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The diagnostic and clinical success of standardization of BCR-ABL1 p210 monitoring in chronic myeloid leukemia

patients could be seen as a good example for further standardization of molecular monitoring in other gene

rearrangements. This article aims to summarize the steps in the diagnosis and molecular monitoring of p210 BCR-

ABL1, as well as to consider the possible future application of a more sophisticated method such as digital

polymerase chain reaction.

BCR-ABL1  Chronic myeloid leukemia  MMR  conversion factor  international scale

molecular monitoring.

1. Introduction

Chronic myeloid leukemia (CML) is a myeloproliferative neoplasm with an increased proliferation and accumulation

of leukocytes and precursor myeloid cells in bone marrow (BM) and peripheral blood (PB) with an annual age-

adjusted incidence of 1.6 per 100,000 population . CML is mainly characterized by t (9; 22) (q34; q11)

chromosomal translocation , giving rise to BCR-ABL1 p210 fusion protein with constitutive activation of tyrosine

kinase activity. In most CML patients (~95%), the BCR-ABL1 rearrangement arises from two major breakpoints,

involving exons 13 or 14 of BCR and exon 2 of ABL1 (e13a2 and e14a2) .

In the beginning, CML patients were treated with chemotherapy agents such as cytarabine, hydroxyurea, and

immunomodulatory agents like interferon-alpha. Nowadays, the standard of care is tyrosine kinase inhibitors

(TKIs), which considerably improved response rates, survival, and quality of life of patients .

Cytogenetic analysis or fluorescence in situ hybridization (FISH) is important at diagnosis and until a Complete

Cytogenetic Remission (CCyR) is achieved. After the introduction of TKIs, most patients reach a deep molecular

response (DMR) that far exceeds the sensitivity of a cytogenetic evaluation . In this scenario, BCR-ABL1

mRNA levels has become the most important molecular marker for the minimal residual disease (MRD) evaluation,

defining the level of molecular remission and guiding clinical decisions, such as therapy changes or discontinuation

. Thus, the accurate monitoring of the BCR-ABL1 fusion transcript appears mandatory to follow TKIs-treated CML

patients.

The modern idea of molecular monitoring in patients with CML was introduced 20 years ago when the process of

international standardization started. It is impossible to separate the standardization of molecular monitoring
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process and the introduction of TKI therapy in CML patients. Together, these activities have created complex

pathways of inter- and intra-laboratory collaboration with the fundamental aim of optimizing and equalizing criteria

for diagnosis and clinical interpretation of the results.

Herein, we retraced the steps that allowed the standardization of BCR-ABL1 monitoring from qualitative to

quantitative methods.

2. Nested PCR

The first phase of BCR-ABL1 monitoring was represented by the use of a qualitative assay: the nested PCR. This

technique forecast two different primer sets, used in two subsequent amplification steps . This evolution of

conventional PCR has led to an increase in the sensitivity and specificity of the results. Monitoring of MRD through

nested PCR allowed to stratify childhood acute lymphoblastic leukemia patients in several MRD-based groups,

useful to choose the proper treatment protocol . In the 90s, the European BIOMED-1 program harmonized

protocols for MRD monitoring of several fusion transcripts, including BCR-ABL1, whose standardization was

coordinated by Gabert’s group . Fourteen European laboratories from eight different countries participated in the

BIOMED-1 program with the aim to produce more comparable results for multicenter international treatment

protocols.

The first goal of the program was to conform the reverse transcription (RT-PCR) method. Several procedures were

compared taking into account the amount of RNA, the type of primers, the concentrations of reagents, the final

volume of reaction, the enzyme type, and the temperatures and the incubation time for a common protocol .

Subsequently, the BIOMED-1 group focused on amplification procedures.

Concerning BCR-ABL1 evaluation, five different primers sets were designed, selected, and subsequently validated

by all participating laboratories. The sensitivity achieved with only one PCR step ranged between 10  and 10 ,

increasing to 10 /10  using nested PCR . These collaborative studies have resulted in a standardized RT-PCR

protocol and PCR primer sets useful for MRD-monitoring worldwide.

At the same time, rapid technological development paved the way for the introduction of increasingly accurate

technologies.

3. Quantitative Real-Time PCR

During the years, MRD monitoring has become increasingly important: it helps to predict treatment resistance and

guide the course of treatment. It was clear the need to overcome the limits of a qualitative measurement, to move

on to quantitative monitoring of BCR-ABL1 transcript with an aim to more favorable follow of the course of the

disease.
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In contrast with conventional PCR, in which the amplicon is detected by an end-point analysis, quantitative Real-

Time PCR (qRT-PCR) allows analyzing the amplification during the exponential phase of the reaction using

fluorescent molecules . The cycle threshold (Ct) represents the cycle number when the fluorescence of a

specific PCR product can be detected above the background signal. Ct values are inversely proportional to the

amount of target nucleic acid in the sample. qRT-PCR also allows to obtain an absolute quantification: the initial

amount of evaluated transcript can be calculated by comparing the Ct value with a standard curve generated with

different known copies of target DNA .

With the introduction of qRT-PCR in routine practice, the BIOMED-1 program initiated a large study group with the

purpose to standardize procedures for MRD monitoring . 

3.1. Selection of Control Genes

One of the most important issues encountered with the introduction of qRT-PCR was the choice of a control gene

(CG). A suitable CG can be defined as a gene with a stable expression, not affected by any experimental

conditions, and should not show any pseudogenes . In the early 2000s, the Europe Against Cancer (EAC)

program started the first collaborative study aimed at selecting and validating a suitable CG to monitor BCR-ABL1

transcript by qRT-PCR . In this study, all members of the network used the same sequence detection system

and the same procedures; samples and plasmids were centrally prepared and distributed to the laboratories.

Fourteen potential CGs were evaluated and, among these, only three were selected for a deep analysis: Abelson

(ABL1), beta-2-microglobulin (B2M), and glucuronidase beta (GUSB). The EAC did not evaluate the breakpoint

cluster region protein (BCR), already used and validated by several groups . Beillard et al. identified the ABL1

gene as the most reliable CG because it was similarly expressed in normal and pathological samples and its

correlation with BCR-ABL1 expression was the highest observed compared to B2M and GUSB. Nevertheless, a

slight inaccuracy in measurement was highlighted of BCR-ABL1/ABL1 ratio at a high level of fusion transcripts, due

to the co-amplification of ABL1 and BCR-ABL1 . In the same year, Gabert et al. demonstrated that using a CG to

normalize results greatly improved the data reproducibility between laboratories . Furthermore, they established

the reference ranges for the CGs in normal PB, BM, and PB stem cells . Successively, Rulcova et al. 

performed an independent analysis of the suitability of ABL1, B2M, and GUSB as CG to monitor CML patients. In

contrast with Beillard et al. , they highlighted several perplexities about the use of ABL1, while they identify B2M

as better CG   . Indeed, they confirmed and underlined that BCR-ABL1/ABL1 results were not linear when BCR-

ABL1 levels are over 10%, probably because EAC primers also amplify BCR-ABL1. Although this criticism was

already described and shared by the CML international community , it did not find a large consensus,

because a precise quantification of BCR-ABL1 levels over 10% had poor clinical relevance.

In recent years, different papers highlighted that the time of declining of BCR-ABL1 transcript can result in distinctly

different prognostic subgroups, prompting the implementation of dynamical parameters and the use of an

alternative control gene . Recently, Moisoiu et al. suggested the use of a mathematical transformation to

mitigate this situation, continuing to use ABL1 as CG. Indeed, they propose to use a correction that considers the

distinction between ratio and proportion. This correction can be applied to all the range of BCR-ABL1/ABL1, but it
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results as significant only when this percentage is over 10%. Using this strategy, ABL1 can be used as CG also

when BCR/ABL1 IS values are > 10%, returning correct results .

3.2. International Standardization of p210 qRT-PCR Results

In the early 2000s, the International Randomized Study of Interferon versus STI571 (IRIS study) was conducted 

 to test imatinib versus interferon-cytarabine. After 12 months of treatment, imatinib has shown preponderance

efficacy and significantly higher rates of transcript reduction in patients who had achieved complete cytogenetic

remission . It was also found that patients who had obtained at least 3-log reduction from the initial BCR-ABL1

transcript level had a likelihood of progression-free survival of 100% in the next 24 months . Moreover, the 3-log

reduction from the initial transcript level was defined as a major molecular response (MMR) .

During this trial, qRT-PCR, the gold standard for molecular diagnosis, was performed in three reference

laboratories: Adelaide, London, and Seattle. The CG of choice in each lab was BCR and the results were

expressed as a percentage of BCR-ABL1/BCR.

Due to the huge heterogeneity in the qRT-PCR steps among the three reference laboratories, it was observed a

significant inter-laboratories difference in the reproducibility of both the pathological and control genes. Thus, the

main problem was the interpretation of the differences between the obtained results.

To overpass this problem, the leading scientists in the IRIS study established that each reference laboratory should

create its own assortment of the same 30 newly diagnosed untreated CML patients to extrapolate median value.

This laboratory-specific median value was assumed as a standardized baseline, corresponding to 100% BCR-

ABL1/ABL1. The 3-log reduction was defined as a reduction from the laboratory-specific median value and not as a

log reduction calculated from the BCR-ABL1 level at the time of diagnosis for every newly diagnosed patient. In this

way, the results of the three reference laboratories were normalized towards the standardized baseline.

A few years later, in 2005, an international consensus meeting was held in Bethesda, USA . This can be seen as

a milestone point associated with the expression of BCR-ABL1 measurements on an international scale (IS).

Regarding this, when the values of the BCR-ABL1 transcripts produced anywhere worldwide are expressed on an

IS, they could be more likely comparable. However so far, there were only two criteria on which the IS could be

fastened: the definition of standardized baseline and MMR (Figure 1).  
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Figure 1. Schematic outline of all steps in the standardization process of p210 BCR-ABL1 transcript monitoring in

patients with chronic myeloid leukemia (CML). Each laboratory uses its local assay for quantitative qRT-PCR and

then expresses its results on an international scale (IS) using a conversion factor (CF) based on a reference panel

(the last reference panel from 2016). Picture created with Biorender.com. 

Meanwhile, the 30 samples used during the IRIS study were no longer available, so a new reasonable replacement

had to be found. In favor of that, two laboratories, one from Germany and the other from Australia, exchanged RNA

and cDNA samples, reproducing the standardized baseline using the ABL1 as a control gene . The BCR-

ABL1/ABL1 ratio obtained in the German laboratory among the patients who have achieved MMR was 0.12%,

corresponding with the 3-log reduction from the standardized baseline established in the IRIS trial, fixed at 0.10%

(MMR) . The level of 1% approximately corresponds to the achievement of CCyR .

3.3. The “Era” of Conversion Factor

The definition of standardized baseline and MMR paved the way for expressing the results in a standardized

international numerical scale (IS), more practical than having results expressed as “log reduction”. Although the

idea of an IS seemed revolutionary, its implementation proved to be a major challenge. Differences in the methods

adopted by various laboratories determined great variability in the results obtained. To face this problem, the EAC

group had previously started a standardization of the qRT-PCR protocol. Despite their efforts to reduce variability,

significant differences between results were still present .

The calculation of a laboratory-specific conversion factor (CF) was intended to equalize these discrepancies.

Branford et al. explained the first attempt to establish validated CFs . In a big collaborative study, Adelaide was

the reference laboratory, and 39 satellite laboratories participated in this project. The Bland and Altman method

was used to calculate a CF for each lab, comparing the dataset from the same samples generated by the

participant laboratories with that obtained by the reference laboratory (Figure 1).
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The problem with CFs was not just about adjusting the results between reference laboratory and test laboratories.

In fact, a time-consuming periodic validation was required, that demanded an additional exchange of samples.

Moreover, before any exchange of samples, the whole process of molecular diagnosis must be optimized, because

if a single constituent of the diagnostic step changes, the previous laboratory-specific CF is no longer applicable.

The standardization process is impossible to be performed worldwide if only one laboratory is taken as a reference.

As a solution, at a meeting of the European Treatment and Outcome Study (EUTOS) group in 2009, the idea of a

reference national or regional laboratory was discussed .

3.4. Development of Reference Panels and Commercial Kits

In favor of easier access to the IS, developing a reference panel and/or standard kit for molecular diagnosis would

solve the problem of CF unsustainability over time. In 2010, the World Health Organization (WHO) developed the

first International Genetic Reference Panel for the quantification of BCR-ABL1 mRNA [29]. Ten laboratories, all with

pre-validated CFs, participated in this study, using the three most used control genes: ABL1, BCR, and GUSB. The

creation of this reference panel is based on the preparation and titration of different dilutions of freeze-dried cell

lines, such as HL-60, as BCR-ABL1 negative, and K562, as BCR-ABL1 positive. The material was prepared in 4-

step dilutions (10%, 1%, 0.1%, and 0.01%) of K562 cells in the HL-60 cell line, considering that these dilutions are

enough to provide more robust statistical results (regression line). About 3500 vials were produced for each level of

dilution. Since the worldwide number of laboratories that diagnose patients with CML is around 500, the primary

reference material is not sufficient to meet the full needs . In fact, the primary reference material was reserved

only to produce secondary reference reagents. Meanwhile, several secondary reference panels have been

developed that allowed the expression of the results on IS .

In parallel with the improvement of the qRT-PCR method, the development of second- and third-generation TKIs

also took place. As we have already discussed, MR is a strong predictive factor and a direct indicator of the effect

of therapy. With the increase of the five-year survival rate among the CML patients and the number of patients

achieving responses <0.1%, there was a need to determine different degrees of depth of response. The terms

MR4, MR4.5, and MR5 have started to be used to indicate levels of disease that are ≤0.01% BCR-ABL IS (4-log

reduction from IRIS baseline), ≤0.0032% BCR-ABL IS (4.5-log reduction from IRIS baseline), and ≤0.001% BCR-

ABL IS (5-log reduction from IRIS baseline), respectively . In addition, the number of copies of the control genes

was also included to account for the sensitivity of the measures, even more important in cases with undetectable

BCR-ABL1 transcripts.

More recently, Cross et al. developed a secondary reference panel which was cell-based and reproduced the first

WHO panel with an additional level of disease MR4.5. In total, 44 laboratories participated in the study and to date,

the secondary reference panel has been used as an indispensable part of the molecular monitoring of CML

patients worldwide (Figure 1).
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The standardization process never ends, but it is constantly evolving thanks to the application of new knowledge

and new methodologies. In recent years, technological development has allowed a new technique to appear in the

world of CML molecular monitoring: the digital PCR (dPCR).

4. Digital PCR

Despite oncologists started talking about dPCR in 1999 , it has only recently appeared to be a suitable

alternative or completion for qRT-PCR in disease monitoring, especially for low levels of disease . dPCR

works with the same primer sets, fluorescent molecules, and reagents of qRT-PCR, but it is characterized by a

massive partition of the sample into single PCR reactions . It also allows performing an absolute quantification

without the need for standard curves or reference material. In addition, dPCR results are evaluated by an end-point

analysis, reducing error rates by removing the amplification efficiency dependence of qRT-PCR . Indeed, dPCR

is independent by primer efficiency, in respect to qRT-PCR, where primer efficiency has a huge impact on accurate

quantification. dPCR workflow is based on three main steps: massive partition of the target, end-point PCR, and

Poisson statistics (Figure 2) . Currently, different commercialized platforms are available, principally divided into

two categories: micro-well chip-based or microfluidic-chamber-based (cdPCR) and droplet dPCR (ddPCR)

technologies. These platforms differ from the method used to partition the samples: cdPCR is based on a physical

subdivision, while ddPCR is based on emulsion PCR technology .

Figure 2. Description of droplet PCR workflow: (1) PCR reaction mixtures for each sample were partitioned in a

microfluidic chip or through an oil-based emulsion. (2) The partitioned samples were placed into a standard thermal

cycler for end-point PCR amplification: In the droplets containing target cDNA, the specific probe hydrolysis occurs

and bright fluorescence appears, while in the droplets containing no target molecules (empty), only background

probe fluorescence results. (3) Each droplet’s fluorescence was detected and processed into a two-dimensional

scatter plot display. The number of droplets within each gate was then counted.

[34]

[35][36]

[37]

[38]

[39]

[38]



BCR-ABL1 p210 Monitoring | Encyclopedia.pub

https://encyclopedia.pub/entry/3059 8/11

5. Conclusions

CML is the first human cancer that was treated with target therapy, TKIs, and in this way, the molecular monitoring

of treatment efficacy has become essential.

The successful clinical use of the standardized e13a2 and e14a2 fusion transcripts in monitoring of CML patients

so far could be seen as good example for further standardization of molecular monitoring in other gene

rearrangements. This should be considered not only in the onco-hematology field, but also in the other oncology

diseases where specific gene rearrangements are presented.

References

1. Hao, T.; Li-Talley, M.; Buck, A.; Chen, W. An emerging trend of rapid increase of leukemia but not
all cancers in the aging population in the United States. Sci. Rep. 2019, 9, 1–13.

2. Moore, F.R.; Rempfer, C.B.; Press, R.D. Quantitative BCR-ABL1 RQ-PCR Fusion Transcript
Monitoring in Chronic Myelogenous Leukemia. Methods Mol. Biol. 2013, 999, 1–23.

3. Chasseriau, J.; Rivet, J.; Bilan, F.; Chomel, J.-C.; Guilhot, F.; Bourmeyster, N.; Kitzis, A.
Characterization of the Different BCR-ABL Transcripts with a Single Multiplex RT-PCR. J. Mol.
Diagn. 2004, 6, 343–347.

4. Hughes, T.P.; Ross, D.M. Moving treatment-free remission into mainstream clinical practice in
CML. Blood 2016, 128, 17–23.

5. Möbius, S.; Schenk, T.; Himsel, D.; Maier, J.; Franke, G.-N.; Saussele, S.; Pott, C.; Andrikovics,
H.; Meggyesi, N.; Machova-Polakova, K.; et al. Results of the European survey on the
assessment of deep molecular response in chronic phase CML patients during tyrosine kinase
inhibitor therapy (EUREKA registry). J. Cancer Res. Clin. Oncol. 2019, 145, 1645–1650.

6. Hochhaus, A.; Saussele, S.; Rosti, G.; Mahon, F.-X.; Janssen, J.J.W.M.; Hjorth-Hansen, H.;
Richter, J.; Buske, C.; Committee, E.G. Chronic myeloid leukaemia: ESMO Clinical Practice
Guidelines for diagnosis, treatment and follow-up. Ann. Oncol. Off. J. Eur. Soc. Med. Oncol. 2017,
28, iv41–iv51.

7. Dragani, M.; Rege-Cambrin, G.; Ferrero, D.; Abruzzese, E.; Pregno, P.; Elena, C.; Cedrone, M.;
Santoro, M.; Andreani, G.; Saglio, G.; et al. Beyond the comfort zone of deep molecular response:
Discontinuation in major molecular response chronic myeloid leukemia. Leuk. Lymphoma 2019,
60, 3330–3332.

8. Sellon, R.K. Update on molecular techniques for diagnostic testing of infectious disease. Vet. Clin.
N. Am. Small Anim. Pract. 2003, 33, 677–693.



BCR-ABL1 p210 Monitoring | Encyclopedia.pub

https://encyclopedia.pub/entry/3059 9/11

9. Van Dongen, J.J.; Seriu, T.; Panzer-Grümayer, E.R.; Biondi, A.; Pongers-Willemse, M.J.; Corral,
L.; Stolz, F.; Schrappe, M.; Masera, G.; A Kamps, W.; et al. Prognostic value of minimal residual
disease in acute lymphoblastic leukaemia in childhood. Lancet 1998, 352, 1731–1738.

10. Van Dongen, J.; A Macintyre, E.; A Gabert, J.; Delabesse, E.; Rossi, V.; Saglio, G.; Gottardi, E.;
Rambaldi, A.; Dotti, G.; Griesinger, F.; et al. Standardized RT-PCR analysis of fusion gene
transcripts from chromosome aberrations in acute leukemia for detection of minimal residual
disease. Report of the BIOMED-1 Concerted Action: Investigation of minimal residual disease in
acute leukemia. Leukemia 1999, 13, 1901–1928.

11. Schmittgen, T.D.; Zakrajsek, B.A.; Mills, A.G.; Gorn, V.; Singer, M.J.; Reed, M.W. Quantitative
Reverse Transcription–Polymerase Chain Reaction to Study mRNA Decay: Comparison of
Endpoint and Real-Time Methods. Anal. Biochem. 2000, 285, 194–204.

12. Deepak, S.; Kottapalli, K.; Rakwal, R.; Oros, G.; Rangappa, K.; Iwahashi, H.; Masuo, Y.; Agrawal,
G.K. Real-Time PCR: Revolutionizing Detection and Expression Analysis of Genes. Curr. Genom.
2007, 8, 234–251.

13. Dinardo, C.D.; Luger, S.M. Beyond morphology: Minimal residual disease detection in acute
myeloid leukemia. Curr. Opin. Hematol. 2012, 19, 82–88.

14. A Bustin, S. Absolute quantification of mRNA using real-time reverse transcription polymerase
chain reaction assays. J. Mol. Endocrinol. 2000, 25, 169–193.

15. Lion, T. Current recommendations for positive controls in RT-PCR assays. Leukemia 2001, 15,
1033–1037.

16. Zhang, Z.; Harrison, P.; Gerstein, M. Identification and Analysis of Over 2000 Ribosomal Protein
Pseudogenes in the Human Genome. Genome Res. 2002, 12, 1466–1482.

17. Beillard, E.; Pallisgaard, N.; Van Der Velden, V.H.J.; Bi, W.; Dee, R.; Van Der Schoot, E.;
Delabesse, E.; MacIntyre, E.; Gottardi, E.; Saglio, G.; et al. Evaluation of candidate control genes
for diagnosis and residual disease detection in leukemic patients using ‘real-time’ quantitative
reverse-transcriptase polymerase chain reaction (RQ-PCR)—A Europe against cancer program.
Leukemia 2003, 17, 2474–2486.

18. Hughes, T.; Kaeda, J.; Branford, S.; Rudzki, Z.; Hochhaus, A.; Hensley, M.L.; Gathmann, I.;
Bolton, A.E.; Van Hoomissen, I.C.; Goldman, J.M.; et al. Frequency of Major Molecular
Responses to Imatinib or Interferon Alfa plus Cytarabine in Newly Diagnosed Chronic Myeloid
Leukemia. N. Engl. J. Med. 2003, 349, 1423–1432.

19. Gabert, J.; Beillard, E.; Van Der Velden, V.H.J.; Bi, W.; Grimwade, D.; Pallisgaard, N.; Barbany,
G.; Cazzaniga, G.; Cayuela, J.M.; Cave, H.; et al. Standardization and quality control studies of
‘real-time’ quantitative reverse transcriptase polymerase chain reaction of fusion gene transcripts



BCR-ABL1 p210 Monitoring | Encyclopedia.pub

https://encyclopedia.pub/entry/3059 10/11

for residual disease detection in leukemia—A Europe Against Cancer Program. Leukemia 2003,
17, 2318–2357.

20. Rulcová, J.; Zmekova, V.; Zemanova, Z.; Klamová, H.; Moravcová, J. The effect of total-ABL,
GUS and B2M control genes on BCR-ABL monitoring by real-time RT-PCR. Leuk. Res. 2007, 31,
483–491.

21. Cross, N.C.; Hughes, T.P.; Hochhaus, A.; Goldman, J.M. International standardisation of
quantitative real-time RT-PCR for BCR-ABL. Leuk. Res. 2007, 32, 505–506.

22. Branford, S.; Yeung, D.T.; Parker, W.T.; Roberts, N.D.; Purins, L.; Braley, J.A.; Altamura, H.K.;
Yeoman, A.L.; Georgievski, J.; Jamison, B.A.; et al. Prognosis for patients with CML and >10%
BCR-ABL1 after 3 months of imatinib depends on the rate of BCR-ABL1 decline. Blood 2014,
124, 511–518.

23. Hanfstein, B.; Shlyakhto, V.; Lauseker, M.; Hehlmann, R.; Saussele, S.; Dietz, C.; Erben, P.;
Fabarius, A.; Proetel, U.; Schnittger, S.; et al. Velocity of early BCR-ABL transcript elimination as
an optimized predictor of outcome in chronic myeloid leukemia (CML) patients in chronic phase
on treatment with imatinib. Leukemia 2014, 28, 1988–1992.

24. Moisoiu, V.; Teodorescu, P.; Parajdi, L.; Pasca, S.; Zdrenghea, M.; Dima, D.; Precup, R.;
Devínsky, F.; Soverini, S. Assessing Measurable Residual Disease in Chronic Myeloid Leukemia.
BCR-ABL1 IS in the Avant-Garde of Molecular Hematology. Front. Oncol. 2019, 9.

25. Hughes, T.; Deininger, M.; Hochhaus, A.; Branford, S.; Radich, J.; Kaeda, J.; Baccarani, M.;
Cortes, J.; Cross, N.C.; Druker, B.J.; et al. Monitoring CML patients responding to treatment with
tyrosine kinase inhibitors: Review and recommendations for harmonizing current methodology for
detecting BCR-ABL transcripts and kinase domain mutations and for expressing results. Blood
2006, 108, 28–37.

26. Paschka, P.; Branford, S.; Lorentz, C.; Hehlmann, R.; Hughes, T.; Hochhaus, A. Comparison of
“Log Reduction from Median Pretherapeutic Value” vs. Ratio BCR-ABL/ABL to Express the
Therapeutic Response in CML Patients. Blood 2004, 104, 1013.

27. Branford, S.; Fletcher, L.; Cross, N.C.P.; Müller, M.C.; Hochhaus, A.; Kim, D.-W.; Radich, J.P.;
Saglio, G.; Pane, F.; Kamel-Reid, S.; et al. Desirable performance characteristics for BCR-ABL
measurement on an international reporting scale to allow consistent interpretation of individual
patient response and comparison of response rates between clinical trials. Blood 2008, 112,
3330–3338.

28. Müller, M.C.; Cross, N.C.P.; Erben, P.; Schenk, T.; Hanfstein, B.; Ernst, T.; Hehlmann, R.;
Branford, S.; Saglio, G.; Hochhaus, A. Harmonization of molecular monitoring of CML therapy in
Europe. Leukemia 2009, 23, 1957–1963.



BCR-ABL1 p210 Monitoring | Encyclopedia.pub

https://encyclopedia.pub/entry/3059 11/11

29. White, H.E.; Matejtschuk, P.; Rigsby, P.; Gabert, J.; Lin, F.; Wang, Y.L.; Branford, S.; Müller, M.C.;
Beaufils, N.; Beillard, E.; et al. Establishment of the first World Health Organization International
Genetic Reference Panel for quantitation of BCR-ABL mRNA. Blood 2010, 116, e111–e117.

30. White, H.E.; Hedges, J.; Bendit, I.; Branford, S.; Colomer, D.; Hochhaus, A.; Hughes, T.; Kamel-
Reid, S.; Kim, D.-W.; Modur, V.; et al. Establishment and Validation of Analytical Reference Panels
for the Standardization of Quantitative BCR-ABL1 Measurements on the International Scale. Clin.
Chem. 2013, 59, 938–948.

31. White, H.H.; Deprez, L.; Corbisier, P.; Hall, V.; Lin, F.; Mazoua, S.; Trapmann, S.; Aggerholm, A.;
Andrikovics, H.; Akiki, S.; et al. A certified plasmid reference material for the standardisation of
BCR–ABL1 mRNA quantification by real-time quantitative PCR. Leukemia 2014, 29, 369–376.

32. Cayuela, J.-M.; MacIntyre, E.; Darlington, M.; Ben Abdelali, R.; Fund, X.; Villarese, P.; Tulliez, M.;
Raffoux, E.; Sigaux, F.; Réa, D.; et al. Cartridge-based automated BCR-ABL1 mRNA
quantification: Solving the issues of standardization, at what cost? Haematologica 2011, 96, 664–
671.

33. Cross, N.C.P.; White, H.E.; Müller, M.C.; Saglio, G.; Hochhaus, A. Standardized definitions of
molecular response in chronic myeloid leukemia. Leukemia 2012, 26, 2172–2175.

34. Vogelstein, B.; Kinzler, K.W. Digital PCR. Proc. Natl. Acad. Sci. USA 1999, 96, 9236–9241.

35. Bernardi, S.; Malagola, M.; Zanaglio, C.; Polverelli, N.; Eke, E.D.; D’Adda, M.; Farina, M.; Bucelli,
C.; Scaffidi, L.; Toffoletti, E.; et al. Digital PCR improves the quantitation of DMR and the selection
of CML candidates to TKIs discontinuation. Cancer Med. 2019, 8, 2041–2055.

36. Diral, E.; Mori, S.; Antolini, L.; Abruzzese, E.; Le Coutre, P.; Martino, B.; Pungolino, E.; Elena, C.;
Bergamaschi, M.; Assouline, S.; et al. Increased tumor burden in Chronic Myeloid Leukemia
patients after 36 months of imatinib discontinuation. Blood 2020.

37. Debski, P.R.; Gewartowski, K.; Bajer, S.; Garstecki, P. Calibration-free assays on standard real-
time PCR devices. Sci. Rep. 2017, 7, 44854.

38. Cilloni, D.; Petiti, J.; Rosso, V.; Andreani, G.; Dragani, M.; Fava, C.; Saglio, G. Digital PCR in
Myeloid Malignancies: Ready to Replace Quantitative PCR? Int. J. Mol. Sci. 2019, 20, 2249.

39. Dodd, D.W.; Gagnon, K.T.; Corey, D.R. Digital Quantitation of Potential Therapeutic Target RNAs.
Nucleic Acid Ther. 2013, 23, 188–194.

Retrieved from https://encyclopedia.pub/entry/history/show/9759


