
Real time-PCR a diagnostic tool for reporting copy 
number variation and relative gene-expression changes 
in pediatric B-cell acute lymphoblastic leukemia—a 
pilot study
Zoha Sadaqat1,2, Smitha Joseph 1,3, Chandrika Verma2, Jyothi Muni Reddy4, Anand Prakash4, Tinku Thomas 5,  
Vandana Bharadwaj4,�, Neha Vyas 2 

1Manipal Academy of Higher Education (MAHE), Manipal 576104, Karnataka, India 
2Division of Molecular Medicine, St John’s Research Institute, St John’s National Academy of Health Sciences (a Unit of CBCI Society for Medical Education), 
Bangalore 560034, Karnataka, India 
3Division of Epidemiology and Biostatistics, St John’s Research Institute, St John’s National Academy of Health Sciences (a Unit of CBCI Society for Medical 
Education), Bangalore 560034, Karnataka, India 
4Department of Pediatric Hematology Oncology and Bone Marrow Transplantation, St John’s Medical College and Hospital, St John’s National Academy of Health 
Sciences (a Unit of CBCI Society for Medical Education), Bangalore 560034, Karnataka, India 
5Department of Biostatistics, St John’s Medical College and Hospital, St John’s National Academy of Health Sciences (a Unit of CBCI Society for Medical Education), 
Bangalore 560034, Karnataka, India

�Correspondence: Department of Pediatric Hematology Oncology, St John’s Medical College and Hospital, SJNAHS, Bangalore, Karnataka, India. Tel: þ91 080 
22065000 / 5001; Fax:  þ91 80 25501088; E-mail: vandana.b@stjohns.in (V.B.)

Abstract 

Real time-polymerase chain reaction (RT-PCR) is used routinely in clinical practice as a cost-effective method for molecular diagnos
tics. Research in pediatric B-cell Acute Lymphoblastic Leukemia (ped B-ALL) suggests that apart from cytogenetics and clinical fea
tures, there is a need to include Copy number variation (CNV) in select genes at diagnosis, for upfront stratification of patients. 
Using ped B-ALL as a model, we have developed a RT-PCR-based iterative probability scoring method for reporting CNVs, and relative 
gene-expression changes. Our work highlights that once genes of interest and hotspots of CNVs are identified in discovery phase, 
our proposed method can be used as a cost-effective and user-friendly diagnostic tool for the identification of changes at genomic or 
transcriptomic level. It has the potential to be incorporated in routine diagnostics in resource constrained settings and be tailored for 
different diseases as per need.
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Introduction
Treatment of pediatric acute lymphoblastic leukemia (ped ALL) 
has evolved considerably over the last six to seven decades be
coming increasingly risk stratified and Minimal Residual Disease 
(MRD)-driven. Clinical features including age, white blood cell 
count at diagnosis, hepatomegaly/splenomegaly, along with cy
togenetics, and MRD are used to classify patients to standard- 
risk (SR), intermediate-risk (IR), or high-risk (HR) categories [1, 2]. 
Over time, the cure rates of pediatric B-cell ALLs (ped B-ALLs) 
have improved dramatically to over 90% in high-income coun
tries [3–5]. But despite the advancements in therapy and support
ive care, ped B-ALL continues to pose a challenge to clinicians in 
lower middle-income countries, including India, with a relapse 
rate (RR) ranging from 18% to 41% [6–9]. While improved support
ive care contributes to the increased overall survival (OS), refin
ing risk stratification remains the need of the hour to reduce 

relapses in the IR group, to which �40% to 50% of patients in 
India belong [10, 11].

Recent genomic findings have recognized somatic copy num
ber variations (CNVs) in ped B-ALL as an additional factor for 
risk-stratification [10, 12–15]. Efforts are ongoing to conjoin the 
present risk stratification method (based on clinical features and 
conventional cytogenetics/FISH and molecular panels) with the 
prognostic bearing of CNVs in genes of interest [12]. Molecular 
techniques such as multiplex ligation-dependent probe amplifi
cation (MLPA), cytogenetics-based array, comparative genomic 
hybridization (CGH), and fluorescence in-situ hybridization 
(FISH) have served as a benchmark for CNV detection. The preva
lence of CNVs in genes involved in cell cycle, apoptosis, differen
tiation, and lymphogenesis have been well acknowledged by 
clinical studies on ped B-ALL [12]. Deletion of the transcription 
factor, Ikaros family zinc finger 1 (IKZF1) is predominantly found 
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in the HR-group with low OS and high RR [15]. IKZF1 deletion in 
combination with deletions in select few other genes namely— 
paired box 5 (PAX5), cyclin-dependent kinase inhibitor 2A/2B 
(CDKN2A/2B), or pseudoautosomal region 1 (PAR1), are also asso
ciated with higher MRD and RR [16].

Additionally, drug response profiling (DRP) is also being tried 
to tailor the therapy for ped ALL patients with very high risk, re
lapsed or refractory disease [17]. Synergistic effect is observed 
when Asparaginase (ASNase) is combined with exportin-1 inhibi
tors (XPO1; selinexor, eltanexor), BCL2 inhibitor (venetoclax), or 
proteasomal inhibitors (bortezomib, carfilzomib). This suggests 
that relative differences in cellular processes are also important 
and need to be accounted for to further improve outcomes, espe
cially for IR or HR-categories of patients, upon relapse or treat
ment failure.

We have developed an iterative scoring method to evaluate 
the usage of real time-polymerase chain reaction (RT-PCR), for 
relative gene-expression and CNV determination, a cost-effective 
and user-friendly screening tool. In correlation with clinical data, 
our proposed method here could potentially help identify the ge
netic profiles of ped B-ALL patients that fail therapy on contem
porary treatment protocols [2], and for further molecular 
stratification to enable additional suitable therapeutic con
siderations.

Methodology
Patient sample collection protocol
Patients diagnosed with pre-B-ALL (aged 1–18 years) based on 
standard morphologic, immunophenotypic, and genetic features 
(presented at Department of Pediatric Haematology Oncology 
and BMT, SJMCH), during the study period were sampled. 
Patients at the time of diagnosis were classified as SR/IR/HR 
based on ICiCLe-2014 protocol [2]. MRD status determined at day 
29 post-induction led to the stratification of patients into two 
groups: MRD positive patients (blast cells >0.001%) and MRD neg
ative patients (blast cells <0.001%). Patient with immune throm
bocytopenia was selected as the non-malignant age matched 
control (NAC). Other healthy controls were sampled randomly 
from the staff in the department. Supplementary Fig. 1 gives a 
breakup of the samples that underwent CNV and/or relative gene 
expression analysis. Ethical approval was taken for the study 
from the Institutional Ethical Committee (IEC, Study reference 
number IEC/132/2022, dated 5th August 2022), SJMCH. Written 
consent was obtained from all parents and patients.

BM and peripheral blood processing
BM aspirates from patients and peripheral blood from healthy 
adults were collected (1.0–1.5 ml) in EDTA tubes. Plasma (upper 
layer) was separated from BM aspirates by centrifuging for 5 min 
at 1000 rpm. It was further centrifuged at 2500 rpm for 25 min, 
aliquoted, and stored at −80�C. The remaining sample was then 
treated with 1× red blood cell (RBC) lysis buffer, and kept for 
15 min on Rocker. Cells were then centrifuged at 1000 rpm for 
15 min. Another RBC lysis buffer wash was given. The cells were 
further washed with 1× phosphate buffer solution. Cells were ali
quoted in different tubes (including an aliquot for RNA extraction 
using Trizol Reagent) and stored at −80�C.

Cell culture
K562 cells were grown in RPMI-1640 Medium (Gibco, Life 
Technologies) supplemented with 10% (v/v) Fetal Bovine Serum 
(Gibco, Life Technologies), 1% (v/v) Pen-Strep (Gibco, Life 

Technologies), and 1% (v/v) GlutaMAX (Gibco, Life-Technologies). 
The cell line was maintained in a 5% CO2 humidified Galaxy 170R 
incubator (Eppendorf) at 37�C.

DNA extraction
Genomic DNA from ped B-ALL patients, healthy adults, and cell 
line was extracted using a commercially available kit (QIAmp 
DNA Mini Kit, Qiagen) following the manufacturer’s instructions.

RNA extraction
RNA was isolated using TRIzol reagent (Invitrogen). Samples 
were treated with Chloroform (0.2 ml per 1 ml of TRIzol) used and 
incubated at room temperature for 15 min. Samples were then 
centrifuged at 13 000 rpm for 15 min at 4�C. The aqueous 
phase (top layer) was carefully transferred to a new tube and iso
propanol (0.5 ml per 1 ml of TRIzol used) along with GlycoBlue 
(�15–20 µg/ml) (Invitrogen) was added and incubated at room 
temperature for 15 min. After centrifuging at 13 000 rpm for 
15 min at 4�C, the supernatant was discarded and pellets were 
washed with 70% and 100% ethanol subsequently. Pellets were fi
nally resuspended in double-distilled water and stored at −80�C.

Primer design
Primers (Pr) were designed in-house for gene expression (SHH, 
BCL2, GLI1) and CNV (RB1, EBF1, ETV6, IKZF1, CDKN2A, BTG1, 
CDKN2A/2B) analysis. CNV primers were designed using the 
available protocol [18], specific to the different exonic regions of 
the genes based on the human genome—GRCh38/hg38. The pri
mers used for gene expression and CNV analysis are mentioned 
in Supplementary Table 1.

cDNA conversion
Approximately 2 µg of RNA was synthesized into cDNA using the 
Applied Biosystems’ High-Capacity cDNA Reverse Transcription 
Kit (Ref: 4368813) using the manufacturer’s protocol.

RT-PCR
For RT-PCR, �15 ng of genomic DNA or �100 ng of cDNA template 
was used for CNV or gene expression analysis, respectively.

The reaction was done using SYBR green Master Mix (MM) 
(PowerUpTM SYBRTM Green Master Mix—Applied Biosystems by 
Life Technologies, Cat# A25742) on Applied BiosystemsTM 

StepOnePlusTM Real-Time PCR System. About 0.1 µM concentra
tion of forward and reverse primers each, were used per reaction. 
Pre incubation and initial denaturation of the DNA template 
were performed at 95�C for 2 min, followed by amplification for 
40 cycles at 95�C for 15 s and 60�C for 30 s. Cycle threshold (CT) 
values were normalized to a reference/internal control gene for 
each sample. Relative expression was calculated using the 
known 2−ΔΔCt method where ΔCT ¼ CT Target-CT Reference for test 
and healthy samples, represented as Log2 fold change. Log2-fold 
change ≥ 1 or ≤ −1 was assigned as amplification or deletion, 
respectively.

For gene expression analysis GAPDH was used as the reference 
gene; while for CNV analysis RPP30 was used as the refer
ence gene.

Iteration-based probability scoring
Using the delta-CT values for healthy adults (n¼ 6), median 
delta-CT and sigma delta-CT were determined based on an itera
tion method (described in the results section). Median was then 
compared to the delta-CT for individual samples and probability 
of deletion/downregulation (P) was acquired.
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Next-generation sequencing
The Next-generation Sequencing (NGS) analysis was performed 
by a commercial service platform (Genotypic Technology Pvt. 
Ltd). Whole exome sequencing was carried out by them for K562 
cell line, on the Illumina platform. The raw reads were trimmed, 
clipped, and mapped against the reference human genome— 
GRCh38/hg38 using BWA-v0.7.5 [2] aligner, and showed 99.9% 
reads mapping to the reference genome. Using Samtools-v1.9. 
[3], aligned data were processed. SureSelectXT HS Human All 
Exon V8 was used for target enrichment of the exonic regions, 
while variant calling in the same regions was done using GATK- 
v4.2.6.15 HaplotypeCaller. For copy number variant analysis, 
CONTRA-v 2.0.8 [7] tool was used to determine CNVs between 
the control sample (NAC) and the test samples (K562-cell line). 
By removing GC-content bias using base-level log-ratios, correc
tion for an imbalanced library size effect on log-ratios, and the 
estimation of log-ratio variations via binning and interpolation, 
the tool was able to call for gains and losses for focus regions.

Comparative genomic hybridization
The CGH analysis was outsourced to a commercial service plat
form (Genotypic Technology Pvt. Ltd). CGH analysis was per
formed by them using Agilent Human Genome CGH 
oligonucleotide array, 180k, following the manufacturer’s proto
col. The microarray comprised of 180 000, 60-mer oligonucleotide 
probes. Agilent references (Male/Female) and test samples’ DNA 
were fluorescently labeled with Cy3 and Cy5, respectively, after 
which they were hybridized and microarray slides were scanned. 
Log2-intensity ratios (Cy5-test/Cy3-control) were calculated and 
CNVs were called for either deletion (log2-intensity ratio ≤ −1), or 
amplification (log2-intensity ratio ≥ 2) if a minimum number of 
three adjacent probes were impacted. On the other hand, losses 
(log2-intensity ratio −0.25 to −1) or gains (log2-intensity ratio 
0.25–2) could be identified with a single probe as well, but they 
were not deemed as CNVs per se. For genes with a single probe, 
only deletion or amplification cut-off value was taken into con
sideration (not the minimum number of probes) to call for CNV. 
Genomic coordinates were based on the human genome 
(GRCh37/hg38). Genomic DNA used for analysis includes: ped B- 
ALL patients’ bone-marrow aspirates at diagnosis, K562 cell line, 
healthy adults’ (controls) peripheral blood, and a NAC’s bone- 
marrow aspirate. For accurate comparison with the RT-PCR pri
mers, these probes were also mapped on GRCh38/hg38 genome 
by our laboratory.

Results
Iteration-based probability scoring method for 
reporting genomics and transcriptomics changes 
in ped B-ALL
To determine relative differences in the CNV or transcript levels 
in samples collected from ped B-ALL bone-marrow aspirates 
(Table 1), peripheral blood from six healthy adults was collected 
as controls for necessary correlations.

Iteration-based probability scoring method was devised to de
termine and compute the spread in gene-expression or CNV lev
els in healthy control samples. A conventional RT-PCR based 
approach was used using cellular RNA with GAPDH as internal 
control for gene expression analysis; while DNA was used for the 
CNV analysis with RPP30 gene as an internal reference gene 
(Fig. 1A). In this method, median delta-CT values were derived 
from six healthy controls for each gene-of-interest (represented 
as X) and used to derive delta delta-CT per ped ALL sample 

(represented as x). The variability (represented as sigma, σ) be
tween the delta-CT values for the healthy controls was also esti
mated. The Median delta-CT from healthy controls for each 
gene-of-interest was then used to derive delta delta-CT per ped 
B-ALL sample (represented as x) and z-scores were derived to 
identify probabilities of upregulation in gene-expression or dele
tion for CNV analysis (Fig. 1A). Due to the low sample-size, it was 
not possible to identify the distribution of the data to calculate 
z-scores. Hence the z scores are calculated from the follow
ing formula: 

z ¼
x � X

σ
; (1) 

where x is the delta-CT of ped B-ALL (test)-sample individually, X 
is the location estimate (derived Median delta-CT from healthy 
control samples, n¼ 6) and σ is the scale estimate (variability in 
delta-CT of control samples, n¼6) [19, 20].

For the calculation of z score, estimates of X and σ were deter
mined from delta CT values for each gene-of-interest using 
healthy controls through robust analysis for small samples [21]. 
X and σ are estimated iteratively using Newton–Raphson method 
as Tn and Sn, respectively where Tn is the M-estimator of location 
as described in the equation given below: 

Xk

i¼1
ψ

xi � Tnð Þ

Sn

� �

¼ 0;where ψ xð Þ ¼
ex � 1
ex þ1

(2) 

where Tn is the location estimator and Sn is the scale estimator. 
The initial value used for Tn was T1 ¼median(xi) and the scale es
timator, Sn (median absolute deviation) was calculated as [19]  

Sn ¼ c:1:483:median xi � Tnj jð Þ (3) 

where, c is the small sample correction used to ensure that Sn is 
unbiased. Then the location estimator was obtained as 
Tnþ1 ¼ Tnþ

Sn�fn
0:4132, where fn ¼

1
k

Pk
i¼1 ψ xi � Tnð Þ

Sn

� �

.
This procedure was repeated until there was no change in es

timated values from one iteration to the next or until abs(fn) <
0.000001. Tn and Sn were fixed as the values from that iteration. 

Table 1. Clinical characteristic of Ped-B-ALL patients.

Clinical details N (%)

Total number of patients 14
Gender
Female 5 (35.7)
Male 9 (64.3)
Age at diagnosis
1–9 9 (64.3)
10–14 4 (28.6)
≥15 1 (7.1)
Cytogenetics
Hyperdiploidy 4 (28.6)
ETV6::RUNX1 1 (7.1)
BCR::ABL1 1 (7.1)
Normal karyotype 8 (57.2)
Risk status at diagnosis
Standard 1 (7.1)
Intermediate 12 (85.7)
High 1 (7.1)
MRD statusa

MRD positive 0 (0)
MRD negative 13 (100)

a One patient lost to follow up. Percentages may not add up to 100 due to 
rounding-off.

CNV by Real time-PCR  | 3  



The estimators of location and scale parameters were calculated 
from the reference population using the above-mentioned 
method and z score for the cases (or patient samples) was calcu
lated using Equation (1) (Fig. 1A). Using the z-scores calculated 
from the equation mentioned above, the probability score (P) 
was determined.

Fold change and the z score-derived probabilities were used 
together to evaluate the reliability of the data. Standard cut-offs 
for fold change were used to call for upregulation or downregula
tion in gene expression; and amplification or deletion for CNV 

calling (Fold-change ≤ −2¼downregulation or deletion; fold- 

change ≥2¼upregulation or amplification) in correlation with 

probability scores.

Gene-expression analysis in ped B-ALL
To develop a quantitative method for reporting relative differen

ces in gene expression levels, select genes from the Sonic 

Hedgehog (SHH) signaling pathway were used as a model given 

its role in B-cell maintenance [22] and our lab’s interest too [23].

Figure 1. RT-PCR-based relative gene-expression analysis using pediatric B-ALL bone-marrow aspirates. (A) Cartoon representing RT-PCR based 
method of relative gene expression using RNA or Copy number variation determination using genomic DNA for Test samples with reference to healthy 
adults (median derived using n¼ 6 healthy adults for RNA or DNA, using peripheral blood samples). Fold change and Z-score based probability scores 
are derived for necessary comparison. Created using Biorender.com. (B) Graph representing spread in Delta-CT value for each gene of interest as 
specified, solid coloured data-point represents the median value, derived using iterative scoring method for each primer. (C) Dot-plot representing 
relative expression of SHH-signalling genes for Ped B-ALL patients. Each colour represents a patient sample and relative expression of each gene with 
reference to healthy control. Conventionally used cut-offs for fold change, 2 to (−2) fold change, are represented as dotted lines. Y-axis represents Log2 
scale. Error bars represent ± standard deviations (SD).
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Here, ped B-ALL patients’ bone-marrow aspirates were used to 
evaluate relative expression of select genes of Shh-signaling 
pathway, namely—SHH; Glioma-associated oncogene family zinc 
finger 1 (GLI1); and B-cell leukemia/lymphoma 2 protein (BCL2). 
Delta-CT values SHH, BCL2, and GLI1 demonstrate significant var
iability between the peripheral blood samples derived from 
healthy controls, using GAPDH as an internal control (Fig. 1B, 
n¼ 6). Fold change in expression of SHH, GLI1 and BCL2 in ped B- 
ALL patients, at diagnosis, was determined using the median 
delta-CT values from healthy controls (Fig. 1C). We find patients 
with �91 fold up-regulation in SHH (Fig. 1C, green data-point), 
�37 fold up-regulation in BCL2 expression (Fig. 1C, green data- 
point), or up to �2930 fold up-regulation in GLI1 expression 
(Fig. 1C, blue data-point). Upregulation in expression of these 
genes is observed in several ped B-ALL patients (Fig. 1C; Table 2, 
>2 fold). The probability scores for upregulation of these genes- 
of-interest ranged from �0.6 to 1.0 (Table 2), which corroborated 
with the significant upregulation in their gene expression levels. 
However, all subjects were MRD negative and clinically stable. 
This suggests that the current intensive, combinatorial chemo
therapeutic regime [3] is effective, despite the elevated gene ex
pression levels in the SHH pathway. It must be noted that, our 
method has thus, not scored for any HR patients here, leaving 
the clinically relevant cut-offs (if any) of the gene expression lev
els undetermined.

Importantly, this method can be easily tested for other dis
eases or can be extended to include other genes-of-interest in 
ped B-ALL such as the ones identified using DRP-based approach 
for targeted therapy, like XPO1 or proteasomal genes, etc. [17].

CNV determination using RT-PCR- 
based approach
Considered a gold standard for CNV determination, a commer
cially available CGH array was used to analyse the 5 ped B-ALL 
samples, K562 cell-line, and a NAC.

The CGH array used here includes 180 000 probes, 60mer each, 
spanning the whole human genome. However, in view of the ob
jective here, we have confined our analysis to the eight genes of 

interest, namely—EBF1 (early B-cell factor 1), RB1 (retinoblastoma 
1), BTG1 (B cell translocation 1 gene 1), ETV6 (ETS variant tran
scription factor 6), PAX5, CDKN2A, CDKN2B, and IKZF1, already im
plicated in ped B-ALL therapy response [12, 14, 24]. Although IKZF1 
deletion is known to have the most prognostic impact in B-ALL 
patients [15, 16, 25], CDKN2A stands out as the most frequently de
leted gene [15]. Consequently, our discussion here primarily 
revolves around these two genes, along with ETV6, which is associ
ated with favorable outcomes upon deletion [12, 26].

K562 cells are known to be deleted for CDKN2A and CDKN2B 
genes [27]. We hence performed NGS-based exome sequencing 
and CGH array to confirm these deletions. No reads were 
obtained for CDKN2A/2B using the NGS based approach 
(Supplementary Fig. 2); while the CGH array demonstrated major 
deletions in and around CDKN2A/2B genes, unlike NAC (Fig. 2A(i 
and ii). It must be noted that the number of CGH probes for some 
of our genes of interest is not optimal here (Fig. 2B; 
Supplementary Fig. 3A), as this is not a customized array. 
Overall, K562 cell line demonstrated deletion in CDKN2A (Fig. 2C 
(i)), and region-specific losses in ETV6 (Fig. 2C(ii), black data- 
points). According to the threshold (log2-intensity ratio ≤ -1), 
CDKN2B (Supplementary Fig. 3B(i), black data-points) also exhib
ited deletions. In contrast PAX5 (Supplementary Fig. 3B(ii), black 
data-points), and RB1 (Supplementary Fig. 3B(iii), black data- 
points) displayed contiguous losses within the lower threshold 
range (log2-intensity ratio −0.25 to −1).

Based on the threshold (log2-intensity ratio ≤−1), only NAC 
exhibited some deletions (2 of 41) in the RB1 gene 
(Supplementary Fig. 3B(iii), blue data-points). However, the dele
tions observed were not consecutive and hence, were not called 
out as CNVs based on the current CGH analysis rules, as techni
cal limitations cannot be ruled out unless these are verified using 
alternate method. NAC also demonstrated a few losses (15 of 41) 
interspersed with probes showing gains and no-changes. No dele
tions were observed in the EBF1 gene for either NAC or K562 
(Supplementary Fig. 3B(iv), blue and black data-points, 
respectively).

Table 2. Log2 fold change (Log2 FC) and Iteration-based probability scores of gene-expression analysis of ped-B-ALL patients bone- 
marrow aspirates using select genes as model.

Sample code Analysis type Gene expression analysis (using cellular RNA)

SHH BCL2 GLI1

B-ALL 1 Log2 FC −1.06 2.04 7.73
Probability 0.29 0.66 1.00

B-ALL 2 Log2 FC 1.74 4.76 11.52
Probability 0.86 1.00 1.00

B-ALL 3 Log2 FC 1.73 0.53 1.72
Probability 0.86 0.38 0.96

B-ALL 4 Log2 FC 0.26 3.28 NA
Probability 0.44 0.97 NA

B-ALL 5 Log2 FC −1.06 1.78 1.63
Probability 0.29 0.59 0.95

B-ALL 10 Log2 FC 2.82 4.53 2.86
Probability 1.00 1.00 1.00

B-ALL 11 Log2 FC 6.51 5.21 NA
Probability 1.00 1.00 NA

B-ALL 12 Log2 FC −4.74 0.66 1.89
Probability 0.21 0.39 0.98

B-ALL 13 Log2 FC 3.52 −0.30 NA
Probability 1.00 0.32 NA

B-ALL 14 Log2 FC −1.74 2.85 −2.46
Probability 0.26 0.89 0.18

Probability of deletion represented as values from 0 to 1; NA ¼ No amplification in RT-PCR.
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Further, CNVs from 5 Ped B-ALL bone-marrow aspirates were 
also estimated using the CGH array (Fig. 2C; Supplementary Fig. 3B, 
grey data-points; Table 3). Apart from K562, CDKN2A was deleted in 
B-ALL3 too (Fig. 2C(i), grey data-point; Table 3). Most samples, except 

B-ALL2 & B-ALL4 showed region-specific losses, or deletions for ETV6 
gene (Fig. 2C(ii), grey data-points; Table 3); While only in B-ALL1 and 
B-ALL4, all three probes for IKZF1 suggest a clear loss (Fig. 2C(iii), grey 
data-points; Table 3).

Figure 2. Comparative Genome Hybridisation (CGH) array identifies CNVs in K562 cell-line and Ped B-ALL derived bone-marrow aspirates. (A) Scatter- 
plot of region flanking CDKN2A/2B probes (p21.3 region—chromosome 9) in (i) Non-malignant Age-matched Control (NAC) and (ii) K562. Each data 
point here represents a single CGH probe. The x-axis represents the log-intensity ratio. Double head arrow highlights the log-intensity ratio for calling 
deletions. (B) Cartoon representing CGH probes positions (red-marks) mapped onto GRCh38/hg38 genome, using Snapgene, for (i) CDKN2A, (ii) ETV6, 
and (iii) IKZF1. (C) Represents dot-plot of CNV status using CGH array. Log-intensity ratios for CGH probes of (i) CDKN2A, (ii) ETV6, and (iii) IKZF1 for ped 
B-ALL bone-marrow aspirates (B-ALL 1–5), NAC, and K562 are presented. For all images, Gain ¼ ≥0.25 to < 2; Amplification ¼ ≥ 2; Loss¼−0.25 to <−1; 
Deletion ¼ ≤ −1. Each dot represents 1 probe for the given gene as mentioned. Black-dotted line represents cut offs for loss or gain and red-dotted lines 
represents cut-offs for calling deletions or amplifications.
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For the CNV calling using RT-PCR, DNA from the same six 
healthy controls was used to derive the control delta-CT value 
(median and sigma) for each primer (Fig. 3A). Two primer sets 
were designed, in-house, per gene for this analysis. Only RB1 
gene has only one primer set (Supplementary Table 1).

While DNA from NAC or K562 demonstrate RT-PCR based am
plification of the internal control gene—RPP30 (Fig. 3B(i-ii), yellow 
arrows); Only NAC shows amplification for CDKN2A (Fig. 3B(i and 
ii), green arrows). DNA from K562 show lack of amplification or 
CT-values for CDKN2A using either primer, Pr 1 (Fig. 3(i), white ar
row) or Pr 2 (Fig. 3B(ii), white arrow), and for CDKN2B (data not 
shown), confirming the major deletion status of the loci (p21.3 re
gion in chromosome 9) in K562 cell line. This is in corroboration 
with the CGH (Fig. 2A and C) and Exome sequencing data 
(Supplementary Fig. 2). As observed in CGH analysis, one of the 
two primers also showed deletion in CDKN2A for B-ALL3 (Fig. 3C 
(i), grey data-point below dotted-line), unlike NAC (Fig. 3C(i), blue 
data-points). Additionally, we find that B-ALL1, B-ALL4, and B- 
ALL5 also show deletion in CDKN2A using one of the primers’ set, 
but were not picked by the CGH array (compare Fig. 3C(i) and  
Fig. 2C(i)). The probability of deletion for CDKN2A using RT-PCR 
method was also in the higher range for B-ALL1 (P¼ .92), B-ALL3 
(P¼ .74), B-ALL4 (P¼ 1.00), and B-ALL5 (P¼ 1.00) (Table 4).

Deletion in ETV6 was observed using both primer sets, in most 
of the patients tested, B-ALL1 (P¼ .99, 1.00), B-ALL2 (P¼1.00, 
1.00), B-ALL3 (P¼ 1.00, 1.00), B-ALL8 (P¼ .95, .96), B-ALL9 (P¼ .93, 
1.00), K562 (P¼ .85, 1.00) (Table 4), unlike NAC. The probabilities 
of deletions ranged from P¼ .5–1 for either ETV6 primer sets be
low the reference line (Fig. 3C(ii); Table 4). Only B-ALL4 showed 
deletion in IKZF1 using Pr1 primer sets (Fig. 3C(iii); Table 4, 
P¼ .83). While the Pr2 primer do not show value below the refer
ence line, the probability of deletion is still high here (Fig. 3C(iii);  
Table 4, P¼ 0.77). Largely however, comparable trends were ob
served between the two RT-PCR primer sets for ETV6 and IKZF1, 
unlike CDKN2A primer sets (Fig. 3C, compare the data-points per 
sample per gene).

It must be noted that the RT-PCR primers’ and CGH probes’ 
locations are completely different for each gene here (Fig. 3D; 
Supplementary Fig. 3A). We hence conclude, that for comparing 
the accuracy of microdeletion callings (unlike major deletions), 
the CGH probes and RT-PCR primers need to be tested together 
and should be designed for overlapping positions.

Overall, we find that the RT-PCR-based method can identify 
the deletions in ped B-ALL patients unlike in the NAC. We have 
compared the overall callings between the two methods (Table 5; 
Supplementary Table 2). The samples with no CNV callings in 
genes of interest by the CGH array, also failed to demonstrate 
any significant fold change via the RT-PCR-based approach (with 

a low probability of deletion, between 0 and 0.5) (Table 4; Table 5; 
Supplementary Table 2). While the three major deletions (in 
K562—CDKN2A and CDKN2B; and B-ALL3—CDKN2A) were 
detected by both CGH and RT-PCR-based approach with the 
probability scores ranging from 0.73–1 (Table 4; Table 5; 
Supplementary Table 2). RT-PCR successfully detected 10 of the 
12 losses, with a probability score of 0.5–1 (Tables 4 and 5; 
Supplementary Table 2). In summary, while the RT-PCR-based 
method effectively identified major deletions or lack of deletions; 
microdeletion callings require more rigorous corroboration with 
overlapping primer-probe locations.

Discussion
Risk stratification in Ped B-ALL
Multiple efforts are being made to improve the risk stratification 
in Ped B-ALL by developing better risk algorithms based on cyto
genetics and clinical signs [28, 29]. It is now consistently observed 
that CNVs in select genes also carry prognostic value [10, 30–32]. 
Additionally, preliminary evidence suggests that upon relapse or 
refractory disease, patients might need a more tailored therapeu
tic approach based on their relative cellular activities [17]. In light 
of this, we devised a cost-effective RT-PCR-based method to aid 
molecularly stratification of ped B-ALL patients. Currently, our 
RT-PCR-based CNV calling or gene expression analysis uses con
ventional cut-offs for fold change or probability scores. It is thus, 
necessary to identify clinically relevant cut-off values using a 
prospective clinical study. Also, the accuracy of RT-PCR-based 
CNV-callings needs to be compared with the current methods us
ing overlapping primer-probe locations.

Measures to improve the RT-PCR based callings
In this study, we identified a total of 56 callings by analyzing 
eight genes across seven samples (five Ped B-ALLs, NAC, and 
K562), using CGH and RT-PCR techniques. It should be empha
sized that CGH necessitates at the least three adjacent probes to 
report deletion or amplification as per current commercially 
available kits (see section Methodology), whereas for RT-PCR, a 
single primer demonstrating log2-fold change ≤ −1, was classi
fied as a deletion by us.

We observe that most of the CNVs deemed as losses (12 of 56) 
and deletions (3 of 56) by CGH, were captured by at least one of 
the primer sets using the RT-PCR method -10 of 12 losses, 
(�83.3%; Table 5 and Supplementary Table 2) and all three dele
tions (100%; Table 5 and Supplementary Table 2). This was ob
served despite non-overlapping primer-probe positions. This 
suggests presence of either macro-deletions or frequent micro- 
deletions in these genes. �73% (41 of 56) callings had no deletions 

Table 3. CGH array based CNV callings using reference DNA provided by manufacturer as control.

Genes Sample codes (cellular DNA)

B-ALL1 B-ALL2 B-ALL3 B-ALL4 B-ALL5 NAC K562

RB1 – – – – – – Lc (21 of 41)
BTG1a – – – – – – –
ETV6 Lc (7 of 9) – Lc (9 of 9) – Lc (3 of 9) – Lc (7 of 9)
IKZF1 Lc (3 of 3) Lc (2 of 3) – Lc (3 of 3) – – –
EBF1 – – – – – – –
PAX5 – – – – Lc (3 of 6) – Lc (4 of 6)
CDKN2A – – Dc (1 of 1) – Lc (1 of 1) – Dc (1 of 1)
CDKN2B – – – – Lc (2 of 4) – Dc (4 of 4)

a All 3 BTG1 probes did not map on GRCh38/hg38, but did on GRCh37/hg19.
Lc ¼ Loss by CGH (−0.25 to < −1), Dc ¼ Deletion by CGH (≤−1), Dash ¼ No changes (−0.25 to 0.25) þ Gain (0.25 ≤ 2) þ Amplification (>2).
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or losses as per CGH, out of which �65% (27 of 41) were reckoned 
by RT-PCR as well (Table 5 and Supplementary Table 2).

While MLPA provides better throughput and can cover the ge
nome more widely, it involves higher skills. The costs vary 

depending on the lab's settings, the number of probes utilized, 

and the quantity of reagents used for the analysis. MLPA cur

rently stands as the method of choice for the detection of CNVs, 

single nucleotide polymorphisms, and other aberrations in 

Figure 3 RT-PCR-based CNV determination of K562 cell-line and Ped B-ALL derived bone-marrow aspirates. (A) Graph represents delta-CT value (using 
genomic DNA) for each primer designed (two per gene, except RB1) using RPP30 as internal control. Coloured, solid data-point represents the median 
value, derived using iterative scoring method for each primer. (B) Agarose gel electrophoresis of RT-PCR amplification products of (i) CDKN2A Pr 1, (ii) 
CDKN2A Pr 2, using RPP30 as the internal control, for NAC, K562 and no-template control (NTC). For both K562 and NAC, arrow points towards the 
amplified products of RPP30 gene, or CDKN2A (Pr 1 and Pr 2) gene as mentioned. 100 bp DNA ladder is used as the size reference. NTC ¼ No template 
control. (C) Graph representing RT-PCR determined CNV status of ped B-ALL patients, NAC and K562 cell-line for (i) CDKN2A, (ii) ETV6, and (iii) IKZF1, 
represented as log2-fold change, normalized to healthy adults. Deletion ¼ ≤−1; Amplification ¼ ≥1. Each data-point represents one RT-PCR primer-set. 
Two primer sets are used for each gene as mentioned. No amplification was obtained for CDKN2A primers (Pr 1 and Pr 2) in K562 as represented by the 
black arrow. (D) Image represents location of the RT-PCR primers and CGH probes mapped using GRCh38/hg38 genome, using Snapgene, for (i) 
CDKN2A, (ii) ETV6, and (iii) IKZF1 to compare their relative positions.
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genetic disorders such as Duchenne Muscular Dystrophy (DMD) 
and Spinal Muscular Atrophy (SMA), where probing one or few 
select genes is necessary [33, 34]. The kits employed in diagnos
tics to detect CNVs in DMD and SMA facilitate the utilization of a 
minimum of 1-4 probes per exon, and over 40-60 target regions at 
a time [35, 36]. By analyzing the ratios (above and below the 
threshold) of neighboring probes, deletions and/or duplications 
in specific regions are identified and assigned [37, 38].

Few MLPA kits have also been created and utilized in research 
only (Probemix iAMP21 ERG [39], Probemix D007 [40], P335 ALL- 
IKZF1 [41]) to determine CNV profiles in B-ALL [10, 12, 16, 42]. 
Probemix P335 ALL-IKZF1 has been CE-marked and is employed 
in diagnostics in selected countries. It covers genes relevant to B- 
ALL with limited number of probes (PAX5 –7; EBF1 –4; ETV6 –6; 
RB1–5; IKZF1–8; the CDKN2A/CDKN2B region –3; additionally BTG1 
and downstream region –4; and Xp22.33/Yp11.32 region including 
PAR1 –5) [41]. Additionally, for CNV detection in B-ALL, a robust 
technique combining MLPA-based next-generation sequencing 
(NGS), also known as digital-MLPA or MLPA-NGS, has emerged 
[43]. This advanced method has proven to enhance accuracy by 
analyzing a larger array of target regions, assessing sub-clonal 
alterations, allowing smaller initial DNA amounts, and eliminat
ing the need to discriminate fragments based on length.

It must be noted that even for the MLPA-based approach, CNV 
calling using less than two probes are considered as a loss and 
recommended to be tested by alternative techniques [42, 45]. 
Losses identified by CGH or MLPA if not validated by alternative 

methods, are currently not considered for clinical decisions. This 
reflects on the technical limitation of these approaches, rather 
than the clinical consequences of such micro-deletions.

Continuing in the same manner with CGH, regions that lie out
side the target sequence of MLPA probes will not be accounted for 
and there is a possibility of changes in those regions that remain 
undetected, rather than absent. Single nucleotide variations and 
point mutations in the target sequence may also lead to false posi
tive results in MLPA [41]. Copy number changes detected by more 
than one consecutive probe in MLPA, are also recommended for 
further validation via other techniques such as array CGH, se
quencing, long PCR as well as RT-PCR [41].

Overall, these limitations are shared across techniques (CGH, 
MLPA), and we propose that a similar criterion can be formulated 
for RT-PCR-based approach too, which would be a more cost- 
effective alternative in resource-constrained settings.

Studies have also brought to light how CNVs differ across na
tion, with geography and regional assessment playing a critical 
role in establishing their prevalence and frequency. In 
UKALL2003 [12] study, demonstrated �15% cases with IKZF1 de
letion versus 40% in another group, whereas, the AIEOP-BFM [16] 
study conducted in Italy, and Austria, demonstrate only �8.3% 
(83/991) cases with IKZF1 deletions. They go on to define another 
class of IKZF1 deletion as well—IKZF1plus, where IKZF1 deletion 
was accompanied by other deletions (CDKN2A/2B, PAR1, PAX5; in 
the absence of ERG1 deletion), which they observe �6.3% (63/991) 
patients. On the other hand, ICiCLe-2014 [15] conducted in India, 

Table 4. Log2-fold change (Log2 FC) and iteration-based probability scores of RT-PCR primers for CNV analysis of ped-B-ALL patients.

Sample code Analysis type RB1 BTG1 ETV6 IKZF1 EBF1 PAX5 CDKN2A CDKN2B

Pr 1 Pr 2 Pr 1 Pr 2 Pr 1 Pr 2 Pr 1 Pr 2 Pr 1 Pr 2 Pr 1 Pr 2 Pr 1 Pr 2

B-ALL 1 Log2 FC (wrt controls) 0.61 1.25 7.63 −2.56 −2.56 1.43 1.63 0.66 2.75 2.6 −1.51 −1.36 5.72 0.36 4.1
Probability of Deletion 0.35 0.27 0 1 0.99 0.03 0.16 0.15 0 0.05 0.97 0.92 0 0.1 0

B-ALL 2 Log2 FC (wrt controls) 0.12 −0.62 6.32 −2.74 −3.06 2.14 2.26 0.37 0.36 4.77 −0.76 7.51 7.14 6.36 4.8
Probability of Deletion 0.47 0.63 0 1 1 0 0.08 0.26 0.27 0 0.85 0 0 0 0

B-ALL 3 Log2 FC (wrt controls) 0.63 0 3.28 0.66 −4.32 2.2 1.1 0.44 0.16 0.96 0.61 −0.62 3.42 0.86 0
Probability of Deletion 0.34 0.51 0.03 1 1 0 0.53 0.23 0 0.26 0 0.74 0.03 0 0.5

B-ALL 4 Log2 FC (wrt controls) −0.54 −3.84 4.22 NA −1.32 −0.86 0.24 NA 4.02 −1.51 0.82 −5.06 2.45 −1.79 3.9
Probability of Deletion 0.64 0.17 0 – 0 0.83 0.77 – 0 0.82 0 1 0.04 1 0.5

B-ALL 5 Log2 FC (wrt controls) 1.08 1.61 0.83 −0.3 −0.58 2.73 1.56 0.14 3.56 −0.34 −1.03 −2.32 1.08 −2.84 3.2
Probability of Deletion 0.24 0.22 0 0.54 0 0 0.17 0.38 0 0.57 0 1 0.22 1 0.8

B-ALL6 Log2 FC (wrt controls) 1.8 1.83 5.69 −0.81 0.56 5.26 2.34 2.5 −1.09 4.86 2.87 4.21 5.81 2.12 2
Probability of Deletion 0.12 0.19 0 0.83 0.12 0 0.07 0 0 0 0 0 0 0 0.2

B-ALL 7 Log2 FC (wrt controls) −6.64 3.53 NA 4.22 4.1 2.63 2.92 7 2.24 −0.64 6.15 4.3 2.01 7.7 7.4
Probability of Deletion 1 0.04 - 0 0 0 0.03 0 0 0.65 0 0 0.11 0 0

B-ALL 8 Log2 FC (wrt controls) 2.42 NA NA −1.29 −1.94 2.42 1.79 3.38 3.36 3.04 5.64 7.28 8.35 5.99 5.3
Probability of Deletion 0.06 – – 0.96 0.95 0 0.14 0 0 0.02 0 0 0 0 0

B-ALL 9 Log2 FC (wrt controls) −0.56 0.23 NA −1.94 −1.79 NA 3.1 2.3 3.8 5.85 −0.45 4.28 7.5 2.47 2.5
Probability of Deletion 0.65 0.46 - 1 0.93 - 0.03 0 0 0 0.75 0 0 0 0.2

NAC Log2 FC (wrt controls) 3.05 −2.74 8.39 0.29 −0.54 1.25 2.57 −1.64 0.03 −0.45 −5.64 1.95 1.4 2.63 2.3
Probability of Deletion 0 0.65 0 0.06 0.29 0 0.03 0.49 0 0.22 1 0 0.03 0 0

K562 Log2 FC (wrt controls) −1.47 −0.6 0.36 −3.32 −1.94 0.56 0.18 −0.67 0.49 1.17 −3.84 NA NA NA NA
Probability of Deletion 0.5 0.25 0.02 1 0.85 0 0.36 0.07 0 0.04 0.96 - - - -

Probability of deletion represented as values from 0 to 1; Dash ¼ Probability callings not possible, NA ¼ No amplification in RT-PCR. Pr1¼CNV Primer set 1, 
Pr2¼CNV Primer set 2, Total samples used¼ 9 Ped B-ALL samples, 1 NAC, and K562 cell line.

Table 5. Overlap of CGH callings found in RT-PCR.

Category CGH callings count (out of 56)a Overlap between CGH & RT-PCR (%)

Deletions 3 100 (3 of 3)
Losses 12 83.4 (10 of 12)
Not called for deletions or losses 41 65.8 (27 of 41)
deletions unique to RT-PCR – 25 (14 of 56)

RT-PCR base deletion called based probability scores using conventional cut-off >0.5 (not using clinical data).
a Total samples for both CGH array and RT-PCR based analysis¼5 Ped-B-ALL, 1 NAC, & K562 cell line. Total 56 CNV callings¼8 genes × 7 samples.
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reflected IKZF1 deletion alone in �19.5% cases whereas, �13.4% 
cases demonstrated IKZF1plus deletions. As IKZF1 is known to im
pact prognosis and is considered a HR CNV, this data also reflects 
on the importance of understanding CNVs in control population 
based on the geography.

To derive sensitivity, specificity, and reproducibility of the pro
posed RT-PCR based method for clinical setting and application, a 
rigorous comparison with well-established methods like MLPA or 
CGH array is inevitable. Similar efforts have been made using a cus
tomized NGS panel for CNV detection in Ped B-ALL patients [46].

To determine specificity and sensitivity, each region (espe
cially the deletion hotspots) for CNV callings needs to be com
pared with the established technique. While we have tried 
making this comparison, we are currently not able to accurately 
determine this due to the lack of overlapping primer probes’ loci.

Given the limited number and non-overlapping positions of 
the primers and probes, refining these metrics is a requisite to 
further develop this method. Additionally, cloning the gene-of- 
interest(s), and generating knock-out lines for the same are likely 
to enable in defining optimal PCR conditions for determining spe
cificity and sensitivity of this method. The limit of detection 
(LoD), reflecting the lowest number of clones with the said CNV 
that would be detectable via RT-PCR needs to be determined too.

To determine reproducibility, it would be ideal to analyze the 
same samples repeatedly to compare the callings. Samples must 
be run in replicates for the same assay. Same sample should be 
analysed across laboratories, to compare the callings. For this 
however, overall stability of the nucleic acids must be ensured. 
RT-PCR relies on an internal normalizing control-based ap
proach. Here we have used RPP30 as an internal control to deter
mine the reliability of CNV callings. The CT values for RPP30 
expressed as median (interquartile range): 24.545 (23.90–25.31), 
was consistent across the samples. However, choosing an appro
priate internal control is necessary too. Efforts should be made to 
ensure that the internal control(s) amplify at specific range of CT 
value. This can ensure that the quantity of the nucleic acids or 
quality is not limiting.

PCR based CNV detection is currently not a method of choice 
for diagnostics, however it holds significant potential. On the 
contrary, the utilization of RT-PCR to serially monitor the pro
gression of a disease via assessing the number of transcripts has 
been an established practice for Chronic Myeloid Leukemia 
(CML). Concentric efforts are made to use BCR::ABL/ABL expres
sion to report the disease at the time of diagnosis and for regular 
monitoring [47–49]. Similar meticulous efforts are necessary to 
further the use of this method for diagnostic purpose.

Limitations of the study and the way ahead
While our proposed method might hold diagnostic potential, 
there are several aspects that need to be worked upon for devel
oping this method further.

i) This study is performed using limited samples for the 
method development. To assess the clinical relevance of 
the method in future, sample size needs to be calculated so 
that the z score is calculated considering the actual distri
bution of the data which helps to improve the reliability of 
the relative callings. 

ii) Hotspots in CNVs are identified and may not be a rare fea
ture. DMD [50–53] and SMA [54] genes have been exten
sively analyzed for characteristic patterns of deletions and/ 
or duplications, and a similar approach needs to be applied 

for a detailed analysis of our genes of interest. Currently we 
do not have any information about the indels or CNVs in 
healthy population from the geography. Given that sub- 
microscopic CNVs or indels are common, it is important to 
identify these for each gene-of-interest. Identifying fre
quently deleted regions per gene of interest in controls and 
patients is necessary to identify the appropriate locations 
for RT-PCR primers. 

Similarly, care must be taken to account for regions con
taining low-frequency, rare variants, and/or geography spe
cific polymorphisms. The need to include more than one 
primer sets to account for such polymorphisms must be 
reviewed using healthy populations as reference for each 
geography. 

Accuracy of CNV callings in samples with hyperdiploidy 
and low blast percentage (minimum 20% blasts) must be 
evaluated critically to understand if CGH/MLPA versus RT- 
PCR approach has common or specific limitations. 

iii) The non-overlapping position between CGH probes and RT- 
PCR primers has proven to be a major limitation of the 
study. It is imperative for the probes and primers to be at 
the same loci to identify relative specificity and sensitivity 
of the RT-PCR based CNV detection method. A customized 
CGH array or MLPA based analysis in comparison to RT-PCR 
is a must to evaluate the true positives and true negatives 
or vice versa. 

iv) Here, we have used only one internal control gene for CNV 
or gene expression analysis. Identifying more appropriate 
internal controls using DNA or cDNA respectively, can pro
vide better handle on the reliability of the CNV callings or 
relative gene-expression levels. 

v) The necessary technical considerations (CT-value cut-offs 
for control genes, LoD for DNA or cDNA, acceptable varia
tion between duplicates/triplicates of individual samples, 
technical considerations for reproducibility between labora
tories and human resource, quality of reagents, RT-PCR ma
chine, etc.) to define PCR conditions that can ensure 
reproducibility or reliability of the method have not 
been achieved. 

In conclusion, applying our devised iterative-scoring method 
in genetic profiling and testing could advance patient risk- 
stratification. Due to the affordability and minimal technical 
demands, RT-PCR tests could serve as a primary screening tool 
during diagnosis for upfront stratification and classification of 
ped B-ALL patients based on CNV analysis. This would be partic
ularly beneficial in clinical and hospital settings with limited 
resources. In contrast, methods such as MLPA, digital-MLPA, or 
CGH for CNV reporting can be used if our RT-PCR based approach 
fails to identify any CNVs for upfront stratification and/or in 
patients with relapsed or refractory disease. While gene- 
expression analysis using RT-PCR based approach can be initially 
compared with DRP analysis to develop tailored therapeutic ap
proach, it can be restricted to patients with high risk, relapsed or 
refractory disease, for now. Such measures are likely to contrib
ute significantly towards improving molecular risk-stratification, 
at different stages, to improve clinical management and out
comes of ped B-ALL patients.
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