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ABSTRACT
The clinical significance of small TP53 clones detected with next generation sequencing (NGS) in chronic lymphocytic leukemia is an 
issue of active debate. According to the official guidelines, treatment decisions should be guided only by variants with variant allele 
frequency (VAF) ≥10%. We present data on 325 consecutive patients with chronic lymphocytic leukemia analyzed with NGS. In total 
47 pathogenic/likely pathogenic (P/LP), TP53 variants were detected in 26 patients (8%). Eleven of these (23%) were in the 5% to 10% 
VAF range and reported according to our institutional policy. All TP53 variants in the 5% to 10% VAF range were confirmed (100% con-
cordance) with a second NGS panel. Our results where further validated with the performance of Sanger sequencing and digital droplet 
PCR (ddPCR). In 12 patients with available fluorescence in situ hybridization data and TP53 mutations within 5% to 10% VAF, deletion of 
chromosome 17p (del(17p)) was detectable in only 1 patient. We propose a robust diagnostic algorithm, which allows the safe detection 
and reporting of TP53 variants with VAF down to 5% in the clinical setting. Our study provides evidence that NGS is equally potent to 
detect variants with VAF 5% to 10% compared to those with VAF 10% to 15%, highlighting the urgent need for harmonization of NGS 
methodologies across diagnostic laboratories.

INTRODUCTION

Chronic lymphocytic leukemia (CLL) is an ideal example 
where the concept of precision medicine applies in the clinical 
setting, as a number of disease- and patient-related features dic-
tate treatment choice.1,2 Moreover, numerous prognostic bio-
markers have been suggested.3–17 Aberrations of the TP53 gene 
(deletions and mutations, TP53abs) and the somatic hyper-
mutation status (SHM) of the immunoglobulin heavy vari-
able (IGHV) gene expressed by the clonotypic B-cell receptor 
(BCR), are the main disease-related traits that predict treatment 
outcome.4–6,8,18,19 Therefore, they are taken into consideration 
before treatment initiation. In particular, patients carrying 
TP53abs, as well as those with unmutated BCRs (unmutated 
CLL, U-CLL), should be considered candidates for treatment 

with novel agents, such as B-cell signaling kinase inhibitors or 
the BCL-2 inhibitor venetoclax.1,20–24

Traditionally, TP53 gene evaluation was based on the 
detection of the deletion of the short arm of chromosome 17 
[del(17p)] with either fluorescence in situ hybridization (FISH) 
or microarrays, whereas the mutation analysis was performed 
with Sanger sequencing.19,25–30 The majority of the cases with 
reported TP53abs (60–80% depending on the analyzed cohort) 
exhibit double-allelic abnormalities with 1 allele being deleted 
and the second being mutated.31,32 That said, a significant pro-
portion of TP53 aberrant cases carry isolated deletions or muta-
tions, with the second ones being far more common, reaching 
up to 20% TO 30% of all TP53 aberrant cases.33–36 According 
to the International Workshop on CLL (iwCLL) guidelines, iso-
lated aberrations are considered equally unfavorable as the dou-
ble-allelic ones and should be treated similarly.37

The advent of more sensitive next generation sequencing (NGS) 
technologies has revolutionized the characterization of cancer 
genomes, as it allowed the detection of variants present in minor 
subclones whose allelic burden is below the detection limit of 
Sanger sequencing.11,38 Recent ultradeep NGS analysis of TP53 in 
CLL revealed subclonal TP53 variants in ~5% TO 15% of all CLL 
cases.13,17,33,39 More importantly, in retrospective studies, the pres-
ence of subclonal TP53 aberrations was associated with inferior 
survival indicating that their prognostic impact may be equivalent 
to clonal aberrations.13,26,33,40,41 Interestingly, recent retrospective 
data suggest that even extremely small clones with VAF down to 
0.1% may be clinically relevant.39,42 These findings remain to be 
prospectively validated in the context of clinical trials.
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The latest European Research Initiative on CLL (ERIC) 
recommendations regarding the TP53abs suggest that only 
pathogenic/likely pathogenic (P/LP) variants with variant allele 
frequency (VAF) of at least 10% (which is theoretically equiv-
alent to the limit of detection of Sanger sequencing) should be 
taken into consideration for treatment decision making, when 
NGS methods are applied.19 This circumspect approach is mostly 
advocated by (i) the risk that low TP53 clones identified by NGS 
may be technical artifacts rather than real clonal populations; 
(ii) the lack of harmonization across different NGS platforms 
used in the various laboratories and; (iii) the lack of prospective 
validation of a lower than Sanger detection limit within clinical 
trials. The same guidelines acknowledge however, that this 10% 
“Sanger-like” threshold is arbitrary and that variants with VAF 
5% to 10% may be reported. Based on that, many institutions 
and CLL consortiums, among them the Swedish CLL working 
group,43 allow the reporting of P/LP variants with VAF ≥5% in 
the clinical setting, under the condition that the method is vali-
dated for detecting variants within that frequency range.

Here, we present our experience in the detection and report-
ing of low TP53 clones, which we define as those with VAF 
around 10% (VAF 5–10%) in a cohort of 325 patients with 
CLL. We propose a validated NGS-based diagnostic algorithm, 
which allows the safe reporting of TP53 variants with VAF ≥5%.

PATIENTS-METHODS

Patient cohort-variant calling
Between October 2014 and April 2020, 2952 patients with 

hematological malignancies, mainly myeloid neoplasms, were 
investigated with NGS (targeted sequencing, panel A, see below) 
at our department. In September 2016, we launched the same 
NGS panel for the analysis of TP53, NOTCH1, and SF3B1 
genes in patients with CLL, replacing Sanger sequencing. Only 
TP53, SF3B1, and NOTCH1 genes are analyzed and reported 
for CLL patients. Data on the remaining 51 genes of the panel 
are not routinely further processed. A total of 325 patients with 
CLL, diagnosed according to the iwCLL 2018 criteria37 and 
analyzed between September 2016 and June 2019, are included 
in the present study (Figure  1). FISH data were available for 
292/325 (90%) of the included patients.

The diagnostic algorithm for reporting P/LP TP53 variants 
with VAF above 5% is illustrated in Figure 1. We report (i) mis-
sense variants located in known hotspot positions or truncat-
ing/frameshift/splice variants; (ii) coverage for the position of 
the variant should be ≥1000× with minimum 50 reads for the 
mutant allele; (iii) background noise level for each variant posi-
tion ≤0.5% (median value +2 standard deviations). The known 
hotspot position is defined as the position where (i) the same 
amino acid change has been reported in at least 10 different can-
cer patients44; and (ii) a different amino acid change is reported 
at the same residue in at least 50 different cancer patients.44 For 
samples that show suboptimal coverage or high background 
due to poor DNA quality reanalysis or new sampling is rec-
ommended. Variants of unknown significance (VUS) with VAF 
<10% are not reported. The same approach is followed in our 
institution for all patients that are analyzed with NGS in clin-
ically relevant genes. The study was approved by the Regional 
Ethical Committee (Dnr 2014/233) with the study protocol 
being in accordance with the declaration of Helsinki.

Next generation sequencing
NGS was performed with 2 independent panels: (i) TruSight 

Myeloid Sequencing panel, Illumina (panel A) and (ii) Archer 
VariantPlex Myeloid kit (panel B). Further details on the design 
and characteristics of panels A and B are provided in the Suppl. 
Material. Panel A covers exons 2–10 of the TP53 gene and is 
sequenced to a read-depth of at least 1000× for all positions 
(Suppl. Figure S1). The median background VAF with Panel A 

for all P/LP TP53 variants with VAF 5% to 15%, calculated in 
774 samples, was 0.22% (range 0.07–0.94%) (Suppl. Table S1).

Panel B covers exons 1–11 of the TP53 gene and takes advan-
tage of unique molecular identifiers (UMIs) to improve specific-
ity (Suppl. Figure S1). After applying the UMIs, panel B provides 
an error corrected coverage of at least 100×. Panel A is the one 
that is used in the clinical setting while panel B was used as 
validation.

Fluorescence in situ hybridization
Interphase FISH analysis was performed in 292/325 patients 

(90%) using the probes for the 13q14 (LSI D13S319, LSI 
13q34), 11q22 (LSI ATM), 17p13 (LSI TP53) regions, and tri-
somy 12 (CEP 12) with a detection limit of 5% according to our 
institutional policy.

Validation of NGS findings
Seven TP53 variants with VAF 5% to 15% were assessed 

with Sanger sequencing. Two specialized geneticists (TP and 
PB) evaluated the chromatograms without knowing the NGS 
results, providing reports as positive (identified variant), normal 
(no identified variant) or inconclusive. Finally, droplet digital 
PCR (ddPCR) was performed for validation of 2 TP53 vari-
ants with VAF in the range 1% to 5% (Suppl. Material). All 
the above-mentioned methodologies (NGS, Sanger Sequencing 
and ddPCR) were performed on genomic DNA extracted from 
whole blood using EZ1 DNA Blood Kit. Sanger sequencing chro-
matograms were generated in R (v4.0.3) using the sangerseqR 
(v1.26.0) software with standard parameters.45

Statistical analysis
Background noise level for individual positions across the 

panel A was calculated by estimating means, medians and stan-
dard deviations from 774 individuals. Pearson correlation was 
used to assess the relationship between VAF estimates from 
panel A and panel B. Student’s t-test was used to investigate if 
differences between VAF estimates were deviating from zero and 
if differences between VAF estimates were different in variants 
above and below 10% VAF. Stata v15.1 was used for statistical 
calculations. The r and r2 values for VAF correlation between 
NGS panel A and B were calculated using Microsoft Excel 
v16.41.

RESULTS

Detections of TP53 variants with panels A and validation with panel B
Among the patients with CLL analyzed with panel A, 47 P/

LP TP53 variants were detected in 26 patients (8%). In total, 17 
TP53 P/LP variants with VAF 5% to 15% (VAF 5–10%: n = 11 
and 10–15%: n = 6, 36% of all reported TP53 mutations) were 
observed in 14 patients, as 2 patients carried more than 1 muta-
tion (Table 1). Interestingly, among 12 patients with solely low 
VAF TP53 clones (VAF <10%) and available FISH data, only 1 
(8%) carried del(17p) (Table 1, Suppl. Figure S2).

Two variants with VAF 5% to 10% (c.11C>T; p.P4L [VAF 
6.4%] and c.495_496del; p.Q165fs*15 [VAF 6.6%]) that were 
initially detected with panel A were not clinically reported. 
Variant p.P4L was interpreted as VUS and was not reported 
according to our institutional policy. Variant p.Q165fs*15 was 
detected in 1 sample with low DNA quality with 2 other patho-
genic variants with VAF 20% and 36% being detected. Due to 
the low DNA quality the reporting VAF-threshold was raised to 
10%, which resulted in omitting this variant from the report.

The presence of all 17 reported P/LP TP53 variants with 
VAF 5% to 15% detected by panel A was confirmed by panel 
B resulting in 100% concordance (Table 1). VAFs estimated by 
panel A and panel B were strongly correlated (r = 0.894, P < 
0.00001) (Figure 2A), and there was no systematic variation in 
VAF estimation between the 2 panels (mean difference = –0,8%, 
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P = 0.08) (Table 1). Furthermore, there was no systematic vari-
ation in VAF differences between variants that were above or 
below the 10% threshold (P = 0.21).

No additional P/LP variant in TP53 gene with VAF > 5% was 
detected with panel B. Interestingly, the variant p.Q165fs*15, 
which was detected with panel A but omitted from the report due 

to poor quality of DNA, was also detected with panel B with a 
VAF of 7.5%, indicating that it was a true finding rather than an 
artifact. As mentioned above, the patient with the p.Q165fs*15 
variant also carried 2 additional pathogenic variants with VAFs 
of 20% and 36%, therefore in this particular case, not reporting 
p.Q165fs*15 did not influence the treatment decision. However, 

Figure 1. Flow chart of the methodology applied in the present cohort.

Table 1.

Overview of All TP53 Pathogenic/Likely Pathogenic Variants With VA 5% to 15%

Patient gDNA cDNA Protein 
VAF  

Panel A (%) 
VAF  

Panel B (%) 
Sanger  

Sequencing 
(FISH) 

del(17p) 

1 7578413 c.517G>T p.V173L 14.7 20.8 Positive NA
2 7577610 c.673-2A>T p.? 12.1 11.6 Positive Trisomy 12
2 7579311  c.375 + 1G>T p.? 13.6 14.9 NA Trisomy 12
3 7577086 c.851_852del p.T284fs*21 10.1 11.9 NA del(13q)
3 7578263 c.586C>T p.R196* 11.2 11.7 Inconclusive del(13q)
3 7579575 c.112del p.Q38fs*6 9.8 9.6 NA del(13q)
4 7578206 c.643A>G p.S215G 6.1 5.9 NA del(13q)
5 7577559 c.722C>A p.S241Y 6.6 5.8 Negative NA
6 7577114 c.824G>A p.C275Y 7.9 9.1 NA del(17p)
7 7577121 c.817C>T p.R273C 5.0 6.8 NA del(11q)
8 7577538 c.743G>A p.R248Q 5.5 8.1 NA Trisomy 12
9 7577538 c.743G>A p.R248Q 7.2 8.4 Negative Trisomy 12
10 7578394 c.536A>G p.H179R 9.2 9.8 Inconclusive Normal
11 7578212 c.637C>T p.R213* 8.7 7.1 Negative NA
12 7577121 c.580C>T p.L194F 11.0 11.2 NA del(13q)
13 7577538 c.743G>T p.R248L 7.7 6.4 NA Normal
14 7577108 c.830G>T p.C277F 5.7 6.8 NA del(13q)/del(11q)

NA = not analyzed; VAF = variant allele frequency.
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in case the patient carried only this variant, nonreporting could 
have influenced the treatment choice. As mentioned above, the 
variant was not reported when performing the analysis with 
panel A due to lower quality of the sequencing data. In order to 
avoid similar errors when dealing with poor DNA quality sam-
ples, we have adjusted our analytic pipeline. Whenever a sample 
has lower coverage than expected, or if the number of detected 
variants is unusually high in the 3% to 5% range, we resequence 
the sample. If this is not possible, we advise the treating physi-
cian for repeating the analysis in a new sample.

Validation of TP53 variants with Sanger sequencing
Seven of the 14 patients harboring clinically reported low fre-

quency TP53 clones (VAF: 5–9.99%, n = 4 and VAF: 10–15%, 
n = 3) were further analyzed with Sanger sequencing (Table 1, 
Suppl. Figure S3). Interpretation of the chromatograms was 
consistent between the 2 geneticists who evaluated the results. 
Two of the variants (VAF 14.7%, and 12.1%, patients 1 and 
2, respectively) could be detected and thus Sanger sequencing 
was reported as positive, while 3 could not be detected (VAF 
6.6%, 7.2% and 8.7%, patients 5, 9, and 11, respectively) and 
the sequencing was reported as normal (Suppl. Figure S3). For 
the remaining 2 variants (VAF 11% and 9%, patients 3 and 
10, respectively), the results were reported as inconclusive and 
would motivate a recommendation of a new follow-up sample or 
evaluation with another method (Suppl. Figure S3). In summary, 
two-third of the variants with VAF above the 10% could be ver-
ified with Sanger sequencing, whereas for variants with VAF 5% 
to 9.99% Sanger sequencing was either inconclusive or negative.

Variants with VAF 1% to 5%: validation with ddPCR
To further evaluate the performance of our NGS method as 

well as our reporting algorithm, we retrospectively sought for 
TP53 variants with VAF 1% to 5% in a cohort of 774 patients 
analyzed with panel A, focusing on the 17 TP53 variants that 
are included in this study and reported in the clinical setting. In 
total, 21 variants were identified in 19 patients (Figure 2B, Suppl. 
Table S2) with 11 variants located in either position c.375 + 1 (n 
= 6) or position c.851_852del (n = 5). The remaining 10 vari-
ants were found in 6 different positions. Re-evaluation of the 
results for positions with recurrent variants (c.375 + 1G<A and 
c.851_852del) revealed that all cases carrying the same aberra-
tion were included in the same library preparation and the same 
sequencing run, indicating that these findings may be techni-
cal artifacts rather than true variants (Suppl. Table S2). Indeed, 
ddPCR analysis failed to detect the presence of c.851_852del in 
the sample that initially was positive for the variant with VAF of 
1.3% (Figure 3A,B), confirming that the low frequency variants 
observed in that same sequencing run were artifacts. In con-
trast, ddPCR analysis of the variant c.830G>T (p.C277F) in the 
sample that was shown to be a single positive case per NGS 
sequencing run and had VAF of 1% confirmed the presence of 
the variant (VAF = 0.5%) (Figure 3C,D).

DISCUSSION

The implementation of NGS in the clinical setting has revolu-
tionized cancer-diagnostics, offering the possibility of detecting 
numerous genomic prognostic/predictive markers, present only 
in small subclonal populations, nondetectable with the tradi-
tional techniques.8,11,38,46–50 At the same time, many challenges 
emerged as there is no consensus on a universal NGS approach 
or a standard methodology regarding the reporting of NGS 
findings with potential clinical significance. Pathogenic variants 
in the TP53 gene in CLL are a typical example where the actual 
reporting threshold is a matter of active debate. According to 
the latest ERIC recommendation, only TP53 variants with 
VAF ≥10% should dictate the treatment choice justifying the 
use of other treatment options than chemo-based regimens, as 

this threshold is considered to better represent the sensitivity of 
Sanger sequencing.19 In the present study, we present our expe-
rience on the reporting of TP53 variants with VAF ≥5% in the 
clinical setting.

Our argument against the 10% as threshold stems mainly from 
the lack of reproducibility of NGS technologies in distinguishing 
variants with slight VAF differences, that is, a variant with VAF 
of 9.9% from a variant with a VAF of 10.2%. Moreover, several 
technical parameters both sample- and methodology-dependent 
such as DNA quality, cancer-cell fraction, experimental condi-
tions, and amplification artifacts may have an impact on the sen-
sitivity of each method, even of each run. In other words, the 
result of each analysis is both method but also variant specific.

Another caveat of the 10% threshold is the fact that the 
resulting VAF of a specific variant may vary significantly due to 
factors such as focal copy number variations (CNVs) and tumor 
purity. A tumor with a TP53 variant in 10% of the tumor cells 
without concomitant del(17p) would in a sample with 100% 
tumor purity result in a VAF of 5% (Figure 4A). In a sample 
with 100% tumor purity, clonal del(17p) and a small TP53 vari-
ant in 10% of the tumor cells, the VAF would increase to 10% 
due to lack of wild-type allele sequence (Figure 4B).

An additional significant parameter is the actual sample 
source. In our institution, we use DNA extracted from whole 
blood without any sorting of the clonal cells, as the samples 
that we analyze are taken at the time of need for treatment and 
therefore by definition contain high tumor load. As a result, the 
detection of a variant with a VAF of 5% in a sample with a 
tumor purity of 50% corresponds to 20% of cancer cells carry-
ing this variant within the tumor population (Figure 4C).

Having this in mind, the 10% threshold becomes even more 
questionable, in particular if we take into account the fact that 
there are no official recommendations regarding a relevant 
threshold for the analysis of del(17p) by FISH or microarrays. 
In the case of FISH, each lab may set its own threshold based 
on the background observed during the validation process. This 
leads to significant variations across different labs. In a retrospec-
tive study by ERIC, evaluating the prognostic impact of various 
genomic aberrations in CLL, the threshold for a positive result for 
del(17p) ranged from 2.5% to 20% among the included institu-
tions.10 Interestingly, a TP53 deletion is considered equally unfa-
vorable to a P/LP variant. Therefore, it is quite striking that the 
presence of a population of 5% of cells carrying del(17p) detected 
by FISH could dictate the treatment choice, whereas a population 
of 18% of cells carrying a P/LP TP53 variant (corresponding to 
a VAF of 9%, Figure 4), should not be taken into consideration. 
In our cohort, 23% of the TP53 P/LP variants exhibited a low 
VAF (5–10%). Of note, in 11 of 12 patients with available FISH 
data, no del(17p) was detected (Table 1, Suppl. Figure S2). In case 
we had followed the 10% threshold, the patients carrying TP53 
variants with VAF up to 9.8% would have been reported as TP53 
wild type and consequently treated accordingly.

We do acknowledge that NGS is a rather novel methodol-
ogy not devoid of limitations. One of the major drawbacks of 
short read NGS, especially when it is amplicon-based and lacks 
unique molecular identifiers (UMIs), is the unequal amplification 
of different regions and the plethora of bioinformatic tools to 
align reads and call variants, which may lead to misinterpreta-
tion of the results and the reporting of artifacts instead of actual 
variants. In our suggested algorithm apart from considering the 
variant specific features, we evaluate the background of each 
position and take advantage of the large number of patients that 
we have analyzed thus far. With this approach, we have observed 
that the background noise level in panel A, especially for known 
hotspots in the TP53 gene, is usually very low (below 0.5%).

One could evidently argue in favor of reporting TP53 vari-
ants with even lower VAF than 5%. Various reports based on 
retrospective studies favor the concept of reporting variants with 
VAF down to 0.1% as these may be selected by chemo-based 
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regimens and drive disease relapse.39 However, as revealed by 
ddPCR analysis of 2 variants with VAF <5% (1 considered as 
sequencing artifact and 1 considered as “true variant”), a com-
prehensive evaluation of the performance of the method for 
detecting low frequency variants should be conducted in order 
to avoid run-specific or data-quality related errors.

In conclusion, we suggest that VAF in the range of 5% to 
10% represents an eligible threshold for P/LP variants in TP53 
in CLL provided that the method has been extensively validated 
for VAFs in that frequency range. Our suggested diagnostic algo-
rithm ensures the detection of relevant TP53 variants with VAF 
around 10% that failed to overcome the 10% threshold because 

Figure 2. (A) Correlation of VAFs between the 2 NGS panels. (B) Boxplot of background VAF levels of variants that were detected in the VAF 5%–15% 
range. Outliers in red represent samples that were included in the same library preparation and the same sequencing run (Suppl. Table S2). NGS = next generation 
sequencing; VAF = variant allele frequency.

http://links.lww.com/HS/A272
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of methodological factors rather than disease-related features. 
Finally, our results have further implications as NGS technol-
ogies today are the gold-standard for the diagnostic work-up 
for the majority of hematological malignancies, highlighting the 
urgent need for harmonization of NGS methodologies across 
diagnostic laboratories.
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