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Abstract: The detection of genetic alterations in patients with acute leukemias is essential for the
targeting of more specific and effective therapies. Therefore, the aim of this study was to compare
the sensitivity of Nested-PCR and RT-qPCR techniques in the detection of genetic alterations in
patients with acute leukemias. This study included samples from 117 patients treated at the Fortaleza
General Hospital. All samples were submitted to analysis using the Nested-PCR and the RT-qPCR
techniques. Acute Myeloid Leukemia (AML) patients’ samples were submitted to the analysis of the
following alterations: FLT3-ITD, RUNX1::RUNX1T1, CBFB::MYH11 and PML::RARA; meanwhile,
BCR::ABL1, TCF3::PBX1, KMT2A::AFF1, ETV6::RUNX1, and STIL::TAL1 fusions were investigated in
the Acute Lymphoblastic Leukemia (ALL) patients’ samples. Throughout the study, 77 patients were
diagnosed with AML and 40 with ALL. Among the 77 AML patients, FLT3-ITD, RUNX1::RUNX1T1,
PML::RARA, and CBFB::MYH11 were detected in 4, 7, 10 and 8 patients, respectively. Among the
40 ALL patients, the presence of 23 patients with BCR::ABL1 translocation and 9 patients with
TCF3::PBX1 translocation was observed through the RT-qPCR methodology. Overall, the present
study demonstrated that the RT-qPCR technique presented a higher sensitivity when compared to
the Nested-PCR technique at the time of diagnosis of the acute leukemia samples studied.

Keywords: biomarkers; molecular diagnostic techniques; polymerase chain reaction; acute myeloid
leukemia; acute lymphoblastic leukemia

1. Introduction

The diagnosis of hematological cancers still represents a great challenge. The various
stages of normal hematopoietic differentiation give rise to a series of biologically and
clinically distinct cancers [1–3]. Following the World Health Organization (WHO) and
European Leukemia Net (ELN) of 2022 risk stratification guidelines, the detection of
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cytogenetic and molecular changes in leukemias has demonstrated extreme importance at
diagnosis [4,5].

The diagnosis of leukemias in the northeastern Brazilian states, especially in Ceará,
is still based on morphological and immunophenotyping tests, which only consider the
identification of blast cells and their membrane markers. This may induce stratification
errors of the various subtypes of leukemias, impairing prognosis, as well as the choice of
the most indicated molecular therapy, which increases the chances of survival and quality
of life of patients during treatment [6–9].

The polymerase chain reaction (PCR) has dramatically altered how molecular studies
are conducted, as well as the improvement of investigations and diagnosis of many different
types of diseases. This technique was firstly introduced in the 1980s by Kary Mullis and
it is capable of synthesizing millions of copies of a specific DNA sequence in a simple
reaction [10–15]. Over the years, the PCR methodology has evolved, and several variations
of the technique have been developed in order to improve the sensitivity, specificity, and
speed of the method [16–19].

The work of van Dongen et al. (1999) established Nested-PCR as the gold standard
methodology in the detection of gene fusions in acute leukemias at diagnosis and in the
investigation of minimal residual disease (MRD) [20–22].

The Nested-PCR is a technique that consists of a double amplification of a DNA or
cDNA template that uses the product obtained in the first amplification as a model for
the second. In this way, the sensitivity and specificity of the analysis are improved. The
alteration detection is confirmed by performing an agarose gel electrophoresis [23–26].

Real-time quantitative PCR (RT-qPCR), in particular, has revolutionized the diagnosis
and follow-up of MRD, as it enables the highly sensitive detection of residual leukemic
cells [23,27–30]. This technique basically consists of the exponential amplification of a
specific region of nucleic acids. In RT-qPCR, the amplification and detection of nucleic acid
fragments occur simultaneously, providing greater speed and sensitivity to the method.
Through this technique, it is possible to analyze the gene expression profile of several
genes and/or chromosomal fusions, so it can be used both for the diagnosis and for the
monitoring of the disease and detection of MRD [1,28,30–37].

Despite the fact that Nested-PCR is still considered the gold standard method for
detecting cytogenetic changes in patients with leukemias, it is a very time-consuming
technique whose last standardization was performed in 1999. Given this, most Brazilian
public health services use the karyotype method to carry out this type of diagnosis, which,
however, is also a very time-consuming technique and sometimes does not generate results
for patients [38,39]. Currently, with the RT-qPCR technology available and widely dissemi-
nated worldwide, this methodology seems to be more sensitive and effective in detecting
these same alterations [23,28,40,41]. Therefore, this study aimed to perform a sensitivity
comparison in the detection of genetic alterations in patients with acute leukemias.

2. Materials and Methods
2.1. Ethical Aspects

This project was submitted and approved by the Research Ethics Committee (CEP) of
the Federal University of Ceará, under registration number 4339719. The participants of
this study were patients with suspicion/diagnosis of acute leukemias of the myeloid or
lymphoid type treated at the Fortaleza General Hospital. The patients or their guardians
were submitted to readings and analysis of the Free and Informed Consent Form (FICF)
and only participated in the research after acceptance of the above and signature.

The collection of information from medical records and blood and bone marrow
samples from patients with suspected or diagnosed acute leukemias were carried out
from July 2021 to May 2023 at the Fortaleza General Hospital, totaling 175 patients. After
applying the exclusion criteria, the study had the participation of 117 patients, due to the fact
that the remaining 58 patients who sought medical attention for suspected acute leukemias
were diagnosed with other hematological diseases, such as chronic lymphoid leukemia
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(CLL), multiple myeloma (MM), myelodysplastic syndrome (MDS), and myeloproliferative
syndrome (MPS).

2.2. Samples for Molecular Study

All 117 research participants were directed to peripheral blood collection for genetic
evaluation, regardless of the percentage of circulating blasts. Patients’ samples were col-
lected in EDTA collection tubes at the time of diagnosis and were packed in a thermal case
at 2–4 ◦C for transport to the laboratory for latter processing.

This material was collected at the health service where the patient was receiving care
by means of peripheral venipuncture by trained personnel. A total of 5 mL of peripheral
blood was collected for RNA extraction in an EDTA tube. Bone marrow collection was
possible in only 84 patients out of 117 study participants. A total of 2–3 mL of bone marrow
was collected in an EDTA tube. These samples were collected at the time of myelogram
examination at diagnosis, without causing any additional inconvenience to the patients.
The collected samples did not show lysis and were processed by separating the buffy coat
through centrifugation at 5000 rpm for 5 min. The cytogenetics study was made by the
state blood center and their results were obtained through the system integrated into the
medical records.

2.3. RNA Extraction and Quantification

RNA from the patients’ peripheral blood and bone marrow samples was extracted
from the buffy coat with commercial TRIzol Reagent® (Applied Biosystems, Foster City,
CA, USA) kit according to the manufacturer’s instructions.

The quantification was performed using a NanoDrop2000 spectrophotometer (Thermo
Scientific, Waltham, MA, SUA) following the protocol designated by the company. Our
group established that all samples should be standardized to a concentration of 20 ng/µL.
RNA quality was determined by the 260/280 nm ratio provided by the NanoDrop2000
spectrophotometer (Thermo Scientific) used, where the samples with ratios between 1.8
and 2.0 were considered to have a good degree of purity.

2.4. Reverse Transcriptase Polymerase Chain Reaction (RT-PCR)

From 20 µL of RNA, a reverse transcriptase polymerase chain reaction (RT-PCR) was
performed for cDNA synthesis. The conversion was performed with the aid of the High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystem, Foster City, CA, USA),
according to the manufacturer’s protocol. This step was performed in a Veriti® Thermal
Cycler (Applied Biosystems, Foster City, CA, USA). After this step, the samples were stored
in a freezer at −20 ◦C until use for analysis.

2.5. Identification of Genetic Biomarkers

Initially, a panel of 9 genetic biomarkers (BCR::ABL1 p(190), TCF3::PBX1, KMT2A::AFF1,
ETV6::RUNX1, STIL::TAL1, FLT3-ITD, PML::RARA, CBFB::MYH11, and RUNX1::RUNX1T1),
described in the literature as the most frequent in acute leukemias, was used to screen
patients seen in the health service using both PCR techniques in both peripheral blood and
bone marrow samples.

2.5.1. Nested Polymerase Chain Reaction (Nested-PCR)

The gene detection by Nested-PCR was made using Veriti® Thermal Cycler (Applied
Biosystems, Foster City, CA, EUA) and commercial kit Invitrogen™ Platinum™ SuperFi™
II PCR Master Mix (Thermo Fisher Scientific, Waltham, MA, SUA).

The primers used in this technique were based on the consensus established for the
diagnosis of acute leukemias in the article on the standardization of the technique published
by van Dongen et al. (1999) [20]. In addition, the GAPDH and HPRT genes were used as
reference/positive control genes, as they were used in van Dongen et al.’s (1999) [20] study.
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Ultra-pure water was used as a negative control. The information on the chosen primers
for the study is summarized in Table S1 in the Supplementary Material.

The reaction protocol used 4.25 µL of deionized water, 6.25 µL of 2X Platinum SuperFi
II PCR Master Mix, 0.5 µL of forward primer (F), 0.5 µL of reverse primer (R), and 1 µL
of cDNA, totaling a reaction of 12.5 µL. The protocol for reaction amplification consisted
of 35 cycles as follows: 95 ◦C/3 min, 94 ◦C/2 min, 65 ◦C/1 min, 70 ◦C/2 min, and
70 ◦C/30 min.

After the last Nested-PCR, an agarose gel electrophoresis was performed to reveal
whether or not there was an amplification of the target region. UltraPure™ Agarose (Invitro-
gen, Waltham, Massachusetts, EUA) was used to make a 100 mL gel with a 1.5 concentration.
The 1 KB Plus DNA Ladder kit (Thermo Fisher Scientific) was added along with the Nested-
PCR products in each well. Electrophoresis was performed with 100 V, 400 mA and for
60 min. Then, the gel was visualized through the IBright 1500 (Thermo Fisher Scientific).

2.5.2. Real-Time Polymerase Chain Reaction (RT-qPCR)

The expression detection of genetic alterations by quantitative real-time PCR (RT-
qPCR) was performed using the QuantStudio 5 device (Applied Biosystems) and com-
mercial kit TaqMan® Expression Master Mix (Thermo Fisher Scientific). In addition, the
expressions of the endogenous genes ACTB and ABL1 were analyzed in all samples as
positive controls, as is recommended by Pessoa et al. (2024) [21]. Ultra-pure water was
used as negative control. Information on the genes and probes chosen for the study is
summarized in Table S2 in the Supplementary Material.

About the protocol, for each sample, the following were used: 1 µL of cDNA, 0.5 µL
of each primer/probe, 5 µL of TaqMan® Gene Expression Master Mix (Life Technologies,
Carlsbad, CA, USA), and 3.5 µL of ultra-pure water. Applied Biosystems MicroAmp®

Optical 96-Well Reaction Plates were used and each sample was analyzed in triplicate
for experimental and technique validation, according to the international standards for
evaluation of gene expression by real-time PCR. The protocol of amplification of the
reactions consisted of the following cycling: 50 ◦C/2 min, 95 ◦C/10 min, and 50 cycles of
95 ◦C/15 s and 60 ◦C/1 min.

After amplification, the fragments were quantified by fluorescent data analysis using
software version 1.1 in the QuantStudio 5 (Applied Biosystems). All the RT-qPCR tests fol-
lowed Minimum Information for Publication of Quantitative Real-Time PCR Experiments
MIQE Guidelines requirements [42].

Although detection based on an RT-qPCR-based threshold value (Cq) is feasible and
widely used, it is important to note that the Cq value can vary based on various non-
technical factors. For example, improper pipetting can change the initial amount of loading.

2.6. Statistical Analysis

The fusion gene detections were analyzed in terms of frequency. The data were ana-
lyzed using the Chi-square test and described in a contingency table, using the GraphPad
Prism 8.0 program, adopting a significance level of p < 0.05.

3. Results

Throughout the study, 77 (65.8%) patients were diagnosed with Acute Myeloid
Leukemia (AML) and 40 (34.2%) with Acute Lymphoblastic Leukemia (ALL), of which 35
(87.5%) corresponded to type B and 5 (12.5%) to type T.

Among all 77 AML patients, 4 patients with the FLT3-ITD mutation, 7 patients with the
RUNX1::RUNX1T1 translocation, 10 patients with PML::RARA translocation, and 8 patients
with CBFB::MYH11 translocation were detected by RT-qPCR. Among the 40 ALL patients,
there were 23 with the BCR::ABL1 translocation and 9 with the TCF3::PBX1 translocation
(Figure 1).

Through the RT-qPCR technique, it was observed that, of all 77 patients, PML::RARA
was detected in 13%, RUNX1::RUNX1T1 in 9%, FLT3-ITD in 5.2%, and CBFB::MYH11 in
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10.4% of all 77 AML patients (Figure 2). The analysis through Nested-PCR of this same
group of patients was not able to identify the presence of any researched alteration.
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Figure 2. Amplification plots of Acute Myeloid Leukemia patients. This figure illustrates the
AML amplification plots in which the researched alterations were detected. (A) Amplification plots
indicating the detection of FLT3-ITD (blue and red curves are from BM samples and the orange and
green ones are from PB samples). (B) Amplification plots indicating the detection of PML::RARA
(pink and orange curves are from BM samples and the green and blue ones are from PB samples).
(C) Amplification plots indicating the detection of CBFB::MYH11 (blue curves are from BM samples
and the green ones are from PB samples). (D) Amplification plots indicating the detection of
RUNX1::RUNX1T1 (orange curves are from BM samples and the green ones are from PB samples).
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PML::RARA was predominantly reported in male patients, with a mean age of 40.5 years.
Only five patients had the characteristic translocation t(15;17)(q24;q21.3) in the karyotypes
analyzed. Of the 10 PML::RARA AML patients, 5 have died (Table 1).

Table 1. Clinical and epidemiological characteristics of patients with identified molecular alterations.

N◦ of
Patients Gender Age (Mean) Hb WBC Blasts in

PB Karyotype Deaths

AML

PML::RARA

10 Male: 8 40.5 years Hb < 10: 9 WBC <
10,000: 7 Yes: 5 Complex: 1 5

Female: 2 Hb > 10: 1 WBC >
10,000: 3 No: 5 Classic translocation: 5

Normal: 1

NR: 3

RUNX1::RUNX1T1

7 Male: 4 31 years Hb < 10: 6 WBC <
10,000: 7 Yes: 3 Complex: 2 2

Female: 3 Hb > 10: 1 No: 4 Classic translocation: 3

Normal: 1

Other alterations: 1

FLT3-ITD
4 Male: 2 50.2 years Hb < 10: 4 WBC <

10,000: 2 Yes: 2 Normal: 3 4

Female: 2 WBC >
10,000: 2 No: 2 Other alterations: 1

CBFB::MYH11 8 Male: 6
Female: 2 41.9 years Hb < 10: 8

WBC <
10,000: 2
WBC >

10,000: 6

Yes: 6
No: 2

Complex: 1
Classic translocation: 1

Normal: 2
Other alterations: 3

NR: 1

5

ALL

BCR::ABL1

23 Male: 14 42.2 years Hb < 10:
19

WBC <
10,000: 10 Yes: 11 Complex: 5 8

Female: 9 Hb > 10: 4 WBC >
10,000: 13 No: 12 Normal: 7

Other alterations: 1
NR: 10

TCF3::PBX1
9 Male: 5

Female: 4 36.9 years Hb < 10: 8
Hb > 10: 1

WBC <
10,000: 6

Yes: 4
No: 5 Complex: 4 3

WBC >
10,000: 3

Normal: 3
NR: 2

Hb: Hemoglobin; WBC: White Blood Cell Count; PB: Peripheral Blood; AML: Acute Myeloid Leukemia; ALL:
Acute Lymphoblastic Leukemia; NR: Not Reported.

It was observed that RUNX1::RUNX1T1 was also more frequent in male patients,
with a mean age of 31 years. All patients with RUNX1::RUNX1T1 had a leukocyte count
below 10,000/mm3 at the time of diagnosis. Only three patients had the characteristic
translocation t(8;21)(q22;q22) in the analyzed karyotypes. Only one patient of the seven
diagnosed have died (Table 1).

It was possible to identify that the FLT3-ITD mutation was predominantly detected
in patients with a mean age of 50.2 years. Of the four FLT3-ITD AML patients, three had
normal karyotypes and all four have died (Table 1).

Furthermore, our data reported that CBFB::MYH11 was mostly detected in male pa-
tients with a mean age of 41.9 years. Of eight patients with this diagnosis, five had abnormal
karyotypes (presence of deletions, additions, and translocations), but only one had the
characteristic translocation t(16;16)(p13.1;q22). In addition, five of the eight CBFB::MYH11
AML patients have died, and all had abnormal karyotypes (Table 1).

Regarding the 40 ALL patients, BCR::ABL1 was detected in 57.5% and TCF3::PBX1 in
22.5% by the RT-qPCR technique (Figure 3).
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Figure 3. Amplification plots of Acute Lymphoblastic Leukemia samples. All amplification plots in
this figure show the results of two samples in duplicate (bone marrow and peripheral blood) of two
ALL patients. The figure’s left side shows the results of two patients samples in which BCR::ABL1
alteration was detected; meanwhile, the figure’s right side demonstrates the amplification plots of
two patients’ samples in which TCF3::PBX1 was detected. (A) BCR::ABL1 amplification plots (green
and orange curves are from BM samples and the pink and blue ones are from PB samples). (B) ABL1
amplification plots of two BCR::ABL1 patients (blue and green curves are from BM samples and the
red and gray ones are from PB samples). (C) ACTB amplification plots of two BCR::ABL1 patients
(pink and purple curves are from BM samples and the green and blue ones are from PB samples).
(D) TCF3::PBX1 amplification plots (green and pink curves are from BM samples and the purple and
orange ones are from PB samples). (E) ABL1 amplification plots of two TCF3::PBX1 patients (pink and
orange curves are from BM samples and the purple and blue ones are from PB samples). (F) ACTB
amplification plots of two TCF3::PBX1 patients (pink and purple curves are from BM samples and
the orange and blue ones are from PB samples).

The Nested-PCR technique was able to detect BCR::ABL1 and TCF3::PBX1 in ALL
patients samples. Nonetheless, TCF3::PBX1 was only detected in patients’ bone marrow
samples, even if they presented ≥20% of circulating blasts in peripheral blood, which may
indicate that this technique’s sensitivity is not great (Figure 4).

The presence of BCR::ABL1 was predominantly reported in male patients, with a mean
age of 42.2 years. Among the karyotypes analyzed, it was observed that 6 were complex,
7 were normal, and 10 did not have karyotype results. Of the 23 patients diagnosed, 8 have
died, of which 3 had a normal karyotype, 3 had a complex karyotype, and 2 did not have
karyotype results (Table 1).

It was also observed that 22.5% of the ALL patients had the TCF3::PBX1 translocation
detected by RT-qPCR. The presence of this mutation appeared to be associated with male
patients, with a mean age of 36.9 years. It was possible to identify that four patients had a
complex karyotype, three patients had a normal karyotype, and two patients did not have
karyotype results. In addition, of the nine patients diagnosed, three died, of which two had
a complex karyotype and one had a normal karyotype (Table 1).
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Figure 4. Nested-PCR results of Acute Lymphoblastic Leukemia samples. These Nested-PCR
results are from the same patient’s samples analyzed in the amplification plot figure. (A) Shows the
BCR::ABL1 (1 and 7—bone marrow; 4 and 10—peripheral blood), GAPDH (2 and 8—bone marrow;
5 and 11—peripheral blood), and HPRT (3 and 9—bone marrow; 6 and 12—peripheral blood)
detection in ALL patients. (B) Shows the TCF3::PBX1 (1 and 7—bone marrow; 4 and 10—peripheral
blood), GAPDH (2 and 8—bone marrow; 5 and 11—peripheral blood), and HPRT (3 and 9—bone
marrow; 6 and 12—peripheral blood) detection in ALL patients.

Moreover, it was possible to observe that 62.3% of the AML patients did not present
any of the cytogenetic alterations investigated in this study, which is not surprising since
adult AML is mainly driven by point gene mutations [43–46]. This profile predominated
in male patients, with a mean age of 55.5 years. Regarding clinical characteristics, these
patients presented Hb < 10 g/dL, a leukocyte count of >10,000/mm3, and circulating
blasts in peripheral blood. Of the 48 patients, 14 had no karyotype results, 16 had normal
karyotypes, and 18 had karyotypes with alterations such as translocations, additions, and
inversions. In total, 23 patients died in 2 years (Table 2).

Only eight ALL patients did not have any of the cytogenetic alterations investigated
in the study. Most of these patients were male, with a mean age of 41.4 years. The analysis
of karyotype tests identified two complex karyotypes, two normal, one with the presence
of translocations, and three patients had no results. In total, five patients died (Table 2).

Table 3 is a contingency table that shows the comparison between the detection
capacities of karyotype, Nested-PCR, and RT-qPCR techniques. In this table, only samples
from patients submitted to the three tests (karyotype, Nested-PCR, and RT-qPCR) were
analyzed, so the sample number analyzed is not so expressive. The karyotype technique
was performed only on bone marrow samples, while the Nested-PCR technique was carried
out on samples from patients in whom some of the genetic alterations had already been
detected. Overall, it was possible to observe that the karyotype presented low sensitivity
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in the detection of genetic alterations when compared to the molecular methods. This
is probably due to the low number of metaphases analyzed per study and, often, to
the difficulty in collecting satisfactory samples for the test. In addition, the Nested-PCR
technique also demonstrated low sensitivity, considering that in certain cases, such as in
patients with TCF3::PBX1, detection was only possible in bone marrow samples. The RT-
qPCR technique, on the other hand, observed that, in general, the sensitivity is satisfactory
both in bone marrow samples and in peripheral blood samples. No statistical significance
was observed in the Chi-square tests, as shown in Table 4.

Table 2. Clinical and epidemiological characteristics of patients without identified molecular
alterations.

N◦ of
Patients Gender Age

(Mean) Hb WBC Blasts in
PB Karyotype Deaths

AML

48 Male: 26 55.5 years Hb < 10: 47 WBC <
10,000: 22 Yes: 30 Complex: 5

Normal: 16 23

Female: 22 Hb > 10: 1 WBC >
10,000: 26 No: 18 Other alterations: 13

NR: 14

ALL

8 Male: 5 41.4 years Hb < 10: 7 WBC <
10,000: 3 Yes: 4 Complex: 2 5

Female: 3 Hb > 10: 1 WBC >
10,000: 5 No: 4 Normal: 2

Other alterations: 1
NR: 3

Hb: Hemoglobin; WBC: White Blood Cell Count; PB: Peripheral Blood; AML: Acute Myeloid Leukemia; ALL:
Acute Lymphoblastic Leukemia; NR: Not Reported.

Table 3. Contingency table of number of detections by Karyotype, Nested-PCR, and RT-qPCR
techniques.

ALL Genetic Alterations AML Genetic Alterations

Sample
Type Test Type BCR::ABL1 TCF3::PBX1 Total CBFB::MYH11 FLT3-ITD PML::RARA RUNX1::RUNX1T1 Total

BM

Karyotype 4 3 7 1 0 6 6 13
Nested-PCR † 6 2 8 0 0 0 0 0

RT-qPCR 14 4 18 1 4 3 6 14
Total 24 9 33 2 4 9 12 27

PB

Karyotype * 0 0 0 0 0 0 0 0
Nested-PCR † 10 1 11 0 0 0 0 0

RT-qPCR 22 7 29 7 4 7 7 25
Total 32 8 40 7 4 7 7 25

Total

Karyotype * 4 3 7 1 0 6 6 13
Nested-PCR † 16 3 19 0 0 0 0 0

RT-qPCR 36 11 47 7 8 10 13 38
Total 56 17 73 8 8 16 19 51

AML: Acute Myeloid Leukemia; ALL: Acute Lymphoblastic Leukemia; BM: Bone Marrow; PB: Peripheral Blood.
* The karyotype technique is performed only with bone marrow samples. † The Nested-PCR technique was
performed only on samples from patients in whom some of the genetic alterations had already been detected.

Regarding the Nested-PCR methodology, of the five genetic alterations related to ALL
patients studied, only two were detected, being BCR::ABL1 and TCF3::PBX1. It was not
possible to detect any of the four genetic alterations investigated regarding AML patients
through this technique.
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After all the analyses, it was possible to establish that the RT-qPCR methodology
presented high sensitivity for detecting molecular changes in both bone marrow and
peripheral blood samples from patients with acute leukemias. The opposite was observed
in the Nested-PCR analysis, where the detection of changes occurred mostly in bone
marrow samples, even if the patients had high leukometry and a number of circulating
blasts over 20%.

Table 4. Chi-squared results.

Chi-Square AML Patients Chi-Square ALL Patients

Sample Type Value p Value p

BM
X2 4.970 0.174 X2 1.109 0.574
N 27 N 33

PB
X2 - * X2 - *
N 25 N 40

Total
X2 5.365 0.147 X2 2.099 0.350
N 52 N 73

AML: Acute Myeloid Leukemia; ALL: Acute Lymphoblastic Leukemia; BM: Bone Marrow; PB: Peripheral Blood.
* The X2 could not be calculated—at least one row or column contains all zeros. This table aims to compare the
detection sensitivity in bone marrow and peripheral blood samples by RT-qPCR.

4. Discussion

According to WHO, morphological analysis, immunohistochemistry, and flow cytom-
etry techniques still play a fundamental role in the diagnosis of acute leukemias. And,
in addition to these techniques, there are others that are of great help to the diagnostic
process, such as karyotyping and molecular biology techniques such as RT-qPCR and
FISH. FISH is a molecular cytogenetics technique that allows the analysis of chromosomal
rearrangements [4,5,47].

The PML::RARA fusion was detected in 13% of the participating AML patients, cor-
roborating the findings of the literature that established that this alteration is found in
approximately 5–20% of all cases of the disease [48–50].

However, the other cytogenetic abnormalities observed in AML were detected at
lower frequencies compared to other studies. In this study, 9% of the patients had the
RUNX1::RUNX1T1 translocation, 10.4% had the CBFB::MYH11 fusion, and 5.2% had the
FLT3-ITD mutation. However, the frequencies usually described in the literature are about
15%, 5–7%, and 20–25%, respectively [51–59].

The opposite was observed in ALL patients. This study showed incidences of 57.5% of
BCR::ABL1 translocation and 22.5% of TCF3::PBX1 fusion. These frequencies are higher than
what is normally reported in the literature, where BCR::ABL1 and TCF3::PBX1 represent
50% and 5% of adult ALL cases, respectively [60–66].

In addition, this study was able to compare the efficiency of Nested-PCR and RT-qPCR
techniques in the diagnosis of cytogenetic changes in acute leukemia patients, demonstrat-
ing that the real-time PCR method has a considerably higher sensitivity than Nested-PCR.

In the literature, controversial results are observed regarding the Nested-PCR tech-
nique. Some works, such as those by Lin et al. (2019), Strom et al. (1998), Grote et al. (2002),
and Lan et al. (1994) determined this methodology as a reliable method with high sensi-
tivity for the diagnosis of several diseases [67–70]. However, studies by Alvarez-Martínez
et al. (2006), Hafez et al. (2005), and Kortela et al. (2021) corroborate the data of the present
research that indicates the use of more efficient methods such as RT-qPCR [71–73]. In
general, the use of the Nested-PCR technique has been indicated in cases where diagnosis
by simple conventional PCR is not sufficient [74–76].

Although the RT-qPCR technique has some disadvantages such as high equipment
cost, high necessity of technical ability, and increased risk of false-negative results due to
human error, it is still considered one of the best techniques for the rapid and effective
diagnosis of various diseases [71,77]. It is undeniable that RT-qPCR has revolutionized
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the molecular diagnosis of several diseases and that, after the COVID-19 pandemic, it is
widespread in many of the laboratories specialized in diagnosis around the world. This is
an effective, fast and more sensitive technique when compared to other PCR methods and
other molecular techniques [78–81].

The present study demonstrated that the RT-qPCR technique presented a higher
sensitivity compared to the Nested-PCR technique at the time of diagnosis of the acute
leukemia samples studied. This was also seen in the works of Alvarez-Martínez et al.
(2006), da Costa Lima et al. (2013), and Hafez et al. (2005) who demonstrated that the
RT-qPCR methodology is more sensitive and fast in the detection of several diseases when
compared to Nested-PCR. RT-qPCR proved to be very efficient for the rapid and sensitive
diagnosis of genetic alterations in both types of samples analyzed in this study. Although
Nested-PCR is still considered the gold standard methodology for the diagnosis of genetic
alterations in acute leukemias, it is a methodology that requires a lot of standardization
and a lot of time, becoming disadvantageous when compared to RT-qPCR [71,72,82].

As reported in Table 3, the diagnosis of cytogenetic alterations through classical cyto-
genetics, that is, through karyotype examination, is insufficient in many cases. Nordkamp
et al. (2009) conducted a study that demonstrated that, despite ensuring reliable results,
the karyotype test had low sensitivity in the detection of cytogenetic changes. This is prob-
ably due to the analysis of a few metaphases and the low quality of the sample collected.
Karyotype examination requires bone marrow collection. However, in many cases, the
material’s collection is unsatisfactory or impossible due to such infiltration of leukocytes
in the bone marrow. In addition, another issue of this test, at least in Brazil, is the delay
in the delivery of results, which often makes it impossible for patients to receive the most
appropriate therapeutic intervention quickly. However, the use of karyotype examination
is still very useful in several other cases. Given this, the WHO suggests the use of molecular
biology techniques as complementary tests, considering that they are fast and efficient
techniques [4,83].

The proposal of this study to include the RT-qPCR technique in the list of tests for the
diagnosis and monitoring of acute leukemias aims precisely to allow the rapid and reliable
detection of genetic changes that can influence the prognosis of these patients, ensuring
that they obtain target-directed treatments and, consequently, lower mortality rates due to
therapeutic toxicity and better quality of life [3,84].

5. Conclusions

This work has demonstrated the importance of developing more sensitive molecular
biology techniques that can integrate the panel of tests for the diagnosis and monitoring of
acute leukemias. It was possible to detect the four genetic alterations associated with AML
(PML::RARA, RUNX1::RUNX1T1, CBFB::MYH11, and FLT3-ITD) in the population studied.
In the ALL cases, of the five alterations that were investigated, only two were detected
(BCR::ABL1 and TCF3::PBX1).

In addition, the study demonstrated that the RT-qPCR and Nested-PCR techniques
presented good sensitivity in the detection of molecular abnormalities in acute leukemia
samples. Nonetheless, in our experience, the RT-qPCR technique demonstrated higher
sensitivity compared to the Nested-PCR method at the time of diagnosis of the acute
leukemia samples studied, taking less time and using a smaller amount of reagents. With
this in mind, RT-qPCR allows the diagnosis and monitoring of the disease status in patients
quickly and reliably and can also be carried out using peripheral blood samples, which is
very useful in cases where bone marrow collection is insufficient or unsuccessful.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/dna4030019/s1, Table S1. Nested-PCR primers sequences. In this
table, the primers sequences that were used in the Nested-PCR for the genetic alteration detection are
listed. Table S2. RT-qPCR probe identification. In this table, the assays from Thermo Fisher that were
used in the RT-qPCR for the genetic alteration detection are listed.

https://www.mdpi.com/article/10.3390/dna4030019/s1
https://www.mdpi.com/article/10.3390/dna4030019/s1
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15. Zhu, H.; Zhang, H.; Xu, Y.; Laššáková, S.; Korabečná, M.; Neužil, P. PCR past, present and future. Biotechniques 2020, 69, 317–325.

[CrossRef]
16. Wang, J.Y.J. The Capable ABL: What Is Its Biological Function? Mol. Cell. Biol. 2014, 34, 1188–1197. [CrossRef]

https://doi.org/10.1056/NEJMra020067
https://www.ncbi.nlm.nih.gov/pubmed/12724484
https://doi.org/10.1002/cncr.29383
https://www.ncbi.nlm.nih.gov/pubmed/25891003
https://doi.org/10.1111/ejh.12603
https://doi.org/10.1038/s41375-022-01620-2
https://www.ncbi.nlm.nih.gov/pubmed/35732829
https://doi.org/10.1182/blood.2022016867
https://doi.org/10.1590/S1516-31802011000600005
https://doi.org/10.1590/S1676-24442004000200008
https://doi.org/10.1590/S1676-24442006000200004
https://doi.org/10.1016/j.bjhh.2016.07.004
https://doi.org/10.1016/0168-9525(89)90073-5
https://doi.org/10.7439/ijbr.v2i1.83
https://www.jstor.org/stable/30137034
https://doi.org/10.1093/infdis/158.6.1154
https://www.ncbi.nlm.nih.gov/pubmed/2461996
https://doi.org/10.1007/BF00918012
https://www.ncbi.nlm.nih.gov/pubmed/2698397
https://doi.org/10.2144/btn-2020-0057
https://doi.org/10.1128/MCB.01454-13


DNA 2024, 4 297

17. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2-∆∆CT method.
Methods 2001, 25, 402–408. [CrossRef]

18. Anthony, B.; Link, D.C. Regulation of Hematopoietic Stem Cells by Bone Marrow Stromal Cells. Trends Immunol. 2014, 35, 32–37.
[CrossRef] [PubMed]

19. Sule, W.F.; Oluwayelu, D.O. Real-time RT-PCR for COVID-19 diagnosis: Challenges and prospects. Pan Afr. Med. J. 2020, 35, 121.
[CrossRef]

20. Van Dongen, J.; Macintyre, E.; Gabert, J.; Delabesse, E.; Rossi, V.; Saglio, G.; Gottardi, E.; Rambaldi, A.; Dotti, G.; Griesinger,
F.; et al. Acute leukemia for detection of minimal residual disease Report of the BIOMED-I Concerted Action: Investigation of
minimal residual disease in acute leukemia. Leukemia 1999, 13, 1901–1928. [CrossRef]

21. Pessoa, F.M.C.d.P.; Viana, V.B.d.J.; de Oliveira, M.B.; Nogueira, B.M.D.; Ribeiro, R.M.; Oliveira, D.d.S.; Lopes, G.S.; Vieira, R.P.G.;
de Moraes Filho, M.O.; de Moraes, M.E.A.; et al. Validation of Endogenous Control Genes by Real-Time Quantitative Reverse
Transcriptase Polymerase Chain Reaction for Acute Leukemia Gene Expression Studies. Genes 2024, 15, 151. [CrossRef] [PubMed]

22. Martinez-Climent, J.A. Molecular cytogenetics of childhood hematological malignancies. Leukemia 1997, 11, 1999–2021. [CrossRef]
[PubMed]

23. Dongen, J.J.M.; van Velden, V.H.J.; van der Brüggemann, M.; Orfao, A. Minimal residual disease diagnostics in acute lymphoblastic
leukemia: Need for sensitive, fast, and standardized technologies. Blood 2015, 125, 3996–4009. [CrossRef]

24. González, Á.; Hierro, N.; Poblet, M.; Mas, A.; Guillamón, J.M. Enumeration and detection of acetic acid bacteria by real-time PCR
and nested PCR. FEMS Microbiol. Lett. 2006, 254, 123–128. [CrossRef]

25. Gleißner, B.; Rieder, H.; Thiel, E.; Fonatsch, C.; Janssen, L.A.J.; Heinze, B.; Janssen, J.W.G.; Schoch, C.; Goekbuget, N.; Maurer, J.;
et al. Prospective BCR-ABL analysis by polymerase chain reaction (RT-PCR) in adult acute B-lineage lymphoblastic leukemia:
Reliability of RT-nested-PCR and comparison to cytogenetic data. Leukemia 2001, 15, 1834–1840. [CrossRef] [PubMed]

26. Janssen, J.W.; Fonatsch, C.; Ludwig, W.D.; Rieder, H.; Maurer, J.; Bartram, C.R. Polymerase chain reaction analysis of BCR-ABL
sequences in adult Philadelphia chromosome-negative acute lymphoblastic leukemia patients. Leukemia 1992, 6, 463–464.

27. Mason, J.; Griffiths, M. Molecular diagnosis of leukemia. Expert Rev. Mol. Diagn. 2012, 12, 511–526. [CrossRef]
28. Bacher, U.; Schnittger, S.; Haferlach, C.; Haferlach, T. Molecular diagnostics in acute leukemias. Clin. Chem. Lab. Med. 2009, 47,

1333–1341. [CrossRef]
29. van der Velden, V.H.J.; Hochhaus, A.; Cazzaniga, G.; Szczepanski, T.; Gabert, J.; van Dongen, J.J.M. Detection of minimal residual

disease in hematologic malignancies by real-time quantitative PCR: Principles, approaches, and laboratory aspects. Leukemia
2003, 17, 1013–1034. [CrossRef]

30. Van Der Velden, V.H.J.; Van Dongen, J.J.M. MRD Detection in Acute Lymphoblastic Leukemia Patients Using Ig/TCR Gene Rearrange-
ments as Targets for Real-Time Quantitative PCR; Springer: Berlin/Heidelberg, Germany, 2009; Volume 538, ISBN 9781588299895.

31. Scott, S.; Travis, D.; Whitby, L.; Bainbridge, J.; Cross, N.C.P.; Barnett, D. Measurement of BCR-ABL1 by RT-qPCR in chronic
myeloid leukaemia: Findings from an International EQA Programme. Br. J. Haematol. 2017, 177, 414–422. [CrossRef]

32. Watt, C.D.; Bagg, A. Molecular diagnosis of acute myeloid leukemia. Expert Rev. Mol. Diagn. 2010, 10, 993–1012. [CrossRef]
[PubMed]

33. Bezerra, J.M.; Gomes, A.d.; de Oliveira, E.M.; Marques, G.; Fonseca, R.d.; Frota, S.d.; Aquino, P.E. DIAGNÓSTICO MOLECULAR
DAS LEUCEMIAS. Rev. Arq. Científicos 2022, 5, 20–34.

34. Chauhan, R.; Sazawal, S.; Pati, H.P. Laboratory Monitoring of Chronic Myeloid Leukemia in Patients on Tyrosine Kinase Inhibitors.
Indian J. Hematol. Blood Transfus. 2018, 34, 197–203. [CrossRef]

35. Lesieur, A.; Thomas, X.; Nibourel, O.; Boissel, N.; Fenwarth, L.; de Botton, S.; Fournier, E.; Celli-Lebras, K.; Raffoux, E.; Recher, C.;
et al. Minimal residual disease monitoring in acute myeloid leukemia with non-A/B/D NPM1 mutations by digital polymerase
chain reaction: Feasibility and clinical use. Haematologica 2021, 106, 1767–1769. [CrossRef]

36. Pongers-Willemse, M.J.; Verhagen, O.J.H.M.; Tibbe, G.J.M.; Wijkhuijs, A.J.M.; De Haas, V.; Roovers, E.; Van Der School, C.E.; Van
Dongen, J.J.M. Real-time quantitative PCR for the detection of minimal residual disease in acute lymphoblastic leukemia using
junctional region specific TaqMan probes. Leukemia 1998, 12, 2006–2014. [CrossRef]

37. Press, R.D.; Kamel-Reid, S.; Ang, D. BCR-ABL1 RT-qPCR for monitoring the molecular response to tyrosine kinase inhibitors in
chronic myeloid leukemia. J. Mol. Diagn. 2013, 15, 565–576. [CrossRef] [PubMed]

38. Arthur, D.C.; Berger, R.; Golomb, H.M.; Swansbury, G.J.; Reeves, B.R.; Alimena, G.; Van Den Berghe, H.; Bloomfield, C.D.; de
a Chapelle, A.; Dewald, G.W.; et al. The Clinical Significance of Karyotype in Acute Myelogenous Leukemia. Cancer Genet.
Cytogenet. 1989, 40, 203–216. [CrossRef] [PubMed]

39. Mrozek, K.; Heeremab, N.A.; Bloomfielda, C.D. Cytogenetics in acute leukemia. Blood Rev. 2004, 18, 115–136. [CrossRef]
40. Deepak, S.A.; Kottapalli, K.R.; Rakwal, R.; Oros, G.; Rangappa, K.S.; Iwahashi, H.Y.; Masuo, Y.; Agrawal, G.K. Real-Time PCR:

Revolutionizing Detection and Expression Analysis of Genes. Curr. Genom. 2007, 8, 234–251. [CrossRef]
41. Lin, M.T.; Tseng, L.H.; Rich, R.G.; Hafez, M.J.; Harada, S.; Murphy, K.M.; Eshleman, J.R.; Gocke, C.D. PCR, A Simple Method to

Detect Translocations and Insertion/Deletion Mutations. J. Mol. Diagn. 2011, 13, 1. [CrossRef]
42. Bustin, S.A.; Benes, V.; Garson, J.A.; Hellemans, J.; Huggett, J.; Kubista, M.; Mueller, R.; Nolan, T.; Pfaffl, M.W.; Shipley, G.L.; et al.

The MIQE guidelines: Minimum information for publication of quantitative real-time PCR experiments. Clin. Chem. 2009, 55,
611–622. [CrossRef] [PubMed]

43. Döhner, K.; Döhner, H. Molecular characterization of acute myeloid leukemia. Haematologica 2008, 93, 7. [CrossRef] [PubMed]

https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1016/j.it.2013.10.002
https://www.ncbi.nlm.nih.gov/pubmed/24210164
https://doi.org/10.11604/pamj.supp.2020.35.2.24258
https://doi.org/10.1038/sj.leu.2401592
https://doi.org/10.3390/genes15020151
https://www.ncbi.nlm.nih.gov/pubmed/38397141
https://doi.org/10.1038/sj.leu.2400842
https://www.ncbi.nlm.nih.gov/pubmed/9447814
https://doi.org/10.1182/blood-2015-03-580027
https://doi.org/10.1111/j.1574-6968.2005.000011.x
https://doi.org/10.1038/sj.leu.2402304
https://www.ncbi.nlm.nih.gov/pubmed/11753602
https://doi.org/10.1586/erm.12.44
https://doi.org/10.1515/CCLM.2009.324
https://doi.org/10.1038/sj.leu.2402922
https://doi.org/10.1111/bjh.14557
https://doi.org/10.1586/erm.10.85
https://www.ncbi.nlm.nih.gov/pubmed/21080817
https://doi.org/10.1007/s12288-018-0933-1
https://doi.org/10.3324/haematol.2020.260133
https://doi.org/10.1038/sj.leu.2401246
https://doi.org/10.1016/j.jmoldx.2013.04.007
https://www.ncbi.nlm.nih.gov/pubmed/23810242
https://doi.org/10.1016/0165-4608(89)90025-3
https://www.ncbi.nlm.nih.gov/pubmed/2766244
https://doi.org/10.1016/S0268-960X(03)00040-7
https://doi.org/10.2174/138920207781386960
https://doi.org/10.1016/j.jmoldx.2010.11.004
https://doi.org/10.1373/clinchem.2008.112797
https://www.ncbi.nlm.nih.gov/pubmed/19246619
https://doi.org/10.3324/haematol.13345
https://www.ncbi.nlm.nih.gov/pubmed/18591623


DNA 2024, 4 298

44. Takahashi, S. Current findings for recurring mutations in acute myeloid leukemia. J. Hematol. Oncol. 2011, 4, 36. [CrossRef]
[PubMed]

45. Prassek, V.V.; Rothenberg-Thurley, M.; Sauerland, M.C.; Herold, T.; Janke, H.; Ksienzyk, B.; Konstandin, N.P.; Goerlich, D.; Krug,
U.; Faldum, A. Genetics of acute myeloid leukemia in the elderly: Mutation spectrum and clinical impact in intensively treated
patients aged 75 years or older. Haematologica 2018, 103, 1853–1861. [CrossRef] [PubMed]

46. Kamaneh, E.A.; Asenjan, K.S.; Akbari, A.M.; Laleh, P.A.; Chavoshi, H.; Ziaei, J.E.; Nikanfar, A.; Kermani, I.A.; Esfahani, A.
Characterization of Common Chromosomal Translocations and Their Frequencies in Acute Myeloid Leukemia Patients of
Northwest Iran. Cell J. 2016, 18, 37–45.

47. Avet-loiseau, H. Fish Analysis at Diagnosis in Acute Lymphoblastic Leukemia. Leuk. Lymphoma 1999, 33, 441–449. [CrossRef]
48. Gasparovic, L.; Weiler, S.; Higi, L.; Burden, A.M. Incidence of differentiation syndrome associated with treatment regimens in

acute myeloid leukemia: A systematic review of the literature. J. Clin. Med. 2020, 9, 3342. [CrossRef]
49. Grignani, F.; Ferrucci, P.F.; Testa, U.; Talamo, G.; Fagioli, M.; Alcalay, M.; Mencarelli, A.; Grignani, F.; Peschle, C.; Nicoletti, I.; et al.

The acute promyelocytic leukemia-specific PML-RARα fusion protein inhibits differentiation and promotes survival of myeloid
precursor cells. Cell 1993, 74, 423–431. [CrossRef]

50. Iaccarino, L.; Divona, M.; Ottone, T.; Cicconi, L.; Lavorgna, S.; Ciardi, C.; Alfonso, V.; Travaglini, S.; Facchini, L.; Cimino, G.; et al.
Identification and monitoring of atypical PML/RARA fusion transcripts in acute promyelocytic leukemia. Genes Chromosom.
Cancer 2019, 58, 60–65. [CrossRef]

51. Tse, K.F.; Novelli, E.; Civin, C.I.; Bohmer, F.D.; Small, D. Inhibition of FLT3-mediated transformation by use of a tyrosine kinase
inhibitor. Leukemia 2001, 15, 1001–1010. [CrossRef]

52. Swart, L.E.; Heidenreich, O. The RUNX1/RUNX1T1 network: Translating insights into therapeutic options. Exp. Hematol. 2021,
94, 1–10. [CrossRef]

53. Schwind, S.; Edwards, C.G.; Nicolet, D.; Mrózek, K.; Maharry, K.; Wu, Y.Z.; Paschka, P.; Eisfeld, A.K.; Hoellerbauer, P.; Becker, H.;
et al. Inv(16)/t(16;16) acute myeloid leukemia with non-type A CBFB-MYH11 fusions associate with distinct clinical and genetic
features and lack KIT mutations. Blood 2013, 121, 385–391. [CrossRef] [PubMed]

54. Quesada, A.E.; Luthra, R.; Jabbour, E.; Patel, K.P.; Khoury, J.D.; Tang, Z.; Alvarez, H.; Mallampati, S.; Garcia-Manero, G.;
Montalban-Bravo, G.; et al. Incidental identification of inv(16)(p13.1q22)/CBFB-MYH11 variant transcript in a patient with
therapy-related acute myeloid leukemia by routine leukemia translocation panel screen: Implications for diagnosis and therapy.
Cold Spring Harb. Mol. Case Stud. 2021, 7, 1–13. [CrossRef] [PubMed]

55. Pessoa, F.M.C.d.P.; Machado, C.B.; Barreto, I.V.; Sampaio, G.F.; Oliveira, D.d.S.; Ribeiro, R.M.; Lopes, G.S.; de Moraes, M.E.A.; de
Moraes Filho, M.O.; de Souza, L.E.B.; et al. Association between Immunophenotypic Parameters and Molecular Alterations in
Acute Myeloid Leukemia. Biomedicines 2023, 11, 1098. [CrossRef]

56. Meshinchi, S.; Alonzo, T.A.; Stirewalt, D.L.; Zwaan, M.; Zimmerman, M.; Reinhardt, D.; Kaspers, G.J.L.; Heerema, N.A.; Gerbing,
R.; Lange, B.J.; et al. Clinical implications of FLT3 mutations in pediatric AML. Blood 2006, 108, 3654–3661. [CrossRef]

57. Grinev, V.V.; Barneh, F.; Ilyushonak, I.M.; Nakjang, S.; Smink, J.; van Oort, A.; Clough, R.; Seyani, M.; McNeill, H.; Reza, M.; et al.
RUNX1/RUNX1T1 mediates alternative splicing and reorganises the transcriptional landscape in leukemia. Nat. Commun. 2021,
12, 1–16. [CrossRef]

58. Daver, N.; Schlenk, R.F.; Russell, N.H.; Levis, M.J. Targeting FLT3 mutations in AML: Review of current knowledge and evidence.
Leukemia 2019, 33, 299–312. [CrossRef] [PubMed]

59. Kindler, T.; Lipka, D.B.; Fischer, T. FLT3 as a therapeutic target in AML: Still challenging after all these years. Blood 2010, 116,
5089–5102. [CrossRef]

60. Diakos, C.; Xiao, Y.; Zheng, S.; Kager, L.; Dworzak, M.; Wiemels, J.L. Direct and indirect targets of the E2A-PBX1 leukemia-specific
fusion protein. PLoS ONE 2014, 9, e87602. [CrossRef]

61. Faderl, S.; Kantarjian, H.M.; Thomas, D.A.; Cortes, J.; Giles, F.; Pierce, S.; Albitar, M.; Estrov, Z. Outcome of Philadelphia
Chromosome-Positive Adult Acute Lymphoblastic Leukemia. Leuk. Lymphoma 2000, 36, 263–273. [CrossRef]

62. Felice, M.S.; Gallego, M.S.; Alonso, C.N.; Alfaro, E.M.; Guitter, M.R.; Bernasconi, A.R.; Rubio, P.L.; Zubizarreta, P.A.; Rossi, J.G.
Prognostic impact of t(1;19)/ TCF3-PBX1 in childhood acute lymphoblastic leukemia in the context of Berlin-Frankfurt-Münster-
based protocols. Leuk. Lymphoma 2011, 52, 1215–1221. [CrossRef] [PubMed]

63. Gestrich, C.K.; Lancy, S.J.D.; Kresak, A.; Sinno, M.G.; Yalley, A.; Pateva, I.; Meyerson, H.; Shetty, S.; Jr, K.A.O. Mucin 4 protein is
expressed in B-acute lymphoblastic leukemia and is restricted to BCR::ABL1-positive and BCR::ABL-like subtypes. Hum. Pathol.
2023, 136, 75–83. [CrossRef] [PubMed]

64. Kager, L.; Lion, T.; Attarbaschi, A.; Koenig, M.; Strehl, S.; Haas, O.A.; Dworzak, M.N.; Schrappe, M.; Gadner, H.; Mann, G.
Incidence and outcome of TCF3-PBX1-positive acute lymphoblastic leukemia in Austrian children. Haematologica 2007, 92,
1561–1564. [CrossRef]

65. Maino, E.; Sancetta, R.; Viero, P.; Imbergamo, S.; Scattolin, A.M.; Vespignani, M.; Bassan, R. Current and future management of
Ph/BCR-ABL positive ALL. Expert Rev. Anticancer Ther. 2014, 14, 723–740. [CrossRef]

66. Reckel, S.; Hamelin, R.; Georgeon, S.; Armand, F.; Jolliet, Q.; Chiappe, D.; Moniatte, M.; Hantschel, O. Differential signaling
networks of Bcr-Abl p210 and p190 kinases in leukemia cells defined by functional proteomics. Leukemia 2017, 31, 1502–1512.
[CrossRef] [PubMed]

https://doi.org/10.1186/1756-8722-4-36
https://www.ncbi.nlm.nih.gov/pubmed/21917154
https://doi.org/10.3324/haematol.2018.191536
https://www.ncbi.nlm.nih.gov/pubmed/29903761
https://doi.org/10.3109/10428199909058449
https://doi.org/10.3390/jcm9103342
https://doi.org/10.1016/0092-8674(93)80044-F
https://doi.org/10.1002/gcc.22708
https://doi.org/10.1038/sj.leu.2402199
https://doi.org/10.1016/j.exphem.2020.11.005
https://doi.org/10.1182/blood-2012-07-442772
https://www.ncbi.nlm.nih.gov/pubmed/23160462
https://doi.org/10.1101/mcs.a006084
https://www.ncbi.nlm.nih.gov/pubmed/34117074
https://doi.org/10.3390/biomedicines11041098
https://doi.org/10.1182/blood-2006-03-009233
https://doi.org/10.1038/s41467-020-20848-z
https://doi.org/10.1038/s41375-018-0357-9
https://www.ncbi.nlm.nih.gov/pubmed/30651634
https://doi.org/10.1182/blood-2010-04-261867
https://doi.org/10.1371/journal.pone.0087602
https://doi.org/10.3109/10428190009148847
https://doi.org/10.3109/10428194.2011.565436
https://www.ncbi.nlm.nih.gov/pubmed/21534874
https://doi.org/10.1016/j.humpath.2023.03.018
https://www.ncbi.nlm.nih.gov/pubmed/37023866
https://doi.org/10.3324/haematol.11239
https://doi.org/10.1586/14737140.2014.895669
https://doi.org/10.1038/leu.2017.36
https://www.ncbi.nlm.nih.gov/pubmed/28111465


DNA 2024, 4 299

67. Grote, D.; Olmos, A.; Kofoet, A.; Tuset, J.J.; Bertolini, E.; Cambra, M. Specific and Sensitive Detection of Phytophthora nicotianae
By Simple and Nested-PCR. Eur. J. Plant Pathol. 2002, 108, 197–207.

68. Lin, C.; Ying, F.; Lai, Y.; Li, X.; Xue, X.; Zhou, T.; Hu, D. Use of nested PCR for the detection of trichomonads in bronchoalveolar
lavage fluid. BMC Infect. Dis. 2019, 19, 1–6. [CrossRef]

69. Lan, J.; Ossewaarde, J.M.; Walboomers, J.M.M.; Meijer, C.J.L.M.; Van den Brule, A.J.C. Improved PCR sensitivity for direct
genotyping of Chlamydia trachomatis serovars by using a nested PCR. J. Clin. Microbiol. 1994, 32, 528–530. [CrossRef]

70. Strom, C.M.; Rechitsky, S. Use of nested PCR to identify charred human remains and minute amounts of blood. J. Forensic Sci.
1998, 43, 696–700. [CrossRef]

71. Alvarez-Martínez, M.J.; Miró, J.M.; Valls, M.E.; Moreno, A.; Rivas, P.V.; Solé, M.; Benito, N.; Domingo, P.; Muñoz, C.; Rivera, E.;
et al. Sensitivity and specificity of nested and real-time PCR for the detection of Pneumocystis jiroveci in clinical specimens. Diagn.
Microbiol. Infect. Dis. 2006, 56, 153–160. [CrossRef]

72. Hafez, H.M.; Hauck, R.; Lüschow, D.; McDougald, L. Comparison of the specificity and sensitivity of PCR, nested PCR, and
real-time PCR for the diagnosis of histomoniasis. Avian Dis. 2005, 49, 366–370. [CrossRef] [PubMed]

73. Kortela, E.; Kirjavainen, V.; Ahava, M.J.; Jokiranta, S.T.; But, A.; Lindahl, A.; Jääskeläinen, A.E.; Jääskeläinen, A.J.; Järvinen,
A.; Jokela, P.; et al. Real-life clinical sensitivity of SARS-CoV-2 RT-PCR test in symptomatic patients. PLoS ONE 2021, 16, 1–19.
[CrossRef]

74. Gregory, L.; Lara, M.C.C.S.H.; Hasegawa, M.Y.; Castro, R.S.; Rodrigues, J.N.M.; Araújo, J.; Keller, L.W.; Silva, L.K.F.; Durigon, E.L.
Detecção Do Vírus Da Artrite Encefalite Caprina No Sêmen Através Das Técnicas De Pcr E Nested-Pcr. Arq. Inst. Biol. 2011, 78,
599–603. [CrossRef]
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