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Impact of BCR::ABL1 transcript type on RT-qPCR amplification
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ABSTRACT

Several studies have reported that chronic myeloid leukemia (CML) patients expressing el4a2
BCR::ABL1 have a faster molecular response to therapy compared to patients expressing e13a2. To
explore the reason for this difference we undertook a detailed technical comparison of the
commonly used Europe Against Cancer (EAC) BCR::ABL1 reverse transcriptase quantitative
polymerase chain reaction (RT-qPCR) assay in European Treatment and Outcome Study (EUTQOS)
reference laboratories (n=10). We found the amplification ratio of the e13a2 amplicon was 38%
greater than el4a2 (p=0.015), and the amplification efficiency was 2% greater (P=0.17). This subtle
difference led to measurable transcript-type dependent variation in estimates of residual disease
which could be corrected by (i) taking the gPCR amplification efficiency into account, (ii) using
alternative RT-qPCR approaches or (iii) droplet digital PCR (ddPCR), a technique which is relatively
insensitive to differences in amplification kinetics. In CML patients, higher levels of BCR::ABL1/GUSB
were identified at diagnosis for patients expressing e13a2 (n=67) compared to el4a2 (n=78) when
analysed by RT-gPCR (P=0.0005) but not ddPCR (P=0.5). These data indicate that widely used RT-
gPCR assays result in subtly different estimates of disease depending on BCR::ABL1 transcript type;

these differences are small but may need to be considered for optimal patient management.
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INTRODUCTION

BCR::ABL1 is the primary driver of chronic myeloid leukemia (CML) but this chimeric gene exists in
several different isoforms that need to be recognized for optimal patient management. (1) The two
most common BCR::ABL1 mRNA transcripts, both of which encode a 210kDa BCR::ABL1 protein
(p210), are characterized by splicing of BCR exon 13 or BCR exon 14 to ABL1 exon 2, and are
designated as e13a2 and el4a2, respectively. (1-3) BCR exon 14 is 75bp in size and thus the e14a2
MRNA encodes an additional 25 amino acids compared to e13a2. (1) Together, these two transcripts
are seen in 98% of cases of CML, with el4a2 nearly twice as prevalent as e13a2 and up to 10% of
cases expressing both variants. (2) The remaining 2% of CML cases express atypical BCR::ABL1
fusions involving different BCR and/or ABL1 exons; recognition of these cases is important for their
clinical management. (4) The BCR::ABL1 transcript type expressed by individual patients is
determined largely by the precise positions of the genomic breakpoints chromosomes 22 and 9, (5)

and is thus stable over time.

For routine molecular monitoring of response to treatment, most laboratories use the Europe
Against Cancer (EAC) reverse transcriptase quantitative polymerase chain reaction (RT-gPCR) assay,
or variants thereof, which use a single primer pair/probe combination to detect and quantify e13a2
and/or e14a2 in the same procedure. (6) Whilst this allows for a single test to be used for the vast
majority of CML patients, it presents a potential technical issue as the e14a2 amplicon is
approximately twice as large as e13a2 (149bp vs 74bp; Figure 1), and it is known that the qPCR
quantification cycle (Cq) generally increases as a function of amplicon size. (7) Indeed, a small study
has described a bias towards preferential amplification of e13a2 over e14a2 when using RT-gPCR
compared to digital droplet PCR (ddPCR), as well as distinct RT-qPCR amplification profiles for each

transcript type. (8)

Several clinical studies have indicated that patients expressing e13a2 BCR::ABL1 have an inferior
molecular response to treatment at multiple timepoints compared to those expressing el4a2, (9-11)
although this does not appear to translate into a measurable effect on survival. (12) The possibility
that the observed difference in response could be explained by variance in RT-qPCR assay
performance between the two major transcripts has not yet been fully investigated. As treatment
cessation for CML patients who achieve sustained deep molecular response (DMR) to tyrosine kinase
inhibitor (TKI) therapy) becomes routine practice, it is increasingly important to ensure molecular
monitoring is as accurate as possible for all patients, and that treatment decisions are based upon

robust laboratory data.
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The study described here was designed to investigate the possibility that the observation of higher
measurable residual disease (MRD) levels in e13a2 patients could be due to differing efficiencies in

PCR amplification between the two transcripts, which is a crucial parameter in RT-qPCR. (13, 14)

METHODS

EUTOS Technical study

RT-gPCR study design: 14 reference laboratories from the European Treatment and Outcome Study
(EUTOS) for CML network that routinely use the EAC BCR::ABL1 assay (Figure 1) and ABL1 as a
reference gene were sent study materials that were prepared in Salisbury. The materials included (i)
three sets of primers and probes: set 1 was specific to e13a2 (15), set 2 used the EAC design for
BCR::ABL1 (6) and set 3 was specific to el4a2 (Supplementary Table 1)(15); (ii) 1 set of plasmid
dilutions and 3 sets of cell lysate dilutions for both e13a2 and e14a2. RNA extraction, cDNA synthesis
and EAC BCR::ABL1 gPCR were performed at each site according to local procedures and included
the use of laboratory-specific conversion factors (CF) to express results on the International Scale (IS)
according to the protocol detailed in Supplementary Methods A and summarised in Supplementary
Figure 1. Results were assessed to ensure the study protocol had been complied with and were
excluded from 3 laboratories due to the use of variable RT-qPCR thresholds across different runs.
The results from one further laboratory were also excluded as the average Ag of the local BCR::ABL1
assay exceeded 1.5 fold of the interquartile range of all laboratories. (16) The final dataset thus
consisted of results from 10 laboratories. Since both the ERM-AD623 certified reference plasmid (17)
and WHO International Genetic Reference Panel for the quantitation of BCR::ABL1 (18) are both

based on el4a2 BCR::ABL1, results were considered relative to this transcript type.

el4a2 and el3a2 plasmids: The ERM-AD623 certified reference plasmid includes the el4a2
BCR::ABL1 junction sequence as well as parts of the ABL1, BCR and GUSB genes that are used
commonly as a reference to control for variation in sample quality and RT-gPCR efficiency. The
plasmid is supplied as 6 different concentrations over a range of 10 to 1x10° copies/uL and is
commonly used as a calibration standard by laboratories performing molecular monitoring for CML.
(17) The e13a2 plasmid was identical in construction to ERM-AD623 but contains an e13a2
BCR::ABL1 fragment in place of e14a2 (Supplementary Figure 2). A 10-fold dilution series from
approximately 10 to 1x10° copies/uL was prepared and calibrated to ERM-AD623 reference material

using ABL1 copy number data (Supplementary Figure 3). Each plasmid has a 1:1 ratio of
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BCR::ABL1/ABL1 copy numbers. Laboratories using the EAC assay routinely use an e14a2 plasmid to
generate standard curves and use this curve to assign copy numbers to patient samples regardless of
the transcript type being expressed, resulting in potential discrepancies in amplicon size between

the standard curve and sample.

Cell line material: A five-fold dilution series was prepared by diluting BCR::ABL1 human cell lines
expressing el4a2 (K562) or e13a2 (KCL-22) into a BCR::ABL1 negative cellular background (HL60).
Dilutions of each cell line were targeted to contain approximately 10, 2, 0.4, 0.08, or 0.016%
BCR::ABL1/ABL1, which was confirmed by RT-gPCR prior to distribution. The initial dilution was
generated by adding 6x10° BCR::ABL1 expressing cells (K562 or KCL-22) to 6x107 HL60 cells, which
were then further serially diluted into HL60 cells at a concentration of 1.5x10° cells/ml. Cells were
lysed in RLT buffer (Qiagen, Hilden, Germany) according to the manufacturer’s instructions to

generate final cell lysates samples containing approximately 5x10° cells in 600uL of lysis buffer.

Droplet digital PCR: ddPCR was performed using EAC-based BCR::ABL1 and ABL1 assays according to
locally established procedures, (19) or with the commercially available QXDx BCR::ABL1 %IS kit
(BioRad, Hercules, California, USA), according to the manufacturer’s instructions. Both cell line and
plasmid material were tested, however as ddPCR experiments can become saturated at very high
levels of template copy number, only 4/6 plasmid dilutions were used for ddPCR experiments,
spanning a concentration range of approximately 1x10* to 1x10* copies/uL. The ratio of

BCR::ABL1/ABL1 was calculated from the reported copy number of each target.

Dynamics of RT-qPCR: We measured two parameters to assess the performance of e13a2 and el14a2
amplification: (i) the amplification ratio (Ag) and (ii) amplification efficiency (E) as previously defined.
(20) Amplification efficiency-corrected Ag values (designated Agc) were calculated (21), as well as the
expected number of copies of a target amplicon with the observed values of E for e13a2 and el4a2.

These calculations are detailed in Supplementary Methods B.

Patient cohorts

Diagnostic CML Cohort: A cohort of CML patients at diagnosis were identified (n = 152). Patients
shown to be co-expressing both e13a2 and el4a2 were excluded (n = 7), leaving a total of 145 cases
in the final analysis (e13a2, n=67; e14a2, n=78). Patient samples were analysed using RT-gPCR assays
for BCR::ABL1 and GUSB. (6) The same samples were also analysed using an in-house RT-ddPCR for
BCR::ABL1. (19) The BCR::ABL1 assays used for RT-gPCR and ddPCR both co-amplified e13a2 and
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el4a2. Results were expressed as %BCR::ABL1 (RT-gPCR or ddPCR copies) / GUSB (RT-qPCR copies).
Results were not converted to the International Scale as the %BCR::ABL1 / GUSB values greatly
exceeded 10%.

Subset of patients with sequential monitoring data: Sequential prospective monitoring of MRD at
both the mRNA and DNA levels for a subset of 81 CML patients (43 males, 38 females) has been
described previously. (19) Finally, data from 67/81 patients with optimized DNA-based assays were
used and evaluated (Supplementary methods C). Of these, 27 patients expressed e13a2 and 40
patients expressed el4a2 BCR::ABL1 transcript type. Monitoring data from these patients were used
to determine the time to achieve of a 3-log reduction in disease levels using a measure of individual
molecular response (IMR) that is applicable to both RNA and DNA samples, as well as the kinetics of

disease reduction (22) as described in detail in Supplementary Methods C.

Statistical analysis: Comparisons between groups were performed using the Mann-Whitney U test.
Paired comparisons were performed using the Wilcoxon signed-rank test, with Bonferroni correction
for multiple tests where appropriate. RT-gPCR and ddPCR measurements were also compared using

Bland-Altman analysis (23) with the blandr package for R (24) to assess bias.

RESULTS

Impact of BCR::ABL1 transcript type on amplification performance

To investigate the kinetics of BCR::ABL1 amplification by RT-gPCR by the widely-used EAC protocol,
we undertook a detailed multicentre performance evaluation using control materials according to
the schema shown in Supplementary Figure 1. As the plasmid BCR::ABL1/ABL1 copy number ratio is
1:1 regardless of plasmid concentration, the median laboratory specific amplification ratio (number
of target molecules relative to the number reference molecules; Ag, see Supplementary Methods B)
for each transcript type was determined using all plasmid samples for the routine, EAC-based
BCR::ABL1 assay for each laboratory (runs 5 and 6, Supplementary Figure 1). The e13a2 Ag values
were higher than e14a2 in 8/10 laboratories and, overall, the laboratory specific Az values were 38%
higher for e13a2 compared to el4a2 (n = 10, median e13a2 Ag = 1.57 versus el4a2 Ag=1.14, P =
0.015, Table 1, Figure 2A). To determine if the observed difference in Ar could be explained by
differences in amplification efficiency, we estimated E (Supplementary Methods B, eqn. 2) for the
el3a2, el4a2 and ABL1 assays for each centre using the results from plasmid samples (runs 5 and 6).

Overall, amplification of e13a2 was 2% more efficient than el4a2, although this difference did not
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reach statistical significance (e13a2 median E = 0.972 versus el4a2 = 0.953, P = 0.17, Supplementary
Figure 4A). The amplification efficiency-corrected Agc values showed a reduction in the difference
between el3a2 and el4a2; the median e13a2 Agc remained slightly greater than el4a2, but the
difference was no longer significant (median e13a2 Arc = 1.18 versus el4a2 = 0.99, P = 0.63 Figure
2B). This correction suggests the differences in amplification efficiency explain at least some of the

observed difference in Agr between el3a2 and el4a2.

To understand in more detail the impact of different amplicon size, the study design included e13a2-
specific and el4a2-specific qPCR assays that are used routinely by some centers, particularly in
Australasia. (15) The amplicon length for these assays is more comparable between BCR::ABL1
isoforms; e13a2 (96bp) and el4a2 (74bp). In contrast to the EAC assay, we found the Ag for the
specific assays to be higher for e14a2 in 7/10 laboratories, but the difference overall was not
statistically significant (median Ag for e13a2 = 1.34 versus el4a2 = 1.61, P = 0.31, Figure 2C, Table 1).
Furthermore, we found that the shorter e1l4a2 amplicon amplified 2% more efficiently than e13a2
using the transcript-specific assays (median E for e13a2 = 0.962 versus el4a2 = 0.982, P = 0.069,
Supplementary Figure 4B). Correction for amplification efficiency resulted in a median Agc that was
closer to 1 for both transcripts, as well as a reduced difference in Ag although the el14a2 ratio
remained slightly greater than e13a2 (median e13a2 Arc = 1.18 versus e14a2 Agc = 1.23, p = 0.68,
Figure 2D, Table 1). Interestingly, these results are the inverse of those obtained from the EAC gPCR
assay, with the el4a2 specific primers outperforming those specific to e13a2. In both cases,

however, the more efficient amplification was seen for the shorter amplicon (Table 1).

Impact of BCR::ABL1 transcript type on standard curves used for quantification of copy number

To investigate if the BCR::ABL1/ABL1 qPCR results could be influenced by the transcript type of the
standard curve, BCR::ABL1/ABL1 values for KCL-22 (e13a2 cell line) dilutions were calculated using
the local EAC gPCR assay and either the e13a2 or the ERM-AD623 el4a2 plasmid standard curves
used to assign copy numbers (runs 5 and 6). If the performance of the assay was similar for both
transcript types, then the transcript type of the standard curve should not affect the calculated
BCR::ABL1/ABL1 values. For all dilutions, the results (logio scale) were higher when calculated using
the el4a2 standard curve, compared to using the el3a2 standard curve (Figure 3). This difference
was statistically significant at the 0.016%, 0.08%, 0.4% and 2% dilution points and approached
significance at the 10% dilution. After applying laboratory-specific CFs (derived from previous EUTOS

standardisation rounds) to the results, there was no significant difference between BCR::ABL1/ABL1
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derived from the e13a2 standard curve, and BCR::ABL1", indicating that the use of a CF may go some

way to mitigating the difference in efficiency (Figure 3).

However, estimation of e13a2 using the el4a2 standard curve with or without the CF resulted in
increased variability compared to using the e13a2 standard curve (Figure 3). The mean coefficient of
variation (CV) across all dilutions of the e13a2 cell line when using the e13a2 standard curve was
33%, compared to 41% when using the e14a2 standard curve and CF. In contrast, the mean CV of the
BCR::ABL1/ABL1 results from the el14a2 cell line decreased from 43% to 32% when laboratory-
specific CFs were applied. This suggests that CFs are not completely optimised for e13a2 BCR::ABL1,
and interestingly, that e13a2 amplification may be inherently less variable than e14a2, possibly as a

result of the much shorter amplicon.

Effect of using ddPCR

To investigate if the differences in performance were specific to RT-qPCR, two laboratories
performed ddPCR using their in-house ddPCR protocols, as well as a commercially available, CE
marked ddPCR kit (QXDx BCR-ABL %S, BioRad) for monitoring of BCR::ABL1 on the IS. Using the EAC
primers and plasmid dilutions, there was no difference in ddPCR Ag at either laboratory (Salisbury P =
0.89; Prague P = 0.71, Supplementary Figure 5). The QXDx assay is not compatible with the ABL1
moiety in the ERM-AD623 plasmid and thus we were unable to perform the same comparison using
the commercial kit, but we were able to compare BCR::ABL1" RT-gPCR and QXDx IS ddPCR results for
the cell line dilutions (n=40). Bland-Altman analysis of the difference between the average logio
ddPCR and RT-qPCR results for both transcript types combined showed a bias of -0.11 (SD = 0.22,
95% Cl [-0.15,-0.06]), (Supplementary Figure 6). Individual analysis of each transcript type (Figure 4)
showed a negligible bias of -0.001 for e13a2 however the bias observed for el4a2 was -0.218,
suggesting that the EAC RT-gPCR assay does not amplify el4a2 as effectively as the e13a2 transcript
when compared to ddPCR. Although we did not observe a difference in Ag using EAC ddPCR assays,
ddPCR is able to distinguish between the two transcript types, with distinct clusters of droplets
defined by BCR::ABL1 fluorescent amplitude present for each transcript, as has been reported

previously. (8)

Impact of transcript type in a patient cohort

To assess our findings in CML patients (n = 145), we used both RT-qPCR and ddPCR to measure
%BCR::ABL1/GUSB at diagnosis. Using RT-qPCR, the %BCR::ABL1/GUSB was significantly higher for

patients expressing e13a2 compared with those expressing el4a2 (el3a2 = 48.3%, el4a2 = 37.7%, P

10
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= 0.0005, Figure 5A). Furthermore, the fold difference in median levels for each transcript type was
1.28, close to the theoretical 1.35-fold difference (equation 4 with 30 PCR cycles; Supplementary
Methods) that would be expected given the observed 2% difference in amplification efficiency
between targets. However, when BCR::ABL1 was analysed using ddPCR, the difference in
%BCR::ABL1/GUSB was no longer significant (e13a2 = 37.2%, el4a2 = 34.6%, P = 0.5, Figure 5B).
Comparison of %BCR::ABL1/GUSB results for each transcript type considered independently showed
that the results obtained by RT-qPCR for e13a2 remained significantly greater than those obtained
by ddPCR, whereas there was no significant difference for el4a2 (e13a2, P < 0.0001; e14a2, P =0.22;
Figure 6). Bland-Altman analysis of RT-qPCR and ddPCR results showed a mean bias for e13a2 of
11.52% (95% CI [6.84, 16.21], Figure 7A), compared to a mean bias for e14a2 of 0.85% (95% CI [-
2.94, 4.638], Figure 7B). Taken together, these data confirm that e13a2 BCR::ABL1 is overestimated
relative to el4a2 in the RT-qPCR assay at diagnosis, thereby resulting in artificially elevated

BCR::ABL1 results for patients expressing this isoform.

We investigated the effect of BCR::ABL1 transcript type in a cohort of patients undergoing TKI
treatment (n=67). Concordant with the findings of other groups, the time to MMR was shorter for
patients expressing el4a2 compared to el3a2, although the difference was not significant in our
relatively small series of cases (P=0.077; Supplementary Figure 7). The analysis of cumulative
achievement of a 3 log reduction of BCR::ABL1 based on IMR measurements (i.e. relative to
pretreatment levels for each patient) for both mRNA and DNA assessments showed noticeably less
difference between transcript types (Supplementary Figure 8). Examination of the kinetics of decline
using a bi-exponential mixed effect model showed no difference in the o and B slopes between

el3a2 and el4a2 for either mRNA or DNA-based assessments (Supplementary Figure 8).

Discussion

Molecular monitoring to assess time-dependent therapeutic milestones is an important element in
the management of patients with CML. (25) In recent years, several studies have reported that
patients expressing e13a2 BCR::ABL1 have an inferior molecular response at multiple timepoints
compared to those expressing el4a2. (9-11) Although this difference does not affect overall survival
(12), it would be expected to have some impact on the achievement of specific milestones as well as
eligibility for, or timing of, treatment cessation. Broadly there are two potential, and not necessarily
mutually exclusive, explanations for these findings: (i) there is a biological difference between e13a2
and el4a2 BCR::ABL1 that influences response to treatment (26) or (ii) the difference is a technical

artefact attributable to the kinetics of RT-qPCR assays employed to measure BCR::ABL1 mRNA levels.

11
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There is some support for the notion that there may be a genuine biological difference between
BCR::ABL1 isoforms, for example the finding that transcript type is associated with white cell or
platelet counts at presentation (10, 11), progression-free survival (9) or cytogenetic response. (27)
However these associations have not been replicated in multiple studies and thus remain tentative.
Our study provides evidence that at least part of the difference is technical, and dependent on the

assay configuration.

With RT-gPCR, BCR::ABL1 and reference gene copy numbers are estimated by interpolation of
sample Cq to a standard curve derived from calibrated control reagents, and BCR::ABL1 copies are
reported as a percentage of the reference gene, commonly ABL1, BCR or GUSB. (28) A difference in
the efficiency of the target and/or reference gene amplification has the potential to introduce error
into the results (29), which is why great care should be taken to ensure amplification is as efficient as
possible, and equal for all targets tested. (14) Our results show that the EAC assay performs sub
optimally in most laboratories when the target is e14a2, as compared to el3a2. In terms of E, the
difference appears slight, but there was a significant difference in Az between e13a3 and el4a2
(Figure 2A). We were able to correct for this difference by incorporating E into the calculation,
indicating that a small difference in E is sufficient to have a measurable impact on the outcome. A
likely source for the discrepancy in amplification performance is the difference in amplicon length
generated by the EAC assay, although the sequence itself may also be important. (6, 7) Using
transcript-specific assays that generate amplicons that are more similar in length, we did not
observe a significant difference in Ag between the transcript types, but the Ag of the shorter
amplicon was elevated in comparison to the longer one, supporting the hypothesis that the larger
el4a2 EAC amplicon may be impacting amplification performance. Of note, the Adelaide group
(which uses transcript-specific assays) did not find any impact of transcript type on the achievement
of MMR or MR?, although they did find that e14a2 patients were more likely to achieve MR** at 48
months. (30)

A typical BCR::ABL1 RT-gPCR test result assumes the equal performance of multiple separate
amplifications (BCR::ABL1 and reference gene for the sample and a 6-point standard curve such as
ERM-ADG623). This may be a reasonable assumption when comparing like-for-like samples and
calibrators, however the commonly used ERM-AD623 plasmid calibrator contains the el4a2 target
sequence. (17) As we and others (8) have shown, there is a clear difference in how the EAC-designed
BCR::ABL1 RT-gPCR assay performs depending on the transcript type. It is unsurprising, therefore,

that the use of a standard curve containing a different target amplicon may skew the results of an
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experiment. Indeed, we observed inflated BCR::ABL1 values from el13a2 expressing cell lines when
an el4a2 calibrator was used, compared to results obtained using a matched e13a2 calibrator
(Figure 3). We observed the same pattern of results when an e13a2 calibrator was used to assign
BCR::ABL1 values from el4a2 expressing cell lines (data not shown), which is consistent with an
el3a2 standard curve that is amplifying more effectively than the e14a2 standard curve. Although
the application of laboratory-specific CFs helps to mitigate against this difference, the increase in
variation of the results suggests that CFs may not be fully optimised for the e13a2 transcript. Recent
work by Dominy et al (31) also investigated the effect of transcript-specific standard curves, and our
results corroborate and extend their findings. All currently available reference materials for
BCR::ABL1 are based on el4a2, which likely accounts for the relative lack of assay optimisation for
el3a2. In theory these issues could be addressed by production of el13a2-based reference materials
that would enable assay optimisation (and potentially new assay design), estimation of E and
correction of results. The ‘Pfaffl method’, for example, is frequently used in relative quantitation
experiments (32) and has been proposed for use in absolute quantitation. (29, 33) However
development of certified reference materials is a lengthy and complex process; furthermore it is not

entirely clear how to deal with patients who express both e13a2 and el4a2.

An alternative approach is to use ddPCR, a technique which is relatively insensitive to differences in
amplification efficiency as well as having other advantages such as producing results that are less
variable that those produced by RT-gPCR and the lack of requirement for a standard curve. (34-37)
Our initial data using control materials indicated that ddPCR results do not show the transcript-
related differences that were seen using RT-qPCR. This was confirmed in CML patients, for whom we
found BCR::ABL1/GUSB levels at diagnosis were apparently elevated in e13a2 cases compared to
el4a2 when using RT-gPCR, but no difference was seen with ddPCR. The negative bias in RT-gPCR
elda2 amplification when compared with ddPCR is consistent with reduced efficiency of the el4a2
EAC assay as the source of experimental error. It is important to note that variations in laboratory
protocols, including the use of different reference genes, are likely to lead to variable levels of bias
(if any) between transcript types in different laboratories, and testing centres with concerns should
undertake their own internal investigations to determine the performance of their assays for both

el3a2 and el4a2 BCR::ABL1.

When RT-gPCR results were normalized to pre-treatment levels, there was no difference between

transcript types with respect to achievement of a 3-log reduction in levels of disease, and no

difference in the a or B slopes was apparent (Supplementary Figure 8). Although this approach is
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helpful to evaluate prognostically significant differences in the rate of disease reduction during the
first weeks of therapy, (38, 39) and is the only approach to monitor molecular response for cases
with rare, atypical BCR::ABL1 variants, (4) it is of limited value for most patients because the results
cannot be related to the IS. Similarly, DNA-based results can provide useful information in patients in
DMR (19, 40) but this technically difficult approach appears to add little value for routine

monitoring.

In conclusion, there is a growing body of evidence that points to discrepancies in the performance of
the EAC RT-gPCR assay in relation to BCR::ABL1 transcript type. This issue is almost certainly not
limited to the EAC primer/probe set, but likely affects other assays with similar differences in
amplicon sizes between el3a2 and el4a2. It is important to emphasize, however, that the
discrepancy is subtle and, although its consequences are apparently detectable in some large
studies, (9-11) the effect on individual cases is expected to be very small. (31) Nevertheless, we
recommend caution in making clinical decisions based on patient transcript type and stress the need
to consider trends in sequential MRD results in addition to the achievement of defined milestones at

specific timepoints.
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Figure Legends

Figure 1. Schematic of e14a2 and el3a2 BCR::ABL1 with positions of EAC primers.

Figure 2. Comparison of e13a2 and el4a2 RT-qPCR BCR::ABL1/ABL1 amplification ratios (Ag) for EAC
and transcript-specific assays. (A) Without correction for efficiency, the median Ag of the shorter EAC
el13a2 amplicon was significantly higher than e14a2 (n = 10, median e13a2 ratio = 1.57, e14a2 ratio =
1.14, P = 0.015; Mann-Whitney U test). (B) Correcting for amplification efficiency greatly reduces this
discrepancy (median e13a2 corrected ratio = 1.18, e14a2 = 0.99, P = 0.63). Using transcript-specific
assays that are more similar in size, with (C) no efficiency correction the shorter e14a2 amplicon has
a slightly elevated median Ag compared to el3a2, but the difference is not statistically significant
(median el13a2 ratio 1.34, el4a2 = 1.61, P = 0.31). D) After correction for efficiency the difference is
reduced (median el13a2 corrected ratio = 1.18, el4a2 = 1.23, P = 0.68).

Figure 3. Influence of transcript type used for the standard curve. Logio BCR::ABL1/ABL1 percentages
derived from serially diluted e13a2 BCR::ABL1 cell line (KCL-22) lysates, calculated using either an
el3a2 (red) or el4a2 (green) standard curve, or with the el4a2 standard curve and results
converted to the IS (blue). e13a2 BCR::ABL1 results were consistently higher when calculated with an
el4a2 standard curve compared to using an e13a2 standard curve (0.016% dilution, P =0.012; 0.08%
dilution, P = 0.041; 0.4% dilution, P = 0.041; 2% dilution, P = 0.041; 10% dilution, P = 0.058; Wilcoxon
signed-rank test with Bonferroni correction for multiple comparisons). Using results expressed on

the IS resolved this difference but with an apparent increase in variability.

Figure 4. Bland-Altman analysis of the difference [RT-qPCR (EAC) — ddPCR (QXDx, BioRad)] versus
mean BCR::ABL1" showed good concordance for the e13a2 amplicon (mean bias = -0.001, SD = 0.18,
95% ClI [0.05, -0.05]) but negative bias for the e14a2 amplicon (mean bias =-0.218, SD = 0.21, 95% Cl
[-0.28, -0.16]). Each point represents the mean BCR::ABL1" result of a cell lysate sample from a
single laboratory, and the results cluster around the mean results from each dilution point. Blue
shading indicates the mean bias (dashed line) and corresponding 95% CI (dotted lines). Green
shading indicates the upper LoA and corresponding 95% Cl. Red shading indicates the lower LoA and
the corresponding 95%Cl. SD = standard deviation, Cl = confidence interval, LoA = 95% limit of

agreement. Log10 scale.

20



595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620

Figure 5. Comparison of %BCR::ABL1/GUSB results at diagnosis in patients expressing either e13a2
(n=67) or e1l4a2 (n=78) BCR::ABL1. A) Using RT-qPCR, the %BCR::ABL1/GUSB results were
significantly higher in patients expressing e13a2 compared to those expressing el4a2 (median
%BCR::ABL1/GUSB; e13a2 = 48.3%, el4a2 = 37.7%, p = 0.0005). B) ddPCR measurements for
BCR::ABL1 in the same samples showed no significant difference between transcripts (median

%BCR::ABL1/GUSB for e13a2 = 37.2% versus el4a2 = 34.6%, P = 0.5). Mann-Whitney U test.

Figure 6. Within-group comparison results for diagnostic samples assessed with RT-qPCR and ddPCR.
A) For the e13a2 patient group, RT-gPCR for BCR::ABL1 gave significantly higher %BCR::ABL1/GUSB
results compared to ddPCR for BCR::ABL1 (e13a2 median ddPCR = 37.16% versus RT-qPCR = 48.32%,
P <0.0001, n=67). B) In the e14a2 group, there was no significant difference in %BCR::ABL1/GUSB
between methods (median ddPCR = 34.64% versus RT-qPCR = 37.69%, P = 0.22, n = 78). Wilcoxon

signed-rank test.

Figure 7. Bland-Altman comparison of RT-qPCR and ddPCR measurement of BCR::ABL1 in diagnostic
samples from patients expressing either e13a2 or e1l4a2. A) For e13a2 samples (n=67) the mean bias
was 11.52% (95% Cl [6.84, 16.21], SD = 19.20). B) For e14a2 samples (n=78) we found a negligible
mean bias of 0.85% (95% Cl [-2.94, 4.64], SD = 16.80). Blue shading indicates the mean bias (dashed
line) and corresponding 95% ClI (dotted lines). Green shading indicates the upper LoA and
corresponding 95% CI. Red shading indicates the lower LoA and the corresponding 95%Cl. Cl =

Confidence Interval, SD = Standard Deviation, LoA = 95% limits of agreement.
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621  Table 1. Median (n = 10) uncorrected (Ag) and corrected (Arc) amplification ratios and amplification
622  efficiency (E) derived from plasmid material for the EAC and transcript specific assays. Amplicon sizes

623  for each assay are indicated in brackets. p-values: Mann-Whitney test, comparing transcript sizes. p

624 < 0.05 was considered statistically significant.

625
EAC assay el3a2 (74bp) elda2 (149bp) P
Ag (min, max) 1.57 (1.23, 2.40) 1.14 (0.69, 1.62) 0.015
Agc (min, max) 1.18 (0.54, 1.89) 0.99 (0.56, 2.35) 0.63
E (min, max) 0.972 (0.95, 1.05) 0.953 (0.91, 1.05) 0.17
Transcript type-specific assay el3a2 (96bp) elda2 (74bp) P
Ag (min, max) 1.34(0.77,1.99) 1.61 (0.76, 1.96) 0.31
Agc (min, max) 1.18 (0.51, 1.86) 1.23(0.31, 2.11) 0.68
E (min, max) 0.962 (0.94, 1.03) 0.982 (0.95, 1.08) 0.069
626
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SUPPLEMENTARY INFORMATION

Impact of BCR::ABL1 transcript type on RT-qPCR amplification performance

and molecular response to therapy

Matthew Salmon, Helen E. White, Hana Zizkova et al.

SUPPLEMENTARY METHODS

A. EUTOS Technical study full protocol (provided to participating laboratories)

Participating laboratories were blinded to plasmid and cell line transcript type which were as
follows: Plasmid X = e13a2, Plasmid Y = e1l4a2 ERM-AD623 (ref. 1), cell lysates A-E = e13a2 (KCL22),
cell lysates F-J = el4a2 (HL60). RT-gPCR primer and probe sets were as follows: Set 1 = e13a2 specific
BCR::ABL1, Set 2 = EAC ABL1, Set 3 = el4a2 specific BCR::ABL1 (Supplementary table 1).

Material provided:

i 3 sets of gPCR primers/probes targeting ABL1 or BCR::ABL1. All probes are dual-labelled
with 5’FAM/ 3'BHQ1

ii. 2 sets of serially diluted plasmid samples labelled Plasmid X (1-6) and Plasmid Y (1-6).

iii. Set of cell lysate samples (labelled A-J, in triplicate) in RLT or Trizol as requested.

iv. Results spreadsheet.

Study Overview:

Samples: Each plasmid sample and cell line lysate will be assessed by gPCR using all 3 primer/probe
sets, plus your usual ABL1 and BCR::ABL1 primer/probe sets (4 primer/probe sets in total). Each
gPCR run will detect either ABL1 or BCR::ABL1.



gPCR: Each sample must be assessed by qPCR using the appropriate primer/probe sets (see

Supplementary Figure 2). Please ensure you use the same number of replicates across all runs. In

total, you will need to perform 6 gPCR runs:

Run 1: test all plasmid and cDNA samples (n=23) with primer/probe set 1
Run 2: test all plasmid and cDNA samples (n=23) with primer/probe set 2
Run 3: test all plasmid and cDNA samples (n=23) with primer/probe set 3
Run 4: test all plasmid and cDNA samples (n=23) with primer/probe set 2
Run 5: test all plasmid and cDNA samples (n=23) with your local BCR::ABL1
primer/probe set

Run 6: test all plasmid and cDNA samples (n=23) with your local ABL1 primer/probe set

RNA Processing: RNA should be extracted and sufficient cDNA synthesised from the cell lysate

samples following your standard protocol. One lysate should be used per two qPCR runs (see

“Overview” tab of results spreadsheet and supplementary figure 2).

Standard Curves: For runs 1 and 2, the plasmid X dilution series should be assigned as the standard

curve. For runs 3-6, the plasmid Y dilution series should be assigned as the standard curve. Table 1

shows the transcript copies/pL for each tube. Please ensure you assign your standards the

appropriate copy number based on the amount of plasmid used in each run. (e.g. for 2uL: Plasmid 1

= 40 copies, Plasmid 2 = 400 copies...)

Sample Transcript copies/pL
Plasmid 1 20

Plasmid 2 200

Plasmid 3 2,000
Plasmid 4 20,000
Plasmid 5 200,000
Plasmid 6 2,000,000

Table A: Standard curve transcript copy numbers



Standard gPCR conditions:

Final
Reagent Vol (uL, n=1)
concentration
10uM F primer 2 1uM
10pM R primer 2 1uM
5uM Probe 0.5 0.125uM
RQ-PCR Master Mix* X X
CDNA** 2-5uL -
Water To 20uL -
Table B: gPCR components.
Number of Cycles Temp (°C) Time
1x 50 2 minutes
1x 95 10 minutes
95 15 seconds
50x
60 1 minute

Table C: gPCR cycling conditions

Protocol: (see Supplementary figure 2)

Run1

1)
2)

3)

4)
5)

Extract RNA from the first set of cell lysate samples A-J following your standard procedure.
Synthesise cDNA from each RNA sample for use in Runs 1 and 2 following your standard

procedure. Take an aliquot of each sample to use in Run 1. Store remaining cDNA at -20°C.

Store any remaining RNA at -80°C.

Using primer/probe set 1, perform qPCR Run 1 on the 23 samples (Plasmid X 1-6, Plasmid Y

1-6, cell lysates A-J, No template control) according to the conditions specified in Tables 2

and 3 above.

Assign Plasmid X as the standard curve for this run, using the copy numbers given in Table 1.

Record the results in the “Run 1” tab of the results sheet.




Run 2

Run 3

1)

2)

3)

4)
5)

Run 4

1)

2)
3)

Run 5

1)
2)

1) With the remaining cDNA from Run 1, and using primer/probe set 2, perform gPCR Run 2

on 23 samples (Plasmid X 1-6, Plasmid Y 1-6, cell lysates A-J, No template control)

according to the conditions specified in Tables 2 and 3 above.

2) Assign Plasmid X as the standard curve for this run, using the copy numbers given in

Table 1.

3) Record the results in the “Run 2” tab of the results sheet.

Extract RNA from the second set of cell lysate samples A-J following your standard
procedure.

Synthesise cDNA from each RNA sample for use in Runs 3 and 4 following your standard
procedure. Take an aliquot of each sample to use in Run 3. Store remaining cDNA at -20°C.
Store any remaining RNA at -80°C.

Using primer/probe set 3, perform RQ-PCR Run 1 on the 23 samples (Plasmid X 1-6-, Plasmid
Y 1-6, cell lysates A-J, No template control) according to the conditions specified in Tables 2
and 3 above.

Assign Plasmid Y as the standard curve for this run, using the copy numbers given in Table 1.

Record the results in the “Run 3” tab of the results sheet.

With the remaining cDNA from Run 3, and using primer/probe set 2, perform gPCR Run 2 on
23 samples (Plasmid X 1-6-, Plasmid Y 1-6, cell lysates A-J, No template control) according to
the conditions specified in Tables 2 and 3 above.

Assign Plasmid Y as the standard curve for this run, using the copy numbers given in Table 1.

Record the results in the “Run 4” tab of the results sheet.

Extract RNA from the third set of cell lysate samples A-J following your standard procedure.
Synthesise cDNA from each extracted RNA sample for use in Runs 5 and 6 following your
standard procedure. Take an aliquot of each sample to use in Run 5. Store remaining cDNA

at -20°C. Store any remaining RNA at -80°C.



3) Using your usual BCR::ABL1 primer/probes, set up and perform gPCR Run 5 according to
your standard conditions. Test all 23 samples (Plasmid X 1-6, Plasmid Y 1-6, cell lysates A-J,
No template control)

4) Assign Plasmid Y as the standard curve for this run, using the copy number given in Table 1.

5) Record the results in the “Run 5” tab of the results sheet.

Run 6

1) With the remaining cDNA from Run 3, and using your usual ABL1 primer/probes, set up and
perform gPCR Run 6 according your standard conditions. Test all 23 samples (Plasmid X 1-6,
Plasmid Y 1-6, cell lysates A-J, No template control)

2) Assign Plasmid Y as the standard curve for this run, using the copy numbers given in Table 1.

3) Record the results in the “Run 6” tab of the results sheet.

B. Dynamics of RT-qPCR

We used two parameters to assess the performance of e13a2 and el14a2 amplification; 1)
amplification ratio (Ar) and 2) amplification efficiency (E). Az can be defined as the number of target
molecules relative to the number of some reference molecule at the Cq of an RT-gPCR experiment,

as calculated by equation 1. (2)

Amplification Ratio = 2(ar—Car) [1]

Where Cq, is the quantification cycle of the reference molecule (ABL1), and Cq; is the quantification
cycle of the target molecule (BCR::ABL1). The Ag presented here therefore represents the ratio of

BCR::ABL1/ABL1 copy numbers.

The E of RT-qPCR describes the increase in copies of the target molecule from cycle to cycle. A
reaction is 100% efficient when there is a perfect doubling of target molecules between each PCR
cycle. In equation 1, E of the reference and target assays is assumed to be 100%. This is a common
assumption, but E is rarely perfect in real-world experiments, and factors such as primer design,
template secondary structures, and reaction chemistry can reduce efficiency and render this
assumption invalid. (3) It is also possible for the calculated efficiency to exceed 100% (i.e., the
number of target molecules more than doubles with each cycle of PCR), a phenomenon that is

usually indicative of PCR inhibition at higher template concentrations in the standard curve. To



account for less than perfect amplification, E can be estimated experimentally using equation 2 (ref.
(2).

E=107) -1 2]

Where m is the gradient calculated from the linear regression of Cq against logiotemplate
concentration for a series of samples of known concentration (i.e. a standard curve). For a 100%
efficient reaction, E = 1, which corresponds to a standard curve gradient, m, of -3.33 for a 10-fold
dilution series. (2) As the absolute initial ratio of BCR::ABL1/ABL1 is known to be exactly 1:1 in each
plasmid used in this study, the Ag as determined by a theoretical RT-qPCR in which all targets are
amplified with equal efficiency should be 1. In other words, the Cq of ABL1 and BCR::ABL1 would be
identical. Additionally, if there is no difference in E between e13a2 and el4a2, there should also be
no difference in Ag between the two transcript types. Amplification efficiency-corrected Ag values

(designated Agc) were calculated as per Equation 3. (4)

(1+ E.)¢r
(1+ Ep)ca

Corrected Amplification Ratio =
Where E, and E; represent the amplification efficiency of ABL1 and BCR::ABL1, respectively. The
number of copies of a target amplicon, N, that will be present after x reaction cycles is described by

Equation 4
Ny = No(1+ E)*V [4]

Where Nj is the initial number of template copies and E'is the reaction efficiency between 0 and 1.

C. Analysis of CML patients with molecular follow up data

Sequential prospective monitoring of MRD at both the mRNA and DNA levels for a subset of 81 CML
patients (43 males, 38 females) since diagnosis has been described previously. (5) Briefly, 65 patients
were treated with imatinib, 14 with nilotinib and 2 with interferon-a (IFN) plus nilotinib as first-line
treatment for a median of 28.7 months (range 0.2-45.3). Monthly monitoring by EAC RT-qPCR and
DNA gPCR as described below was performed for the first 6 months after TKI start followed by 3

monthly intervals. Therapy was changed in 17 patients due to intolerance or failure after a median



of 6.8 months on 1° line therapy (range 0.2-38.5 months). Non-CML related deaths occurred in 4

patients.

Patient-specific genomic DNA BCR::ABL1 (gBCR::ABL1) qPCR assays were optimized in 71/81 patients
as described. (5) Of these 71 patients, 4 were excluded from this study due to a rapid TKI change
after the start of first-line TKI treatment (1 patient), combination therapy with interferon-a (2
patients) or higher than normal TKI dose (1 patient). Altogether, data from 67 patients were
evaluated. Of these, 27 patients expressed e13a2 and 40 patients expressed el4a2 BCR::ABL1

transcript type.

gBCR::ABL1 levels were analysed using patient-specific gPCR with albumin (ALB) as the reference
gene to normalise results. (5) Individual Molecular Responses (IMR) were calculated relative to the

diagnostic sample (gBCR::ABL1geing) as follows:

% gBCR::ABLlRe|Dg: (% gBCR::ABLlsamp|e)/(% gBCR.‘.’ABLng)*lOO

Standardized real-time qPCR for BCR::ABL1 transcript quantification was performed using GUSB as
reference gene. (6) Similarly, IMRs at the mRNA level were calculated relative to the diagnostic

sample (BCR::ABL1geing) or sample at TKI start (BCR::ABL1gerxi) Using formulas:

% BCR::ABLIpeing= (% BCR::ABLIsampie)/(% BCR::ABL1pg)*100

Samples that passed previously defined quality criteria were considered as evaluable. (21) Minimal
quality criteria for measured RNA sample was at least 24,000 copies of control gene GUSB ensuring
sensitivity of mMRNA BCR::ABL1 at the level of MR*. (7) For DNA measurements the minimal

acceptable number of ALB was >20,000 copies reflecting 10,000 cells, thus the sensitivity 10™.

Rather than achievement of major molecular response (MMR; (BCR::ABL1" <0.1%), we used an
alternative measure that is applicable to both RNA and DNA samples. Specifically, we investigated
the achievement of a 1000-fold (logio = 3) reduction of mMRNA or gBCR::ABL1 levels compared to
diagnosis or TKI start. We applied time to event analysis using cumulative incidence estimates
(cumulative events) to compare the patients groups presenting with different transcript types and

compared cumulative incidence curves using the log-rank test.



A bi-exponential mixed effect model was used to analyse differences in the typical biphasic response
patterns measured in terms of BCR::ABL1 levels. The response is characterized by an initial steep
decline (a slope) followed by a second moderate decline (B slope). (8) The slopes and the intercept B
were estimated for every single patient, while the intercept A was estimated jointly for all patients
(Supplementary Figure 3). The transcript types (e13a2 vs el4a2) were considered as covariates.

Wald tests were applied to assess the statistical significance of the group-related fixed-effects.
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Supplementary Figure 1

Summary of the technical protocol used by EUTOS reference laboratories (n=14)



pUC18_BCR_GUS_e13a2

Psti Hinell Cirgl Eci1380
e Sall Ecoffl  AccEdl Eco24] EcoRl
MISGUC saquercing primer (-204, T7-mer 00 MWindlll _ paer  _ Sdal__Bvel o ¥hal Bambl _ Smal ___ Kol  epy  dapl %
G ThA AAC GAC GGG ChG Toe cAA GCT TGC ATG CCT GCA GGT CIC TAG AGG ATC CCC GGG TAC CGA GCT QGA ATT CLT AAT CAT GGT CAT AGC TGT TTU

GET GHNG ATC TCC TAG GGG CCC ATG SCT CGA CT TAA Gda TTA GTA COA GTA TOG RCA AM

r Sar Gl lew Pro Asp Gly Pro Val [ Ser Ser (Ser Asn Thi lie Met Thr Met
Mi:iﬂ:u-[':remrse sEOuErteg rimer i-24)

C ATT ITG CTG Cc@ cTe Ace GTT COGA ACG TAC GGA CGT C
¢Z +— VWal Val Ala Leu Ala Len Ser Ala His Arg Cys

[ e13a2 (3) |

sall Sall Xbal Kpnl  EcoRi EcoRI
-—

D Cloning site from pCR2.1 EcoRV: from pCR2.1 cloning site

el3a2 insert (1324bp): Amplified from el3a2 positive cDNA
CCTCTGCACCAAGCTCAAGAAGCAGAGCGGAGGCAAAACGCAGCAGTATGACTGCAAATGGTACATTCCGCTCACGGATCTCAGCTTCCAGATGGTGGATGAACTGGAGGCAGTGCCCAACATCCCCCTGGTGCCC

GATGAGGAGCTGGACGCTTTGAAGATCAAGATCTCCCAGATCAAGAATGACATCCAGAGAGAGAAGAGGGCGAACAAGGGCAGCAAGGCTACGGAGAGGCTGAAGAAGAAGCTGTCGGAGCAGGAGTCACTGCTGC
TGCTTATGTCTCCCAGCATGGCCTTCAGGGTGCACAGCCGCAACGGCAAGAGTTACACGTTCCTGATCTCCTCTGACTATGAGCGTGCAGAGTGGAGGGAGAACATCCGGGAGCAGCAGAAGAAGTGTTTCAGAAG
CTTCTCCCTGACATCCGTGGAGCTGCAGATGCTGACCAACTCGTGTGTGAAACTCCAGACTGTCCACAGCATTCCGCTGACCATCAATAAGGAAGaagceccttcagcggccagtagcatctgactttgagectcag
ggtctgagtgaagccgctcgttggaactccaaggaaaaccttctcgectggacccagtgaaaatgaccccaaccttttecgttgcactgtatgattttgtggccagtggagataacactctaagcataactaaaggtg
aaaagctccgggtcttaggctataatcacaatggggaatggtgtgaagcccaaaccaaaaatggccaaggctgggtcccaagcaactacatcacgccagtcaacagtctggagaaacactcctggtaccatgggec
tgtgtcccgcaatgccgctgagtatctgctgagcagcgggatcaatggcagettcttggtgcgtgagagtgagagcagtcecctggeccagaggtccatctcgectgagatacgaagggagggtgtaccattacaggate
aacactgcttctgatggcaagctctacgtctcctccgagagccgcttcaacaccctggccgagttggttcatcatcattcaacggtggeccgacgggctcatcaccacgctccattatccagccccaaagcgcaaca
agcccactgtctatggtgtgtcccccaactacgacaagtgggagatggaacgcacggacatcaccatgaagcacaagctgggcgggggccagtacggggaggtgtacgagggecgtgtggaagaaatacagecctgac
ggtggccgtgaagaccttgaaggaggacaccatggaggtggaagagttcttgaaagaagctgcagtcatgaaagagatcaaacaccctaacctggtgcag

Supplementary Figure 2.
E13a2 plasmid map. BCR and GUSB inserts are described in (9)
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Supplementary Figure 3

Calibration of the e13a2 plasmid. An el4a2 standard curve was constructed using the pooled Cq
values from 9 participating EUTOS reference laboratories for ABL1 amplification from the ERM
plasmid (as determined by the laboratory’s routine assay) and the certified concentration of that
ERM plasmid. The pooled standard curve had an intercept of 39.00, gradient of -3.40 and
concentration was significantly correlated with mean ABL1 Cq (r? = 0.9999, p < 0.0001). The Cq’s of
ABL1 amplification of the e13a2 plasmid were pooled from the same 9 laboratories and the

concentration of each dilution was determined by interpolation to the pooled e1l4a2 standard curve.

11



A EAC Assay B Specific Assay
1.10 P=0.17 1.10] P=0.07

- -
1.05/ . 1.05{
1 +
| .
1 * - .
g . g il
E 1.004 g 1.00]
£ . &
. . +
- -
-
- L]
.
0.95 . e 0.95 . .
- -
-
0.90] 0.90{
el3a2 elda2 ' el3a2 elda2
Plasmid Plasmid

Supplementary Figure 4
Efficiency of amplification for e13a2 and e14a2 BCR::ABL1 using A) EAC (e13a2 amplicon size = 74bp,
elda2 = 149bp) and B) transcript specific assays (e13a2 amplicon size = 96bp, e14a2 = 74 bp).

Comparisons were performed using the Mann-Whitney U test.
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Supplementary Figure 5
Effect of ddPCR. No difference in the ratio of BCR::ABL1/ABL1 was seen between el13a2 and el4a2

by ddPCR using EAC primers on the 4 lowest levels of plasmid dilutions in (A) Prague and (B)
Salisbury. Prague: results from duplicate reactions at each level (n = 8 replicates each for BCR::ABL1
and ABL1, P =0.71, Mann-Whitney U test). Salisbury: results of triplicate reactions at each level (n =
12 replicates each for BCR::ABL1 and ABL1, p = 0.89).
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Supplementary Figure 6
Bland-Altman comparison of combined e13a2 and el4a2 results showing a bias of -0.11 (SD = 0.22,
95% Cl [-0.15,-0.06]) between the average logio ddPCR and RT-qPCR results for both transcript types

combined.
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Supplementary Figure 7

Response according to BCR::ABL1 transcript type. Time from diagnosis to MMR (BCR::ABL1" <0.1%)

for e13a2 (n=27) and el4a2 (n=40) patients. Cumulative incidence curves were compared using the

log-rank test.
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Supplementary Figure 8

Individual molecular responses (time to 3 log reduction) according to BCR::ABL1 transcript type. (A) Time to 3 log reduction of BCR::ABL1 mRNA since
diagnosis (BCR::ABLIreing); (B) time to 3 log reduction of BCR::ABL1 genomic DNA since diagnosis (gBCR::ABL1geing). (C) Comparison of o and B slopes from
diagnosis according to transcript type using the bi-exponential mixed effects model for mRNA and (D) genomic DNA. Wald tests were applied to assess the

statistical significance of the group-related fixed-effects. Modelling was performed using Monlix 2018R2 (Lixoft, Paris, France) and visualised using R. (10)
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Name Sequence (5'-3')

BCR::ABL1 F EAC (ENF501) TCCGCTGACCATCAAYAAGGA
BCR::ABL1 R EAC (ENF561) CACTCAGACCCTGAGGCTCAA
BCR::ABL1 Pr EAC (ENF541) [FAM]CCCTTCAGCGGCCAGTAGCATCTGA[BHQ-1]
ABL1 F EAC (ENF1003) TGGAGATAACACTCTAAGCATAACTAAAGGT
ABL1 R EAC (ENR1063) GATGTAGTTGCTTGGGACCCA
ABL1 Pr EAC (ENPr1043) [FAM]CCATTTTTGGTTTGGGCTTCACACCATT[BHQ-1]
e13a2 BCR::ABL1 F ATCCGTGGAGCTGCAGATG
e13a2 BCR::ABL1 R CGCTGAAGGGCTTCTTCCTT
e13a2 BCR::ABL1 Pr [FAM]CCAACTCGTGTGTGAAACTCCAGACTGTCC[BHQ-1]
e14a2 BCR:ABL1 F GGGCTCTATGGGTTTCTGAATG
el4a2 BCR::ABL1 R CGCTGAAGGGCTTTTGAACT
e14a2 BCR::ABL1 Pr [FAM]CATCGTCCACTCAGCCACTGGATTTAAGC[BHQ-1]

Supplementary Table 1

Primer and probe sequences
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