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1.	 The first argument was that “the observed 
methylation difference at birth is due to an uneven 
distribution of imprinted and non-methylated 
individuals among the cases and controls, with 
all individuals presenting normative physiological 
VTRNA2-1 methylation levels”. As the commentary 
and our article describe, the methylation levels 
of VTRNA2-1 in the general population exhibit a 
bimodal distribution, clustering primarily into two 
groups: approximately ¾ of individuals show ~ 50% 
methylation consistent with imprinting, while the 
remaining ¼ exhibit low or absent methylation. 
Our results have shown that VTRNA2-1 was 

We thank Drs. Raitoharju and Marttila for their thought-
ful commentary [1] on our recent article by Ghantous 
A et al., [2] and are pleased to have the opportunity to 
address the important points they raised. In our study, 
we charted the epigenomic landscape throughout the tra-
jectory of pediatric pre-B acute lymphoblastic leukemia 
(B-ALL) —from in utero through birth, diagnosis, remis-
sion, and relapse — demonstrating a “proof-of-concept” 
that epigenetic precursors of the disease can be detectable 
at birth and may serve as biomarkers for early detection 
and prognosis and/or as targets for therapeutic interven-
tion [2].

The commentary raised two major arguments:
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hypermethylated at birth in nested cases relative to 
controls, with sex dependency. We agree that this 
altered methylation could be due to an uneven mix 
of individuals with different imprinting statuses 
between cases and controls. This distribution 
may represent biologically meaningful variation 
with potential relevance to disease susceptibility, 
rather than a purely statistical artefact. The authors 
correctly note that only 9% of the MoBa cases 
show low methylation and that this is substantially 
lower than the ~ 25% expected proportion that was 
observed in the MoBa cohort as a whole or reported 
in population cohorts. We validated this observation 
by reanalysing the MoBa data after categorizing 
individuals by VTRNA2-1 methylation levels using 
criteria similar to those applied by Raitoharju et 
al., [1]: low methylation (median methylation < 
20%), intermediate methylation (40% ≤ median 
methylation ≤ 60%) and high methylation (median 
methylation > 60%). Indeed, the low methylation 
fraction was significantly under-represented in the 
cases as compared to the controls (p = 4.06 × 10−2) 
(Fig. 1). We also concur with the authors that a low 
methylation status may confer protection against 
the risk of pediatric leukemia. This aligns with the 
hypothetical model proposed in our article, in which 
low VTRNA2-1 methylation allows for a wider gene 
expression gradient (Fig. 2E in Ghantous A et al. 

[2]). Such flexibility may permit a ‘drop’ in VTRNA2-
1 expression, serving as a critical mechanism to 
activate the PKR cell death pathway, which eliminates 
pre-cancerous cells through the “tumor surveillance” 
model. These results will need to be interpreted 
with caution given the relatively small sample sizes 
of nested cases and controls in MoBa. As the MoBa 
and other few large birth cohorts available globally 
continue to mature and accumulate more cases over 
time, the validation of these findings may become 
feasible.

While methylation levels at birth are largely consistent 
with the reported bimodal distribution (with poten-
tially uneven mixes between nested cases and controls), 
it is not fully accurate to state that this bimodal pattern 
is retained at diagnosis. In fact, a substantial proportion 
of cases at diagnosis fall into a distinct high methyla-
tion category (i.e., exceeding the 60% imprinting thresh-
old), which was entirely absent in both types of control 
samples—non-tumorigenic tissues and tumor tissues col-
lected at remission (p = 1.58 × 10⁻² and p = 1.6 × 10⁻³, 
respectively) (Fig. 2). In both control groups, only the 
~¾ 50%-imprinted and ~¼ lowly methylated categories 
were observed, as expected in the general population. 
This suggests the presence of a physiologically distinct 
VTRNA2-1 methylation profile in leukemic tissues com-
pared to controls, potentially supporting the leukemic 

Fig. 1  Proportion of individuals showing high, intermediate or low VTRNA2-1 methylation levels in cord blood samples taken from the MoBa cohort. The 
median methylation (beta value) across the 16 VTRNA2-1 CpGs was used an indicator of the methylation category for each individual: low methylation 
(median beta value < 0.2), intermediate methylation (0.4 ≤ median beta value ≤ 0.6) and high methylation (median beta value > 0.6). The relatively few 
samples exhibiting a median methylation level in the range of 0.2 to < 0.4 were omitted from the analysis. The Proportion test was performed to compare 
the proportions of samples with high, intermediate or low methylation between cases and controls
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phenotype. Notably, this high methylation category 
re-emerges significantly at relapse (p = 4.71 × 10⁻⁶ and 
p = 4.79 × 10⁻⁴, when compared to normal and remis-
sion samples, respectively) (Fig. 2). The high methyla-
tion pattern at diagnosis and relapse could be explained 
by the clonal expansion of hypermethylated alleles dur-
ing leukemogenic progression. This result is in line with 
a tumor suppressor role of VTRNA2-1, which has been 
documented in several types of cancer [3]. These inter-
pretations are further supported by the observation that 
the high methylation VTRNA2-1 cases return to the nor-
mal ~ 50% imprinting level upon remission in matched 
patient samples (Fig. 2B in Ghantous A et al., [2] and Fig. 
1B in Raitoharju E et al., [1]).

Notably, the high methylation pattern observed in cases 
at diagnosis and relapse was not significantly evident at 
the time of birth (i.e. in neonatal blood samples) (Fig. 1), 
although a significant increase in average VTRNA2-1 
methylation at birth was consistently observed in nested 
cases compared to controls across all of the three stud-
ies —MoBa, CCLS and MEDC (Fig. 1 in Ghantous A et 
al. [2]). Given that the DNA methylation readout of the 
assay utilized herein reflects average levels across a het-
erogeneous mix of cells within the samples analyzed, 
small observed effect sizes at the bulk level in neonatal 
samples may mask substantial alterations occurring in 

specific cell subpopulations. These subpopulations may 
clonally expand during leukemogenesis, thereby, ampli-
fying the effect sizes and potentially giving rise to the 
distinct high-methylation category observed at diagno-
sis and relapse. Our findings suggest that VTRNA2-1 
hypermethylation may reflect an early epigenetic predis-
position that becomes more pronounced as the disease 
progresses. As single-cell DNA methylation technolo-
gies continue to advance, future studies will be better 
equipped to resolve cell-specific methylation patterns 
and directly test these hypotheses at higher resolution. 
Moreover, measuring maternal and paternal methylation 
can help map more precisely the parent-of-origin effects 
of imprinted genes and determine whether an observed 
neonatal methylation alteration is inherited from the 
parental alleles or acquired in utero.

2.	 The second argument was that Ghantous et al. [2], 
had suggested that “VTRNA2-1 methylation could be 
utilized as a biomarker or a therapy target for B-ALL”, 
although “the polymorphic imprinting in VTRNA2-
1 methylation levels calls into question the validity 
of VTRNA2-1 methylation as a biomarker”. We 
would like to clarify that our paper did not conclude 
that VTRNA2-1 would serve as a sole or specific 
biomarker for ALL. Our conclusion, as stated in the 

Fig. 2  Proportion of individuals showing high, intermediate or low VTRNA2-1 methylation levels in peripheral blood and bone marrow samples taken 
from 4 groups of the NOPHO cohort: Normal (sorted B-cells from bone marrow of fetuses and from peripheral blood) and tumor samples taken at diag-
nosis, remission and relapse. The median methylation (beta value) across the 16 VTRNA2-1 CpGs was used an indicator of the methylation category for 
each individual: low methylation (median beta value < 0.2), intermediate methylation (0.4 ≤ median beta value ≤ 0.6) and high methylation (median beta 
value > 0.6). The relatively few samples exhibiting a median methylation level in the range of 0.2 to < 0.4 were omitted from the analysis. The Proportion 
test was performed to compare the proportions of samples with high, intermediate or low methylation in tumor compared to normal and remission 
samples and in remission compared to relapse samples
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abstract of Ghantous et al., [2], was that we provided 
“proof-of-concept to detect at birth epigenetic 
precursors of pre-B ALL. These alterations … can 
offer biomarkers for early detection and prognosis 
as well as actionable targets for therapy”. Therefore, 
our conclusion was intended to refer more broadly to 
epigenetic markers identifiable through the proof-
of-concept approach outlined in our study, rather 
than apply to VTRNA2-1 specifically. Any references 
to this gene within the text were purely illustrative, 
suggesting its potential as a biomarker rather 
than asserting a definitive role, as is stated in the 
manuscript: “Overall, these results suggest VTRNA2-
1 methylation as a marker of pre-B ALL prognosis, 
including leukemic state”. This gene may contribute 
more effectively to early detection and prognosis 
when considered not as a standalone biomarker, but 
as part of a broader panel of biomarkers that future 
studies may uncover as additional data become 
available. This was emphasized in the concluding 
paragraph of our paper : “Future work based on 
more cases may be able to uncover further molecular 
precursors of pediatric pre-B ALL etc.”.

We sincerely thank Drs. Raitoharju and Marttila for their 
insightful commentary and hope our clarifications have 
fully addressed their comments and added further evi-
dence for the broader readership supporting the results 
and contextual interpretation as presented in Ghantous 
A et al., [2]. 
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