
Crick strands were selected using SAMtools (v0.1.9) and provided to the bam2wig.py script from the RSeQC
program suite (v2.6.4) (Supplementary Dataset 2). Public RNA-seq data from Hu ef al.38 and Vanden Bempt et
al¥” were downloaded from the GEO database (accession numbers GSE48138 and GSE102209, respectively) and
processed as described above. RNA-seq profiles were visualized using the IGV genome browser®.

Tissue specificity. To estimate the bias toward tissue-specificity for each transcript, we processed a set
of fastq files obtained from the SRA database (accession number SRP012040). This dataset corresponds to 30
mouse tissues sequenced with a paired-end strategy on an Illumina HiSeq2000%. After read mapping, gene
expression levels were quantified using Cuffdiff®’. Based on the log2-transformed FPKM values, we assessed the
tissue-specificity for each gene across every tissue using the tau score, as described by Kryuchkova-Mostacci and
Robinson-Rechavi®. The tau score formula is:

n o
1—-—x) __ X;
Tau = Z( ’); X, = i
on—1 max, ;. ,(x;)

where: n corresponds to the number of samples, X; to the expression level in condition i, and Max(x;) to the max-
imum expression level through all tissues.

Genomic pairing of IncRNA and mRNA.  For each differentially expressed IncRNA we identified the clos-
est differentially expressed mRNA (hereafter IncRNA/mRNA pairs) and computed the distance between the two
TSSs. Supplementary Dataset 3 provides the list of co-regulated IncRNA/mRNA pairs. All plots (bar and scatter)
were done using the ggplot2 R package®.

Functional enrichment analysis. Gene ontology (GO) enrichment of biological processes was assessed
on PMA/ionomycin-regulated coding genes using the g:Profiler web server®. The top 10 GO terms enrichments
having the lowest P value were used to select the annotations (Fig. 1C). Functional enrichment of biological pro-
cesses associated with coding genes surrounding PMA/ionomycin-regulated IncRNAs was performed using the
online tool GREAT (Genomic Regions Enrichment of Annotations Tool)* and default setting. GREAT assigns
each gene a regulatory domain consisting of a basal region of —5 kb/+1kb from TSS, and an extension up to the
nearest gene basal region, but no more than 1 Mb in both directions. Subsequently, it assigns biological meaning
to a set of provided non-coding genomic regions (in this case, the IncRNA loci) by analyzing the annotations
of the surrounding genes, using a Binomial test. We selected the first 15 significant GO terms with the lowest
Binomial P values (Fig. 2A).
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Gene set enrichment analysis. To analyze the extent of concordance between the 3-selection and the
PMA/ionomycin stimulation process, we performed a Gene Set Enrichment Analysis (GSEA)*>%. For
this purpose, we extracted a (3-selection signature from the ‘immgen’ webtool (http://rstats.immgen.org/
PopulationComparison) by comparing the gene expression between DN4 and DN3a thymocytes, based on the
microarray data from Mingueneau et al.**. GSEA software was downloaded from http://software.broadinstitute.
org/gsea/index.jsp.

Qualitative analyses of gene expression. cDNAs from DMSO- or PMA/ionomycin-treated P5424 cells
were analyzed by PCR with cycles of 95°C for 1 minute, followed by 30 cycles including denaturation at 95°C
for 20 seconds, hybridization to Tm which varied from 60 °C to 64 °C, for 20 seconds and extension step at 68°C
for 1 minute. A final extension step at 68 °C for 4 minutes was performed. The 25 ul PCR reactions were prepared
with 1pl of cDNA from the RT-PCR reaction in accordance with the Herculase II Fusion protocol (Agilent,
Waldbronn, Germany). The amplicons were analyzed by agarose gel electrophoresis by adjusting the percentage
of agarose in respect of the expected fragments length. The PCR analysis of the IncRNAs regulated by the PMA/
ionomycin stimulation was carried out using specific primers (Supplementary Table 1). Genomic DNA was used
as an amplification control, Egrl and Tcra genes were used to check the stimulation efficiency and Actb gene was
used as a sample quality control.

Quantitative analyses of gene expression. The qPCR reactions were performed using the Applied
Biosystems™ QuantStudio™ 6 Flex Real-Time PCR System with Power SYBR® Green PCR Master Mix. Primers
sequences are listed in Supplementary Table 1. RpI32 was used as a reference gene to normalize the qPCR results.
The Student’s t-test was performed (unpaired, two-tailed) from 3 biological replicates (***P < 0.001, **P < 0.01,
*P <0.1). Data are represented with standard deviation.

Chromatin immunoprecipitation (ChIP). A total of 5 x 10° of DMSO or PMA/ionomycin treated P5424
cells was crosslinked with 1% formaldehyde for 10 min at 20 °C, followed by a quench with glycine at a final con-
centration of 250 mM. Pelleted cells were washed twice with ice-cold PBS, and then re-suspended in lysis buffer
(20mM Hepes pH 7.6, 1% SDS, 1X protease inhibitor cocktail) at final cell concentration of 15 x 106 cells/ml.
The chromatin was sonicated with a Bioruptor (Diagenode) to reach an average chromatin fragment length of
200-400bp (5 pulses of 30 sec ON and 30 sec OFF). For each immunoprecipitation, an aliquot of sonicated cell
lysate, equivalent to 5 x 10° cells, was diluted with SDS-free dilution buffer. Specific antibodies and proteinase
inhibitor cocktail were added to the lysate and mixed overnight at 4 °C. The antibodies used were the following:
H3K4me3 (C15410003-50) and H3K27ac (C15410196, Diagenode). The next day, Protein A-coupled magnetic
beads (Invitrogen) were washed twice with dilution buffer (0.15% SDS, 0,1% BSA), added to the lysate and placed
on the rotating wheel for 1 hour at 4 °C. Beads were then washed with each of the following buffers: once with the
Wash Buffer 1 (2mM EDTA, 20 mM Tris pH 8, 1% Triton, 0.1% SDS, 150 mM NaCl), twice with the Wash Buffer
2 (2mM EDTA, 20 mM Tris pH 8, 1% Triton, 0.1% SDS, 500 mM NaCl) and twice with the Wash Buffer 3 (1 mM
EDTA, 10 mM Tris pH 8). Finally, beads were eluted in Elution buffer (1% SDS, 0.1 M NaHCO3) and mixed on
a rotating wheel at room temperature for 20 min. To reverse the crosslink, 5M NaCl and 10 mg/ml of proteinase
K were added to the eluted material and to an input (10% of the sonicated chromatin used for immunoprecipita-
tion). The samples were then incubated overnight at 65 °C. The next day, the DNA was purified with the QIAquick
PCR Purification Kit (Qiagen) and eluted in 20 ul of water. Quantitative real-time PCR with SYBR green was used
to quantify the immunoprecipitated DNA. The primers used are listed in Supplementary Table 1. Data represent
the percentage of input normalized to the Actb promoter.

ChIP-seq. ChIP-seq libraries for H3K4me3 and H3K27ac in P5424 cells treated with DMSO or PMA/iono-
mycin were generated with the MicroPlex Library Preparation Kit (Diagenode), according to the manufacturer
instructions. The libraries were sequenced in paired-end 75/75nt mode using the NextSeq® 500/550 (Illumina),
according to manufacturer’s instructions. Reads were mapped to the mm9 reference genome using standard pro-
cedures. ChIP-seq profiles were visualized using the IGV genome browser®.

CRISPR-Cas9 genome editing. To knock-out the XLOC_000895/Robnr IncRNA, a gRNAs was designed
on each side of the targeted region using the CRISPRdirect tool®”. The gRNAs were cloned into a gRNA cloning
vector (Addgene, 41824). Then 1 x 10° cells were co-transfected with 5pg of the hCas9 vector (Addgene, 41815)
and 5 pg of each gRNA vector using the Neon Transfection System (Thermo Fisher Scientific). Two days later,
cells were seeded in 96-well plates at limiting dilution (0.5 cells per well) for clonal expansion. Individual cell
clones were screened after 10-14 days for homologous allele deletion by direct PCR using Phire Tissue Direct
PCR Master Mix (Thermo Fisher Scientific) according to the manufacturer protocol. Forward and reverse prim-
ers were designed to bracket the targeted regions, allowing for the detection of knock-out or wild-type alleles.
Clones were considered to have undergone homologous allele deletion if they showed the expected deletion
band and no wild-type band on an agarose gel after PCR amplification. We obtained two clones with biallelic
deletion (Supplementary Fig. 6). The PCR products corresponding to the deleted fragments were purified using
the MinElute Purification kit (Qiagen) and sequenced (Eurofins Genomics) to determine the exact break points.
ARobnr-cll had the expected 1.1kb deletion (chr1:108412002-108413119), while ARobnr-cl2 had a deletion of
1.2kb (chr1:108411914-108413135). Primers and gRNAs sequences are listed in Supplementary Table 1.

Data Availability
RNA-seq and ChIP-seq data described in this study are available in GEO database under the accession number
GSE120655 (http://www.ncbi.nlm.nih.gov/geo/).
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