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Abstract

aberrantly active gene.

MRD negative patients.

ment of T-ALL patients.

Background: T cell acute lymphoblastic leukemia (T-ALL) defines a group of hematological malignancies with
heterogeneous aggressiveness and highly variable outcome, making therapeutic decisions a challenging task. We
tried to discover new predictive model for T-ALL before treatment by using a specific pipeline designed to discover

Results: The expression of 18 genes was significantly associated with shorter survival, including ACTRT2, GOT1L1,
SPATA45, TOPAZ1 and ZPBP (5-GEC), which were used as a basis to design a prognostic classifier for T-ALL patients. The
molecular characterization of the 5-GEC positive T-ALL unveiled specific characteristics inherent to the most aggres-
sive T leukemic cells, including a drastic shut-down of genes located on the mitochondrial genome and an upregu-
lation of histone genes, the latter characterizing high risk forms in adult patients. These cases fail to respond to the
induction treatment, since 5-GEC either predicted positive minimal residual disease (MRD) or a short-term relapse in

Conclusion: Overall, our investigations led to the discovery of a homogenous group of leukemic cells with profound
alterations of their biology. It also resulted in an accurate predictive tool that could significantly improve the manage-
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Background

T-cell acute lymphoblastic leukemia (T-ALL) emerges
from a malignant monoclonal proliferation of cells that
exhibit developmental arrest at varying stages of differen-
tiation. Although modern intensified chemotherapy has
greatly improved survival, long-term outcome of T-ALL
adult patients remains unsatisfactory, with only 50% sur-
vival at 5 years [1, 2].

Currently, T-ALL treatment strategy largely relies on
post-treatment minimal evaluation of residual disease
(MRD) [3]. Assessment of MRD is usually carried out
either by PCR amplification of clonotypic IG/TCR gene
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rearrangements or by flow cytometric detection of leu-
kemia-associated phenotypes. MRD has been confirmed
as a powerful predictor of long-term survival in adult
patients with ALL in many studies [4—6]. However, MRD
is not available at the time of diagnosis. In addition, a
proportion of T-ALL patients diagnosed as MRD nega-
tive after the induction treatment will relapse. Therefore,
there is still a need to find reliable biomarkers that could
guide treatment or predict prognosis at diagnosis.

A deep understanding of the T-ALL pathogenesis,
involving the expression of oncogenic transcription fac-
tors as well as genetic alterations, should contribute to
the identification of relevant prognostic markers. So far,
the expression of only a few transcriptional factors are
currently used as predictive biomarkers or as indicators
to help treatment planning [1, 7, 8]. Since NOTCHLI sign-
aling plays a central role in T-cell lineage specification
and NOTCHI1 mutations have been found in up to 70% of
adult T-ALLs, the relation-ship between gene alterations
and prognosis has mainly focused on NOTCH1 signaling
[9, 10]. A number of studies have also evaluated the prog-
nostic relevance of the NOTCH1/FBXW?7 mutation but
it is still controversial [11-14]. Later, Trinquand and col-
leagues proposed to use the combination of NOTCH1/
FBXW?7 mutations and RAS and PTEN (NOTCH/
FBXW7/RAS/PTEN) abnormalities as a refined oncoge-
netic classifier [12]. The NOTCH1/FBXW7/RAS/PTEN
classification approach has not yet been evaluated in a
Chinese population.

Our previous work demonstrated that malignant
tumors frequently reactivate a large number of genes
whose expression is normally tissue-restricted [15, 16].
There is emerging evidence that these aberrantly acti-
vated genes play pivotal roles in tumorigenesis and that
they may serve as valuable cancer-specific biomarkers
to predict prognosis as well as response to various treat-
ments [17-21]. In particular, our investigations demon-
strated that male germ cells express the largest number
of tissue-restricted genes, and pointed to male-specific
genes as a considerable reservoir of cancer biomarkers.
Accordingly, we successfully identified the ectopic activa-
tion of a group of 26 male- and placental- specific genes
as a predictor of poor prognosis in lung cancer [15].
Later, we found that the ectopic expression of six genes,
which are normally expressed exclusively in embryonic
stem cells, placenta or germ cells, could also predict
prognosis in B cell acute lymphoblastic leukemia [22].
Altogether, our observations demonstrated that these
ectopic expressions of tissue-restricted genes are poten-
tial source of new biomarkers to guide risk stratification
and predict outcome [15, 22] as well as to help design-
ing new therapeutic strategies [20, 23]. However, these
ectopic expressions are highly context-dependent and the
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identification of the best relevant biomarkers requires an
extensive analysis of their relationships and correlation
with the clinical and biological data associated with each
cancer type.

Here, we exploited genome-wide RNA sequencing of
bone marrow samples obtained in a well characterized
series of T-ALL patients, on which we applied our specifi-
cally designed strategy to detect the ectopic expression of
tissue-restricted genes, and correlated these expressions
with the survival probabilities of patients. This work led
to the discovery of 18 genes, whose ectopic expression is
significantly correlated with prognosis in T-ALL patients.
By combining 5 of these genes, we defined an optimal
classification system which, compared with a full assess-
ment of the existing mutational status of NOTCH1/
EBXW7/RAS/PTEN, largely improves our ability to pre-
dict outcome in T-ALL patients.

Results

The association of NFRP classes with event-free survival
(EFS) is of borderline significance in our adult T-ALL
patients

A total of 86 newly diagnosed adult T-cell acute lymph-
oblastic leukemia (T-ALL) were included in the pre-
sent study (Table 1 and supp. Table S1). For 54 of these
patients, RNA-seq data were available from our previous
work [7]. The present study included an additional 32
patients, which without RNA-seq data but with detailed
clinical information.

The N/F mutational status as well as the N/F com-
bined with RAS and PTEN (NFRP) mutation status were
reported to impact adult T-ALL patients [11-14]. There-
fore, NOTCH1, FBXW7, RAS and PTEN mutation status
were also assessed for all our T-ALL adult patients. Clini-
cal and biological features of patients with T-ALL were
analyzed according to the mutational status of N/F or
NOTCHI1/FBXW7/RAS/PTEN (NFRP classes) as sum-
marized in Supplementary Table S1. NFRP classes were
defined as follows: patients with N/F mutation but with-
out RAS or PTEN mutations were assigned to class I, and
the patients with other mutational status were assigned
to class II as defined by Trinquand et al. [12]. There was
no significant association between oncogenetic classifiers
and clinical features. Noticeably, early T-cell precursor
(ETP) ALL was more frequently observed in NFRP class
II than in NFRP class I (45.5% versus 22.6%; p = 0.033).

We then analyzed the impact of N/F mutational status
and NFRP classes on patient survival probabilities con-
sidering overall survival (OS) and event-free survival
(EFS). N/F mutated patients showed increased OS and
EES, although for OS it was of borderline significance
(with log-rank p=0.049 for OS and p=0.01 for EFS)
(Supplementary Fig. S1 A). Consistent with Trinquand
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Table 1 Clinical characteristics and oncogenetic stratification of our training (RNA-seq data, n=>54) and test (RT-qPCR data, n=32)

cohorts of adult T-ALL patients

Characteristics Number of N/F p value NFRP p value
patients
Mutation WT class| class Il

Total 86 67 19 / 53 33 /

Gender, male/female
Male 58 47 11 0406 36 22 1.0
Female 28 20 8 17 11

Age, years, > 35y
<35 53 43 10 0427 36 17 0172
>35 33 24 9 17 16

WBC, x 10°/L
<100 68 52 16 0.751 43 25 0.593
>100 18 15 3 10 8

Immunophenotype
ETP 27 20 7 0.584 12 15 0.033
non-ETP 59 47 12 41 18

Karyotype
Normal karyotype 43 33 10 0.215 25 18 0218
Abnormal karyotype 31 28 3 23 8

CR
Yes 61 49 12 0.405 38 23 1.0
No 25 18 7 15 10

MRD-Induction
> 1074 45 33 12 0.290 24 21 0.117
<10nN4 38 32 6 27 M

NFRP class I: positive for NOTCH1/FBXW?7 (N/F) and negative for RAS and PTEN mutations (n=53); NFRP class II: other mutational status (negative for NOTCH1/FBW7
(N/F) and/or positive for RAS and PTEN mutations) (n = 33). EFS, Event-free survival; WBC, White Blood Cells counts; ETP, Early T cell Precursors; CR, complete remission;
MRD, Minimal Residual Disease; p-value determined by using two-sided Fisher’s exact test

and colleagues [12], prognostic prediction ability of
NERP classes was improved compared to the classifica-
tion based only on the N/F mutational status. Indeed,
NERP class II patients predicted significantly shorter OS
and EFS than those of NFRP class I (log-rank p =0.037
for OS and p=0.009 for EFS) (Supplementary Fig. S1B).
However, the NFRP classifier only remained a signifi-
cant prognostic covariate for EFS when adjusting to age
(using the 35-year cutoff) and WBC count (using the
100 x 10"9/L cutoff) (EFS: HR=1.751; 95% CI, 1.011
to 3.03; p=0.045; and OS: HR=1.623; 95% CI, 0.917 to
2.873; p=0.097).

A combination of ectopically expressed genes can be used
to reliably predict prognosis of T-ALL patients at diagnosis
These observations prompted us to seek for new bio-
markers which could reliably stratify patients before
treatment.

We applied a strategy specifically designed to iden-
tify the aberrant expression of genes which are nor-
mally silent in non-germline adult tissues and to test the

association of these ectopic expressions with survival
probabilities.

By using available RNA-seq data in large series of nor-
mal human tissues, we identified 3195 transcripts with
an expression restricted to testis, placenta or embryonic
stem cells, of which 448 were found ectopically expressed
in at least 10% and not in more than 90% T-ALLs sam-
ples. We then used a first cohort of T-ALL patients for
whom RNA-seq as well as survival data were available.
In addition to the 54 T-ALL adult patients, in order to
strengthen the power of the approach, RNA-seq data
obtained from 55 samples of children with T-ALL were
also included in the training cohort (described in Supp.
Table S1). Since our main objective was to identify a
common molecular background related to aggressive-
ness in both children and adult T-ALL, our approach
was designed to identify a subset of genes whose expres-
sion is associated with poor prognosis considering either
the whole population of T-ALL, including children
and adult patients, or sub-groups of children or adult
patients. Considering each of the 448 genes ectopically
expressed in a subgroup of T-ALL, we compared survival
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probabilities of the two groups of patients, whose malig-
nant cells respectively did or did not express the gene. A
total of 18 different genes (listed in Supplementary Table
S2) were identified whose activation was significantly
associated with OS and/or EFS in our T-ALL series. The
individual association between the expression of each of
the 18 genes and survival is shown is Supp. Fig. S2. The
relative importance of each gene for risk stratification
was also evaluated by a multivariate Cox model (Supp.
Table S3).

In order to assess the value of combinations of these
genes in terms of prognostic biomarkers, we then tested all
possible combinations of the 18 genes for their potential-
ity to stratify T-ALL patients, as detailed in Supp. Methods
and Supp. Fig. S3. Among them, the 5-gene set of ZPBP,
GOT1L1, ACTRT?2, SPATA45 and TOPAZ1 (all restricted
to male germ cells) was identified as an optimal classifier
for prognostic stratification in T-ALL patients (p <10~* for
OS and p<107° for EFS). As illustrated by Kaplan—Meier
plots in Fig. 1A, a stratification of patients by the number
of positive expressions of the 5 genes can well separate
patients into different risk groups considering all T-ALL
cases (upper panels), or subsets of either adult (middle
panels) or pediatric (lower panels) T-ALL patients. All
T-ALL patients were then assigned to 2 groups accord-
ing to the ectopic activation of the 5 genes (Fig. 1B). Those
expressing at least one of the 5 genes were assigned to
the “5-gene expression classifier” (5-GEC) positive group.
The other patients, expressing none of the five genes
were assigned to the 5-GEC negative group. In particular,
5-GEC positive and negative T-ALL adult patients showed
significant differences in terms of survival probabilities
(log-rank p=0.01 for OS and p=0.004 for EES (Fig. 1B)).
In addition, a multivariate survival Cox model including
age as an explanatory variable along with the 5-GEC classi-
fier demonstrates that the 5-GEC classifier remains signifi-
cantly associated with survival even when age is taken into
account (Supp. Table S4).
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In order to validate the predictability of the 5-GEC, we
detected the expression of the 5 genes in a second cohort,
the test cohort of 32 T-ALL adult patients by using RT-
qPCR. As a result, out of the 32 cases, 6 patients were
assigned to the 5-GEC negative group, whereas the other
26 patients were 5-GEC positive. Kaplan—Meier plots also
demonstrated significant differences in both OS and EFS
(Log-rank test p=0.029 and p=0.032 respectively, Fig. 1C).

A stratification based on 5-GEC predicts MRD status

and identifies MRD negative patients with high risk

of relapse

MRD status following induction therapy in patients with
ALL has been routinely used to predict outcome, and
has been reported to strongly and consistently associate
with clinical outcomes in ALL [4]. Consistently, positive
MRD was predictive of significantly inferior OS and EFS
in our cohort (p<0.001 for both OS and EFS, Fig. 2A).
However, MRD status is not available at the time of diag-
nosis. Additionally, recurrence of the disease also occurs
in patients with negative MRD decreasing the probabil-
ity of overall and event-free survival. Interestingly, our
newly identified 5-GEC classifier turned out to also be
an efficient predictor of MRD positivity (Fig. 2B, Fisher
test, p=0.019). Moreover, within the MRD negative sub-
group, 5-GEC positivity was also significantly associated
with shorter survival (p=0.036 for EFS, Fig. 2C), thus
differentiating patients who are likely to respond well to
standard therapy from those who may benefit from more
intensive therapy. These observations were further con-
firmed in our test cohort (Supplementary Fig. S4).

Gene expression profile of 5-GEC positive T-ALL

is significantly depleted in genes involved in basic cellular
activities and identifies specific characteristics in MRD
negative / 5-GEC positive T-ALL.

Differential expression analyses (Fig. 3 and Supp. Fig.
S5) and the corresponding GSEA (Fig. 4, Supp. Fig S6

(See figure on next page.)

Fig. 1 Stratification of T-ALL patients with the combination of 5 ectopically expressed genes (5-GEC). A Left panels: bar plots showing the
distribution of the number of positive genes of the 5 ectopically expressed genes in all the T-ALL patients from our training cohort (including
adults and children) (upper panel), or considering either adult T-ALL patients (middle panel) or children T-ALL patients (lower panel). Prognostic
groups were defined according to the number of positive genes as follows: P1 (blue) =none of the 5 genes are activated, P2 (red)=1 or 2 genes
are positive, P3 (black) =3 to 5 genes are activated. Center and right panels: Kaplan-Meier survival curves comparing overall survival (OS, center
panel) and event-free survival (EFS, right panel) between the P1, P2 and P3 groups (as determined above, same color code), in the same three
subsets of patients (respectively upper, middle and lower panels). The Cox model and logrank p-values are shown for each plot. P-values obtained
from univariate Cox’s proportional hazards model reflects how well the number of expressed ectopic genes can explain the survival. Logrank
p-value reflects the difference between the survival probabilities in P1, P2 and P3 prognosis groups. B and C 5-GEC positivity associates with

shorter survival in adult T-ALL patients training and test cohorts. B Training cohort (n= 54, adult T-ALL samples analyzed by RNA-seq, same as in A
middle panels). Left panel: bar plot showing the proportion of patients according to the number of positive 5-GEC genes; Center and right panels:
Kaplan-Meier plots showing overall survival (OS, center panel) and event-free survival (EFS, right panel) between 5-GEC negative (none of the 5-GEC
are expressed) and positive patients (at least one of the 5-GEC expressed). C Test cohort (n =32, samples analyzed by RT-qPCR). Left panel: Heatmap
showing positive samples for the 5-GEC genes; Center and right panels: Kaplan-Meier plots illustrating overall survival (OS, center panel) and
event-free survival (EFS, right panel) between 5-GEC negative and positive patients
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Fig. 2 A 5-GEC positive signature predicts high risk of later relapse in MRD negative adult patients. A Kaplan-Meier plots of overall survival (OS,
left) and event-free survival (EFS, right) in MRD negative and MRD positive patients (adult T-ALL, n=54). B Distribution of 5-GEC negative and
5-GEC positive samples according to MRD status in adult T-ALL patients. The MRD positive group is significantly enriched in 5-GEC positive samples
compared to the MRD negative group. The corresponding p-value of the Fisher’s exact test=0.019. C Kaplan-Meier plots showing overall survival
(05, left) and event-free survival (EFS, right) in 5-GEC positive and negative patients amongst the MRD negative adult patients’subgroup

and S7, and Supp. Table S5) were performed for the
five following experimental designs including i/ 5-GEC

status (subset of the adult training cohort, n=25), iv/
5-GEC signature in pediatric T-ALL (children of the

signature (positive versus negative) in all T-ALL (pedi-
atric and adult, #=109), ii/ 5-GEC signature in adult
T-ALL (adult samples of the training cohort, n=54),
iii/ 5-GEC signature in adult T-ALL with MRD negative

training cohort, n=55), v/ MRD signature (positive
versus negative) in all T-ALL (pediatric and adult sam-
ples of the training cohort for whom the MRD status is
available, n=103).

(See figure on next page.)

adult T-ALL patients with MRD negative status only (n =25, x axis)

Fig. 3 Differential expression profiles of 5-GEC positive versus 5-GEC negative subgroup. A-C Differential expression profiles of 5-GEC positive
aggressive T-ALL in adult patients (A and B) and children (C) of the training dataset. The volcano plots (left panels) and heatmaps (right panels)
illustrate the transcriptomic profile of 5-GEC positive versus negative T-ALL in all adult patients of the training set (A, n=>54), in adult patients

with MRD negative status (B, n=25) or in children (C, n=55). The p-values used in volcano plots were calculated with the Wilcoxon statistical

test. The differentially expressed genes used for the heatmaps were selected with a p-value <0.05 and abs (ratio) > 1.5. In all heatmaps the genes
and samples were clustered using Euclidian-based distance hierarchical clustering with Ward's linkage; D Correlation plots comparing gene
expression signatures. Left panel: correlation plot comparing the gene expression signature of 5-GEC positive versus negative patients (x axis) with
the signature of MRD positive versus negative patients (y axis) in all T-ALL patients of the training cohort (n = 109). Right panel: correlation plot
comparing the gene expression signatures of 5-GEC positive versus negative patients considering adult T-ALL patients (n =54, y axis) or considering




Peng et al. BMC Genomics (2022) 23:467 Page 7 of 14
A Adult T-ALL (n=54)
5-GEC signature
5 .
4] . Down-regulated
— genes in 5-GEC
5 positive (n=255)
g 34
2
S 2
> ‘] Up-regulated
—? genes in 5-GEC
14 positive (n=333)
01 ; . . Normalized —— -
-4 -2 0 2 expression level I 5-GEC neg
log2 (ratio) . N 5-GEC pos
-2 0 2
B Adult T-ALL - MRD negative (n=25)
5-GEC signature
5 7] ° °
41 D
— s own-regulated
g genes in 5-GEC
S 3 . positive (n=238)
S
2,
o
2 Up-regulated
14 genes in 5-GEC
positive (n=185)
01 . . . Normalized —
-4 2 0 2 expression level | Il 5-GEC neg
log2 (ratio) e = 5-GEC pos
-2 0 2
C Pediatric T-ALL (n=55)
5-GEC signature
5+ Down-regulated
» genes in 5-GEC
positive (n=55)
44
o
=
g 34
é Up-regulated
o genes in 5-GEC
‘é’ 29 - 4 positive (n=614)
N #
(3
01 - al
4 ) 0 5 expression level I 5-GEC neg
log2 (ratio) - : I 5-GEC pos
-2 0
D Adult and pediatric T-ALL Adult T-ALL
3 4
2 3
. 17 2
22 4 —0 ‘g 1
S2% 225
B2 o £38 o
&g 52 4
Sax -1 288 1.
£= 2 Q& 2y
-21  Pearson correlation = 0.3 © 3 'P;?ssbn correlation = 0.8
p-value = 0.0000 *** 4 p-value = 0.0000 ***
35 2 0 2 -4 2 0 2 4
. log2(ratio)
log2(ratio) ” )
5-GEC positive vs. 5-GEC negative 5-GEC positive vs. 5-GEC negative
in MRD negative group
Fig. 3 (See legend on previous page.)




Peng et al. BMC Genomics (2022) 23:467 Page 8 of 14

A Adult T-ALL Pediatric T-ALL
5-GEC signature 5-GEC signature
HALLMARK_E2F_TARGETS BENPORATH_PROLIFERATION HALLMARK_E2F_TARGETS BENPORATH_PROLIFERATION

o

Proliferation NES = 2552

FDR <0.001

4] NES=-2449
os|  FDR<0.001

NES =-1.997
FDR =0.002

NES =-3.027
06 FDR <0.001

Enrichment Score

Enrichment Score
Enrichment Score
Enrichment Score

p-val < 0.001 p-val <0.001 p-val < 0.001 p-val < 0.001
06 05 06
5-GEC positive  5-GEC negative 5-GEC positive  5-GEC negative 5-GEC positive  5-GEC negative 5-GEC positive  5-GEC negative

REACTOME_EUKARYOTIC
TRANSLATION_ELONGATION

REACTOME_EUKARYOTIC

KEGG_RIBOSOME TRANSLATION_ELONGATION

KEGG_RIBOSOME

e ] g 2o
o] q- o] o]
- z. £ .. z.
Transcrlptlop g NES =-2632 E - NES = -2.603 g NES =-3.191 g 041 NES=-2552
and translation 5 R3S ol A 5 e Rt
& & & &
5-GEC positive  5-GEC negative 5-GEC positive  5-GEC negative 5-GEC positive  5-GEC negative 5-GEC positive  5-GEC negative
HALLMARK_OXIDATIVE REA%TOCME _THE _CI;'RIC_AOCID_TCA HALLMARK_OXIDATIVE REA%TOCME _THE _CI;'RIC_AOCID_TCA
PHOSPHORYLATION YCLE_AND_RESPIRATORY PHOSPHORYLATION YCLE_AND_RESPIRATORY
ELECTRON_TRANSPORT ELECTRON_TRANSPORT
L 2 L S
Q Q Q Q
. € € € €0
Metabolism % : NES =-1.889 E NES =-1470 g h NES = -1.922 g 03| NES=-1803
<= FDR =0.008 <. FDR =0.119 < FDR =0.008 £ FDR =0.021
L pval <0001 L pval = 0.006 L pval <0.001 Lol pval<0001
c c c c
w w w w ‘
5-GEC positive  5-GEC negative 5-GEC positive  5-GEC negative 5-GEC positive  5-GEC negative 5-GEC positive  5-GEC negative
B Adult and pediatric T-ALL ~ Adult T-ALL MRD neg Adult T-ALL Pediatric T-ALL
MRD signature 5-GEC signature 5-GEC signature 5-GEC signature
HISTONE_GENES HISTONE_GENES HISTONE_GENES HISTONE_GENES
%) o o 0.,
Histone g g 5 8o
E . NES =-2.839 E 0z NES =2814 .g .g <024 NES=-1558
genes S FoR<000t S FDR <0.001 ° S FDR= 0078
c pval <0001 c p-val <0001 c 71 pval<0.001
MRD positive MRD negative 5-GEC positive  5-GEC negative 5-GEC positive  5-GEC negative 5-GEC positive  5-GEC negative
MITOCHONDRIA MITOCHONDRIA MITOCHONDRIA MITOCHONDRIA
ENCODED_GENES ENCODED_GENES ENCODED_GENES ENCODED_GENES

Mitochondria
encoded genes

NES =-2.493
FDR < 0.001

NES =-1.780
06 FDR=0.029

NES =-2.493
FDR <0.001

Enrichment Score
Enrichm(:nt Score
Enrighnjen; Sgore
Enrichment Score

p-val = 0.003 p-val <0.001 p-val <0.001
) I [
MRD positive MRD negative 5-GEC positive  5-GEC negative 5-GEC positive  5-GEC negative 5-GEC positive  5-GEC negative

Fig. 4 Gene Set Enrichment Analysis (GSEA) shows specific features of 5-GEC positive T-ALL. A and B Gene Set Enrichment Analysis (GSEA) shows
specific features of 5-GEC positive T-ALL in adult patients (n =54, left panels) or in children (n =55, right panels) A GSEA plots illustrating genesets
corresponding to the most down-regulated functions/signatures in the 5-GEC positive ALL. B Hematopoietic stem cells genes are down regulated
in 5-GEC positive adult T-ALL signature. C Comparison of the transcriptomic signatures between MRD positive T-ALL and 5-GEC positive T-ALL. GSEA
plots that illustrating different enrichment/depletion profiles in MRD positive T-ALL (1 column) compared to 5-GEC positive signatures in MRD
negative T-ALL adult patients (2" column) or in all T-ALL adult patients (3" column), or in T-ALL children patients @™ column). For all the genesets,
the depletion was significant with a nominal p<0.01 and FDR < 0.2. The geneset “histone genes’ corresponds to the human histone encoding genes
identified in El Kennani et al. 2018 ([24]). The geneset “mitochondria encoded genes”is constituted of the 13 mitochondrial genes of the human
genome. neg: negative; pos: positive. All other genesets were selected from the MSIG database of the Broad Institute (categories C2, C5, C7 or H of
the MsigDB). neg: negative; pos: positive




Peng et al. BMC Genomics (2022) 23:467

The volcano plots and heatmaps shown Fig. 3 illustrate
the expression of the genes down- and up-regulated in
5-GEC positive versus negative patients T-ALL patients
with an absolute fold change of expression values
between 5-GEC positive and negative patients above 1.5
and a Wilcoxon statistical test p-value <0.05. Respectively
255 and 333 genes were down and up regulated consid-
ering all adult T-ALL patients (Fig. 3A), and respectively
238 and 185 genes were down and up regulated consid-
ering only MRD negative adult T-ALL patients (Fig. 3B).
In pediatric T-ALL, respectively 55 and 614 genes were
down and up-regulated in 5-GEC positive compared to
5-GEC negative cases (Fig. 3C).

In order to characterize the molecular profile of 5-GEC
positive aggressive T-ALL we performed Gene Set
Enrichment Analysis (GSEA) to highlight biological path-
ways correlating with that of 5-GEC positive versus nega-
tive T-ALL samples.

Interestingly, the GSEA profiles of these aggressive
forms of T-ALL revealed a major down-regulation of
most cellular activities. Gene sets constituted of genes
involved in cell proliferation and mitosis, or RNA ribo-
somal and translation activities, as well as mitochondria
and related metabolic activities, were among the most
significantly downregulated in 5-GEC positive T-ALL
(Fig. 4A), suggesting that these aggressive T-ALL forms
were those enriched in “dormant” cells. Remarkably,
the 5-GEC positive adult T-ALL cells are not expressing
many of the genes normally expressed in hematopoietic
stem cells (Fig. 4B). GSEA also shows that most genesets
and pathways are depleted or enriched in both adult and
children 5-GEC positive T-ALL (Fig. 4A, Supp. Fig. S6
and S7), highlighting similarities in the transcriptomic
signatures associated with aggressiveness in the two
populations. Interestingly the same observation came
out from our previous study in B-ALL, where many simi-
larities in the global transcriptomic signatures associated
with aggressiveness were shared between adult or chil-
dren B-ALL [22] despite the reported differences between
the two contexts. However, in the case of T-ALL, several
genesets, were found differentially enriched/depleted in
adult patients or children, including hematopoietic stem
cells genes, downregulated in 5GEC positive adult T-ALL
and upregulated in pediatric T-ALL (Fig. 4B).

Interestingly, part of the transcriptomic profile of
5-GEC positive T-ALL is also shared with MRD positive
T-ALL. Indeed, 5-GEC positive ALL and MRD positive
ALL were both depleted for gene sets representative of
genes involved in cell proliferation, E2F and MYC targets,
ribosome biogenesis and translational processes, as well
as oxidative phosphorylation (Supp. Fig. S6 and S7).

However, genes differentially expressed between 5-GEC
positive and negative adult T-ALL samples only partially
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overlap with those differentially expressed between the
MRD positive or negative subgroups. Indeed, the gene
expression signature of 5-GEC positive versus negative
patients considering all T-ALL adult patients (n=54)
and the gene expression signature of MRD positive ver-
sus negative patients are weakly correlated (Pearson
coefficient=0.3), while the gene expression signatures
of 5-GEC positive versus negative patients considering
all T-ALL adult patients (n=>54) or considering T-ALL
patients with MRD negative status only (n=25) are
highly correlated (Pearson coefficient=0.81) (Fig. 3D).
This suggests that 5-GEC positive T-ALL had specific
characteristics that may explain why some of them which
were detected as MRD negative were actually still prone
to relapse. Indeed, several pathways and functions are
specifically associated with the 5-GEC signature and not
shared by MRD positive ALL.

The GSEA signature of 5-GEC positive ALL within the
MRD negative group well illustrates this specificity. One
specific feature of the 5-GEC positive MRD negative
T-ALL signature is that it is highly enriched in mRNAs
from genes encoding histones and chromatin proteins as
opposed to MRD positive T-ALL, which show a deple-
tion for these same mRNAs (Fig. 4C and Supp. Fig S6
and S7). Another striking characteristic of 5-GEC posi-
tive T-ALL is the complete shutdown of mitochondria-
encoded transcripts. Indeed, mitochondria related genes
are globally depleted in both MRD positive and 5-GEC
positive cells, but the expression of the 13 genes located
on the mitochondria genome remain high in MRD posi-
tive T-ALL (as compared to MRD negative). In 5-GEC
positive T-ALL, the situation is different since these same
13 genes are completely shut down (Fig. 4C and Supp.
Fig S6 and S7), suggesting that a dramatic impairment of
mitochondria transcriptional activity is specifically asso-
ciated with these 5-GEC positive T-ALL.

Discussion

In this study, we found that patients positive for N/F
mutation only have a trend towards a more favorable out-
come, whereas NFRP class I was significantly correlated
with longer survival, in agreement with data reported by
the GRAALL group [12]. However, this oncogenetic clas-
sifier based on NERP classes only remained of marginal
significance for the prediction of OS and EFS in the mul-
tivariate analysis.

Based on our previous work, we stratified patients
according to the aberrant/ectopic expression of genes
that are normally epigenetically repressed in most non-
tumor adult somatic cell types. We found that a combi-
nation of a subset of 5 tissue-restricted genes (5-GEC)
could efficiently stratify patients into groups with differ-
ent prognosis. In addition, this new classification system
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could also predict prognostic in an independent group of
patients. More importantly, this new classification sys-
tem implemented at the time of diagnosis could predict
MRD positivity with high efficiency, since nearly all MRD
positive patients had been assigned to the 5-GEC posi-
tive group. Additionally, MRD negative patients which
had been assigned to the 5-GEC negative group showed
no event of relapse or death, whereas the MRD negative
patients of the 5-GEC positive group were of significantly
higher risk of death or relapse.

In particular, we adapted our approach to fully exploit
RNA-seq data, which provide a more accurate and effi-
cient technology to explore transcriptomes. This enabled
the detection not only of ectopically activated protein-
coding genes but also of tissue-specific non-coding
sequences. Our results here suggest that these non-
coding transcripts actually largely contribute to ectopic
activations. Indeed, among the 18 genes whose expres-
sion was associated with inferior survival in T-ALL, 11
were protein-coding genes, whereas 7 corresponded to
non-coding sequences. The roles and functions of these
non-coding transcribed RNAs in their normal context of
expression or in cancer cells are entirely unknown and
their discovery opens a new field for future research.

The normal functions of the protein-coding genes
themselves are also poorly known. Among them,
GOTI1L1 was reported to show L-aspartate aminotrans-
ferase activity and thus could be involved in the synthesis
of D-aspartate, which serves as the agonist of N-methyl-
D-aspartate receptor (NMDAR) [25]. Leanne et al. [26]
reported that low activity of NMDAR is significantly
correlated with favorable patient prognosis in several
cancer types, which may provide a possible explanation
to our finding that high expression of GOT1L1 is associ-
ated with shorter survival and a mechanism of GOT1L1
in leukemogenesis. TOPAZ1 contains an evolutionar-
ily conserved domain named PAZ, which is involved in
the specific recognition of siRNAs [27]. It has been sug-
gested that the PAZ do-main plays an important role in
regulating human embryonic stem cell and glioma stem
cells self-renewal [28, 29]. These observations suggest
potential mechanisms by which these genes could con-
tribute to cancer development, but detailed investiga-
tions are required to fully understand their functions and
the impact of their ectopic expression in cancer cells.
Although the biological roles and functions of these five
testis-specific genes remain to be discovered, the fact that
their expression is restricted to male germ cells and can-
cer, makes them as very attractive therapeutic targets.

We also found that the aggressive 5-GEC T-ALL were
mostly depleted in pathways that are essentially involved
in active and proliferative cells, such as RNA and DNA
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synthesis, mitosis and DNA replication. Interestingly,
these pathways were also downregulated in MRD positive
as compared to MRD negative T-ALL. Based on recent
reports that ribosome and protein biogenesis function
in normal and leukemic stem cells [30—-32], it is reason-
able to speculate that these changes might be associated
with metabolic changes and involved in T-ALL progres-
sion and treatment resistance. Moreover, E2F and MYC
target genes were among the most depleted gene sets in
both MRD positive and 5-GEC positive groups. These
findings further reinforce the overwhelming importance
of the proliferative status in the ability of cells to respond
to chemotherapy in cancer [33, 34]. Additionally, the RB-
E2F pathway is also known to play a pivotal role in cell
proliferation [35-37] and has recently been reported to
play a critical role in controlling cell quiescence depth
[38]. These reports suggest that MRD negative or 5-GEC
negative ALL patients would be more likely in a state of
hyper-proliferation, and therefore prone to respond more
efficiently to chemotherapy. This is also consistent with
results from pediatric B-ALLs which showed that under-
expression of genes promoting cell proliferation is associ-
ated with resistance to chemotherapy [39].

Although there are many common features in the
expression profiles shared between MRD positive and
5-GEC positive T-ALLs, the latter still has its unique fea-
tures. Our 5-GEC positive group has a higher contingent
of “dormant” cells that show extremely low translation,
transcription and proliferation rates and low mitochon-
drial activity. Most strikingly, genes located on the mito-
chondrial genome are totally silenced in 5-GEC positive
T-ALL, whereas they are still expressed in the MRD
positive T-ALL. On the basis of recent reports that mito-
chondrial and metabolic remodeling is a central feature
of normal and leukemic stem cells [31, 40] and that regu-
lated mitochondrial metabolism is required to maintain
stem cell self-renewal [41], our results further strengthen
the notion that mitochondrial dormancy is an impor-
tant characteristic of stem cells and could be involved in
chemotherapy resistance and disease progression. How-
ever, although the transcriptomic signature of 5-GEC
positive leukemia suggests a “dormant” phenotype, we
have no additional evidence for a “stem cell-like” nature
of the 5-GEC positive leukemic cells. Actually, as illus-
trated in Fig. 4B, the 5-GEC positive T-ALL signature
in adult patients is depleted in hematopoietic stem cell
expression signatures, although it is enriched in 5-GEC
positive pediatric T-ALL. Thus, our new gene expression
classifier is more likely to link prognosis with the patho-
genesis of a specific form of aggressive T-ALL and may
provide a lead to better explain malignant transformation
and progression of these ALL.
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Conclusions

T cell acute lymphoblastic leukemia (T-ALL) is an
aggressive hematologic disease associated with dismal
survival in adult patients. Despite extensive explora-
tion of the genetic and epigenetic landscapes of T-ALL,
prognostic biomarkers that could guide treatment selec-
tion mostly rely on post-induction minimal residual dis-
ease. Identification of novel biomarkers that can stratify
patients at diagnosis is still needed. Following a dedi-
cated strategy to screen whole genome expression data
in T-ALL samples, Peng et al. scored the out-of-context
activation of silent tissue-restricted genes. By correlat-
ing these expressions with survival probabilities, they
identified a set of 5 genes, whose awakening not only
predicted positive minimal residual disease but also a
high risk of relapse in a subset of patients with appar-
ently negative minimal residual disease. The 5-genes
positive T-ALL also pointed to a particular metabolic
state of the aggressive T-ALL group harboring a low
mitochondrial genome activity.

Methods

The patients and samples

From 2009 to 2018, 86 T-ALL adult patients, aged from
15 to 67 years, were treated in the Shanghai Institute of
Hematology (SIH)-based hospital network or Multi-
center Hematology-Oncology Protocols Evaluation Sys-
tem (M-HOPES) in China. Patients were all enrolled in
an SIH protocol [Chinese Clinical Trial Registry, num-
ber ChiCTR-RNC-14004969 (for sample collection) and
ChiCTR-ONRC-14004968 (for treatment)] as previously
described [42]. All patients provided informed con-
sent and for patients below age 16 guardians provided
informed consent for sample collection and research in
accord with the Declaration of Helsinki.

Genomic DNA and total RNA of bone marrow were
extracted using AllPrep DNA/RNA/Protein Mini Kit
(Qiagen) or TRIzol reagent (Invitrogen). Bone marrow
minimal residual disease (MRD) was analyzed by flow
cytometry at the end of the induction treatment. MRD
negative was defined as<0.01% residual leukemia cells.
MRD was not available in 3 patients, who all died before
the end of induction treatment.

Gene expression datasets

RNA-Seq data from 13 normal samples were used as con-
trol from the dataset PRJEB4337 available on NCBI Bio-
Project portal (https://www.ncbinlm.nih.gov/bioproject/?
term=PRJEB4337) including 4 bone marrow samples
(SAMEA2162823, SAMEA2149004, SAMEA2154529,
SAMEA2163105), 5 lymph node samples (SAMEA2149876,
SAMEA2150385, SAMEA1965299, SAMEA2155628,
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SAMEA2152719) and 4 spleen samples (SAMEA2153031,
SAMEA2155751, SAMEA2159764, SAMEA2146236).

RNA-Seq data analysis

Raw RNA-seq data obtained from bone marrow sam-
ples of 109 pediatric (#=55) and adult T-ALL (n=>54)
enrolled in our center [7] as well as from 13 normal
samples from the dataset PRJEB4337 available on NCBI
BioProject portal (https://www.ncbi.nlm.nih.gov/biopr
oject/?term=PRJEB4337) were used for the detection of
aberrant expression of genes and correlation with prog-
nosis. Reads from fastq files were aligned using STAR
2.5.2b software for UCSC hgl9 reference genome. The
aligned reads were counted using HTSeq framework
(version 0.9.1). RPKM (reads per kilobase million) values
were obtained by dividing the RPM (reads per million)
values by a cumulated length of exons in kilobases and
log-transformed by computing log2(1 + RPKM).

Analysis of mutational profiles

Mutation calling from RNA-seq data of training cohort
has been reported previously [7]. Mutational hotspot
regions of NOTCH1, FBXW7, PTEN, NRAS and KRAS
were sequenced using Sanger sequencing in the 32 addi-
tional patients of the test cohort. The primer sequences
used for NOTCH1 and PTEN were the same as previ-
ously described [43, 44].

Identification of biomarkers of aggressive T-ALL based

on ectopic expression of tissue-specific genes

A dedicated bioinformatic pipeline was applied first to
identify genes with tissue-specific expression and sec-
ond to detect their aberrant expression in T-ALL. Using
RNA-Seq expression data from different normal human
tissues, we first identified 3195 transcripts whose expres-
sion was restricted to testis, placenta or embryonic stem
cells. None of these genes are expressed in normal hemat-
opoietic tissues. Second, for each tissue-restricted gene,
we established a threshold of log-transformed RPKM
values differentiating background noise from expression,
and then compared the expression value of each T-ALL
sample with the threshold. The expression data in T-ALL
samples were binarized, positive if the expression value
was above the threshold, and negative otherwise. Proce-
dures of these two steps are listed in the Supplementary
methods.

Analysis of association between ectopic expression

and patient outcome

Cox proportional hazard model was used in order to
test if the expression of the gene was significantly asso-
ciated with overall survival (OS) and event-free survival
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(EFS). The ectopic expression of a gene was considered
as significantly associated with the survival if the Cox
model p-value was less than 0.05 and the hazard ratio
above 1.5. The statistics and bioinformatic pipelines
for survival analysis and the design of optimal com-
binations of genes are detailed in the Supplementary
methods.

Real-time qualitative PCR (RT-qPCR) test of the aberrant
expression of the 5 ectopic genes

cDNA was synthesized from total RNA using Super-
Script III First-Strand Synthesis SuperMix Kit (Invit-
rogen) according to the manufacturer’s procedures.
RT-qPCR reactions using SYBR Green (TaKaRa) and a
7500 ABI RT-qPCR machine (Applied Biosystems, USA).
The 2722 method was used to estimate the fold induc-
tion of each gene as described in Rousseaux et.al [15]. In
short, the expression value was calculated (2”(Ct of gene
of interest in testis — Ct of gene of interest in sample))/
(27 (mean Ct of the 4 control genes in testis — mean Ct
of the 4 control genes in sample)), and expressed as
the ratio of expression relative to testis. The four con-
trol genes were Actin, U6, RELA, AUPI. Assays were
done in triplicates. Seven normal bone marrow sam-
ples and three cord-blood samples were used to deter-
mine a threshold of aberrant expression (corresponding
to the mean expression value + two standard deviations
of these 10 samples). A gene was considered positively
expressed when its expression value was found above
this threshold.

Gene Set Enrichment Analysis (GSEA)

GSEA (https://www.gsea-msigdb.org/gsea/index.jsp,)
[45, 46] was carried out on the collections of gene sets
made available by the Broad Institute (MSigB: http://
software.broadinstitute.org/gsea/msigdb/index.jsp) using
the GSEA software available on the website.

Statistical analysis

Fisher’s exact tests were used to compare categorical var-
iables. Overall survival (OS) and event-free survival (EFS)
were measured from the date of diagnosis of T-ALL to
the date of death (OS and EFS) or relapse (EFS) or to the
date of last contact (censored). Log-rank test was used to
compare OS or EFS survival between groups and illus-
trated by Kaplan—Meier curves. The last follow-up was
carried out in September 2020. Multivariate analyses
were performed using Cox proportional hazard models.
P-values<0.05 were considered statistically significant.
We used open source packages available in R (version
3.3.0) and Python (version 3.7, packages scipy and life-
lines) to perform statistical analyses.
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