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SUMMARY 

 

Background: Tumor protein p53 (TP53) is a well-known tumor suppressor gene, of which allelic status has widely 

been raising concern in recent years. Copy number (CN) loss in this gene results in either haploinsufficiency or 

loss of function. Though detection methods like next generation sequencing (NGS) or array-based comparative ge-

nomic hybridization (aCGH) can be applied, the accurate and cost-effective identification of copy number varia-

tion (CNV) remains a challenge for in-hospital laboratories.  

Methods: In this study, we developed a digital PCR method to quantify the TP53 copy number in hematologic ma-

lignancies. Two Taqman probes were designed to be placed at the 5th and 7th exons of TP53 gene, while another 

one was placed at the RPP30 gene. By performing the experiments with the DNA of 102 healthy checkup individu-

als and two leukemia cell lines, we established the characteristics of the assay performance, including the limits of 

blank (LOB), the limits of detection (LOD), the linearities, and the coefficients of variation at the LOD levels. 

Forty-two samples from patients newly diagnosed with leukemia, lymphoma, myeloma, or myelodysplastic syn-

drome were further tested for validation. The results were then compared with other reports related to their al-

lelic statuses of TP53.  

Results: The lower LOB of the exon 5 and exon 7 were revealed to be 1.756 and 1.836 copies per genome, respec-

tively, while the upper limits were 2.008 and 2.041. The LOD for CN loss of two exons were 1.692 and 1.777 copies 

per genome, respectively. Taking NGS results as reference, 1.716 and 1.786 copies per genome for exon 5 and exon 

7, respectively, were decided as the cutoff values for CN loss using the receiver operator curve (ROC) method. The 

areas under curve (AUC) for both exons reached 1.  

Conclusions: All in all, we consider dPCR an excellent tool for identifying TP53 CNV status in hematologic malig-

nancies. 

(Clin. Lab. 2025;71:xx-xx. DOI: 10.7754/Clin.Lab.2024.241051) 
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INTRODUCTION 

 

Copy number variation (CNV), as a subtype of struc-

tural variation, is commonly defined as the existence of 

an alteration in the copy number of a DNA segment that 

covers at least 1 kilobase when compared to the refer-

ence genome [1,2]. Such alterations contribute greatly 

to the functional abnormalities of the related genes in 

the cancer-associated scenarios. One typical example is 

the well-studied tumor suppressor gene TP53, which lo-

cates on the chromosome 17p13.1 and whose loss of 

function is considered most frequent in the events relat-

ing to human cancer, and a substantial part of this is 

driven by the mutation pattern that involves one mis-

sense mutation and one structure deletion on the other 

allele [3]. In the group of acute myeloid leukemia 

(AML) patients with TP53 mutations, the incidence of 

harboring concurrent TP53 copy number loss was re-

ported to reach 70.2% [4]. For non-Hodgkin lymphoma 

patients, the reported frequency of chromosome 17p 

deletion was as high as 56% [3]. Given the impact that 

TP53 copy number loss has on the prognosis and treat-

ment choice of hematologic malignancies, multiple gui-

delines emphasize the detection and reporting of this ge-

netic finding. For example, the 2019 recommendation 

from the American College of Medical Genetics and 

Genomics (ACMG) and the Cancer Genomics Consor-

tium (CGC) has listed chromosome 17p or TP53 dele-

tion as Tier 1A genomic variants which encompasses 

those variants with the highest clinical significance [5]. 

Both the 5th edition of the World Health Organization 

(WHO) Classification of Hematolymphoid Tumors and 

the 2022 International Consensus Classification (ICC) 

of Myeloid Neoplasms and Acute Leukemias list MDS 

with biallelic inactivation/multi-hit mutations of TP53 

as a novel isolate diagnostic item. And the newly estab-

lished molecular International Prognostic Scoring Sys-

tem for Myelodysplastic Syndromes (IPSS-M) also de-

clared multi-hit TP53 aberrations as top genetic predict-

or of adverse outcomes. The detection of TP53 CNV 

will help in avoiding biallelic changes when only one 

mutation loci is found with a variant allele frequency 

(VAF) less than 50% [6-8]. Therefore, identifying whet-

her TP53 CNV exists has become an urgent need for 

clinical physicians. 

Several methods have already been applied to assess the 

CNV statuses. Techniques like chromosome microarray 

analysis and next generation sequencing (NGS) are able 

to perform genome-wide assessment. But these tech-

niques are expensive and platform dependent. Their 

sensitivities vary according to different platforms, algo-

rithms, and loci that have been tested [9]. Fluorescence 

in situ hybridization (FISH) is a typical target-oriented 

CNV assessment, but the complexity of this method 

calls for well-trained technicians and the interobserver 

bias may not be ignored in the visual inspection steps. 

Apart from FISH, polymerase chain reaction (PCR) is 

another target-oriented method. Years ago, people made 

endeavors to use real-time quantitative PCR to detect 

CNVs, but soon found this approach to be inappropriate 

for handling the mosaicism of copy number state due to 

its large random errors within measurements [10]. Digi-

tal PCR (dPCR), however, is Poisson distribution based 

in nature. A single dPCR test nowadays involves at 

least tens of thousands of replicates isolated by small oil 

drops or chambers, providing an integrated digital out-

put which largely eliminates the random errors within 

each replicate, and this digital output makes it possible 

to precisely determine the copies of targeted genes on 

an absolute scale [11].  

In this study, we aimed to establish a dPCR approach to 

probe the copy number variations of TP53 in hemato-

logic malignancies. The performance characteristics of 

this approach have been assessed, verified, and com-

pared with some existing CNV measurements. 

 

 

MATERIALS AND METHODS 

 

Study design 

The aim of this study was to establish a solid, yet sensi-

tive detection method for the screening of TP53 CNV in 

hematologic malignancy samples. In pursuit of this aim, 

we started by designing the primers and probes of the 

target areas. The detection assay was optimized follow-

ing the recommendations given in the digital MIQE 

guidelines [12]. Various primer and probe combina-

tions, concentrations, and annealing temperatures were 

tested and compared. After determining the final assay, 

we verified the performance characteristics of the meth-

od following the guidance of the American National 

Committee for Clinical Laboratory’s (NCCLS) protocol 

(EP17-A) [13]. Two critical values, limit of blank 

(LOB) and limit of detection (LOD), were determined 

and validated. Linearity properties of this method have 

also been tested. And finally, we verified the method’s 

sensitivity and specificity by testing the samples from 

newly diagnosed patients with hematologic malignan-

cies and comparing the test results with those from NGS 

tests or karyotyping. Two cutoff values were established 

as an alternative choice for the determination of copy 

number (CN) loss. 

 

Sample preparation 

All the patients’ samples involved were collected from 

April 2021 through June 2024 at the Affiliated People’s 

Hospital of Jiangsu University. The 102 samples from 

healthy checkup individuals’ peripheral blood all met 

the following conditions: 1) ≤ 70 years old; 2) no tu-

mor-associated medical history; and 3) no abnormal 

blood routine test. Mononuclear cells were isolated 

from these samples by centrifugation and by applying 
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red cell lysis solution. DNA of these samples were ex-

tracted using the Puregene® Kits from QIAGEN compa-

ny. Cryopreserved genome DNA samples isolated from 

blood or bone marrow from the patients with newly 

diagnosed hematologic malignancies were used. Two 

leukemia cell lines, SKM-1 and HL-60, were both NGS 

test verified to bear TP53 deletions. The study was con-

ducted in accordance with the Declaration of Helsinki 

and approved by the Ethics Committee and Institutional 

Review Committee of Jiangsu University Affiliated 

People’s Hospital (ethical approval code: K-20240128-

W; date of approval: 08-30-2024). 

 

Primers and probes 

Primers and probes were designed with the Oligo® 

primer analysis software v7. Two Taqman probes were 

placed over the DNA binding domain of TP53 where 

splice mutations frequently happened [14], one at exon 

5 and the other at exon 7. One probe was placed at the 

exon 7 of Ribonuclease P protein subunit p30 gene 

(RPP30), a housekeeping gene which is believed to be 

highly conserved and recommended by many to be used 

as a reference gene in PCR experiments [15]. All se-

quences are listed in Table 1. Synthesis of these primers 

and probes were conducted by Beijing Genomics Insti-

tute (BGI). 

 

Conduct of dPCR 

The dPCR experiments were conducted using BioDigi-

tal Z200 series dPCR platform and the accompanying 

universal dPCR kit (Saint Genomics, China). The reac-

tion solution consists of 3.5 μL 10 x dPCR buffer, 1 μL 

polymerase, 1.2 μL 10 μM primers (each), 1 μL 10 μM 

probes (each), 15.3 μL nuclease-free water, and 5 μL 

sample genomic DNA (35 μL in total). The solution 

was placed in the loader machine, where it would be 

further injected into a microfluidic chip and be sepa-

rated by the little chambers within to over 20,000 repli-

cates. A following injection of oil mixture would form a 

thin film over these chambers to protect vapor and 

cross-contamination. The chips would then be heated by 

the thermal cycler. The reaction program starts at a cur-

ing step for the oil mix: 50℃ for 10 minutes. Then, 

temperature goes up to 95℃ for another 10 minutes in 

order to hot-start the Taq polymerase and pre-degener-

ate the DNA duplex. A two-step amplification process 

follows: degeneration at 95℃ for 20 seconds and an-

nealing at 57℃ for 40 seconds, lasting for 55 cycles till 

the end, when the machine would hold at 25℃. After 

amplification, the chips would be transferred to the 

reading machine. Three channels of fluorescence sig-

nals emitted by each replicate would be detected here. 

The genomic TP53 copy number (CN) of a given sam-

ple would be calculated as:  

2 ×  
𝐶𝑁 𝑜𝑓 𝐶ℎ𝐹

𝐶𝑁 𝑜𝑓 𝐶ℎ𝐶
 𝑜𝑟 2 ×  

𝐶𝑁 𝑜𝑓 𝐶ℎ𝐻

𝐶𝑁 𝑜𝑓 𝐶ℎ𝐶
  

where ChF, ChC, and ChH stand for channel FAM, 

channel CY5, and channel HEX (detecting the fluores-

cence emitted by VIC), respectively. 

 

Karyotyping 

Karyotyping was performed in the laboratory center of 

our hospital. Samples were directly inspected or culti-

vated shortly (less than 72 hours) without phytohemag-

glutinin. Inspections were based on heat-denatured Gi-

emsa R-bandings (RHG-bandings) analysis. 

 

Next generation sequencing 

NGS tests were conducted by two external laboratories: 

Uniwell Medical Laboratory and KingMed Diagnostics. 

The average sequencing depth was 1,000 - 2,000 ×. 

CNV statuses were included in part of these reports and 

were not always quantified. 

 

Statistics 

Statistical analysis in this article was assisted by IBM 

SPSS Statistics v26.0 and Graphpad Prism v10.1. Cal-

culation of LOBs and LODs followed the formulae 

given by EP17-A. LOBs were calculated as: μB ± 1.645 

σB (μB and σB are the mean and standard deviation of 

blank samples, respectively). LODs were calculated as: 

LOB - CβSDp, while Cβ = 1.645 / (1-1/ (4 x f)), SDp
2 = 

(n1SD1
2 + n2SD2

2 + n3SD3
2) / (n1 + n2 + n3) (f is the de-

gree of freedom of SDp. n1, n2, and n3 are the number of 

tests conducted on the different levels of low concentra-

tion samples. SD1, SD2, and SD3 are the standard devia-

tions of the test results for three levels of low concentra-

tion samples respectively. SDp stands for the pooled 

standard deviation). 

 

 

RESULTS 

 

Fluorescence separation tests 

The fluorescence separation between positive and nega-

tive partitions is a basic criterion when judging the per-

formance of a dPCR method. Figure 1 depicts the 2D 

and 1D plot results of a single test. Intervals between 

the positive and negative partitions are spatial while al-

most no fluorescence leak between various channels can 

be seen, revealing the excellent separability perfor-

mance of this assay. 

 

Establishment of critical values and linearities 

The 102 samples from non-tumor healthy checkup indi-

vidual’s peripheral blood were tested to establish the 

LOB of this method. Figure 2 depicts the test results of 

these blank samples. The lower LOB of the two exons 

were revealed to be 1.756 and 1.836 copies per genome 

respectively, while the upper limits were 2.008 and 

2.041. Notice that there are several results slightly ex-

ceeding the limits of blank. This is because the formulae 

we quoted and used from EP17-A allows for a false 

positive rate of 5%. The space between LOB and LOD 

is therefore deemed grey interval. One can choose to re-

duce the false positive rate to 1% by enhancing the LOB 

to 2.326 σB from μB, or retest the samples, or use the 

cutoff values that will be narrated below. When retest-

ed, so long as the sample’s mutation concentration is 
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Table 1. The designed sequences involved in the detection assay. 

 

Name Sequence 

TP53-exon 5-Forward Primer 5’-TACTCCCCTGCCCTCAA -3’ 

TP53-exon 5-Reverse Primer 5’-CTGCTCACCATCGCTATCT -3’ 

TP53-exon 5-Probe 5’-FAM-TGGTGGGGGCAGCGC -BHQ1-3’ 

TP53-exon 7-Forward Primer 5’-AGGTTGGCTCTGACTGTA -3’ 

TP53-exon 7-Reverse Primer 5’-GTGATGATGGTGAGGATG -3’ 

TP53-exon 7-Probe 5’-VIC-CAACTACATGTGTAAC-MGB-3’ 

RPP30-Forward Primer 5’-TGGCTTTTGAACTTGTCT -3’ 

RPP30-Reverse Primer 5’-AACCATACCTTTCCTTTG -3’ 

RPP30-Probe 5’-CY5-ACCTTCTCATTGTGGAGTCTT-BHQ3-3’ 

 

 

 

 
Table 2. Characteristics of LOD. 

 

Target n1 SD1 n2 SD2 n3 SD3 SDp LOD for CN loss 

Exon 5 6 0.020 7 0.051 7 0.031 0.037 1.692 

Exon 7 6 0.021 7 0.040 7 0.035 0.034 1.777 

 

 

 

 
Table 3. Comparison between results of dPCR and NGS. 

 

dPCR 
NGS 

Total 
+ - 

+ 3 (7) 2 5 (9) 

- 0 11 11 

Total 3 (7) 13 16 (20) 

 

The numbers in the brackets indicate the comparison results under the hypothesis that samples reported to bear a TP53 mutation frequency 

over 50% could also be regarded as NGS-CNV-positive when dPCR reveals positive CNV results. 

 

 

 

 
Table 4. Comparison between results of dPCR and karyotyping. 

 

dPCR 
Karyotyping 

Total 
+ - 

+ 2 11 13 

- 0 22 32 

Total 2 33 35 

 

 

 

 

beyond the LOD we claimed, there should be at least a 

95% chance that the result is still positive. Three out of 

these 102 samples were randomly chosen, mixed to-

gether, and mingled with the DNA of leukemia cell line 

SKM-1 in 3 different ratios (20%, 30%, and 40% of 

SKM-1 DNA respectively as the final concentrations in 

the mixed samples) to simulate the low concentration 

samples in the real test scenarios. The mimics were re-
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Figure 1. The 2D and 1D plot results of a single test. 

 

 

 

 

 

peatedly tested 20 times. Properties concerning LOD 

are listed in Table 2. The aforementioned 3 samples 

from healthy donors were also mixed and mingled with 

the DNA of the cell line HL-60 at 5 different ratios as 

the reference materials for the test of the linearity prop-

erties of this method (5%, 25%, 50%, 75%, and 100% 

of HL60 DNA as the final concentrations). The sample 

at each ratio was tested three times. Results are shown 

in Figure 3. Spearman correlation coefficients (r) of 

0.9971 and 0.9990 for exon 5 and exon 7, respectively, 

reveal the excellent correlation between the response 

value and the tested materials.  

 

Validation of sensitivity 

Twenty-two tests of the samples at the exact concentra-

tion of the LOD level for each of the two exons on 

TP53 were conducted in two days to verify the sensitiv-

ity and coefficients of variation (CV) of this method. 

Results were listed in the Supplementary Table S1. 

Both exons have one test result that failed to pass the 

LOB. This result coordinates with the false negative 

rate decided by the LOD calculation method that we 

quoted from EP17-A. The validation of sensitivity was 

therefore passed. CV for detection of exon 5 was deter-

mined as 4.6%, while CV for exon 7 was 2.8%. 

 

Detection of the samples from newly diagnosed pa-

tients 

Forty-two samples from newly diagnosed patients with 

hematologic malignancies were tested. The test results 

of each sample and the corresponding clinical informa-

tion are listed in Supplementary Table S2. Detailed kar-

yotyping results are listed in Supplementary File S3. 

Among these patients, 30 were also detected with tar-

geted NGS. CNV statuses were only reported in 16 of 

them. A comparison between the results of NGS tests 

and our experiments is listed in Table 3. Taking the 

NGS test as reference standard, we drew the receiver 

operating characteristic curves (ROC) (Figure 4) to furt-

her compare the sensitivity and specificity of dPCR 

with NGS in detecting CN loss and to establish the cut-

off values as another choice of CN loss determination. 

The figures were drawn under the hypothesis that sam-

ples reported to bear a TP53 mutation frequency over 

50% (single, not additive) could also be regarded as 

NGS-CNV-positive when dPCR reveals positive CNV 
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Figure 2. The test results of healthy checkup individuals.  
 

A) Results of the exon 5. B) Results of the exon 7. Each stick represents the result of one sample. The dashed lines in each figure indicate the 

LOBs (1.645σB from μB) for CN loss and CN gain, while the dot lines in each figure indicate the numbers of 2.326 σB from μB. 

 

 

 

results. It turned out that the areas under curve (AUC) 

reached 1 for both exons. The cutoff values decided by 

the ROCs are 1.716 and 1.786 copies per genome re-

spectively for exon 5 and exon 7, which are between the 

LOB and LOD of the corresponding exon. Karyotypes 

were reported in 35 patients. The comparison between 

dPCR and karyotyping is listed in Table 4. Among the 2 

patients which were reported CNV positive both by 

dPCR and karyotyping, the results were actually oppo-

site for the sample ranked the 18th. Karyotyping re-

vealed loss of the chromosome 17, while dPCR showed 

positive for CN gain, which was consistent with NGS. 

 

DISCUSSION 

 

In this study, we successfully established a dPCR meth-

od for identifying the TP53 CNV in hematologic malig-

nancy samples. The performance characteristics of this 

method have been tested and verified to be suitable for 

CNV screening. For patients having difficulties afford-

ing a NGS test or SNP array test, this is a much more 

affordable choice to make explicit whether they bear 

TP53 CNV or not. For physicians in need of fitting in 

those new diagnostic systems, this method can help 

them to confirm whether multi-hit or biTP53 mutations 

exist. 
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Figure 3. Linearity properties of the tests.  
 

A) Linearity property of the test on exon 5. B) Linearity property of the test on exon 7. 

 

 

 

 

 

 

 
 

 
 

Figure 4. ROCs of the experiment results.  
 

A) ROC of the results of exon 5. B) ROC of the results of exon 7. 

 

 

 

 

 



W. Zhao et al. 

Clin. Lab. 4/2025 8 

The comparison between the results of our experiments 

and NGS tests reveals the non-inferior sensitivity of our 

method in detecting TP53 CNV. The patient that ranked 

29th in Table 3 was found to have no TP53 mutation or 

CNV by NGS method, and hence would be diagnosed 

as MDS-SF3B1 according to the 2022 WHO classifica-

tion, which indicates a favorable prognosis. But our ex-

periments revealed that he was positive for TP53 CNV, 

even though the variation frequency was relatively low. 

This surely provided a different expectation on his prog-

nosis. Also, the comparison between our experiments 

and the traditional karyotyping results revealed the 

dPCR’s obvious superiority of sensitivity in detecting 

CNV. It is far less than adequate to base our judgement 

of the genes’ CNV statuses on this traditional visual in-

spection. Digital PCR can, therefore, serve as a power-

ful supplement. Also, our experiments on newly diag-

nosed patients’ samples narrated above have found 

TP53 CNV positive in 11 patients whose NGS reports 

did not include CNV findings or who did not attend the 

NGS tests. The method can help us retrospectively test 

the samples that are preserved in good condition in or-

der to exclude the possibility of biTP53 mutations, es-

pecially when we start to fit in these new diagnostic 

systems.  

When comparing with qPCR, dPCR has a tremendous 

advantage in the sensitivity of CNV detection, though it 

may seem to be not as impressive as its performance in 

the aspect of SNP detection [16-18]. The uncertainty of 

measurement, which fundamentally decides the sensi-

tivity of a detection method, mainly comes from two as-

pects: random error and systematic error. For the detec-

tion of CNV with a dPCR method is based on the ratio 

of at least two genes which usually locate on different 

chromosomes, any factor causing the random error 

within the detection of a single gene would therefore be 

enlarged when the results are pooled together [19]. 

Also, Suzanne and Simant et al. have successfully es-

tablished the mathematical error model for CNV detec-

tion with dPCR method [20,21]. A dPCR test nowadays 

typically involves approximately 20,000 partitions. 

Based on their theory, the random error caused by the 

probability distribution of the proportions of positive 

partitions on a test chip are still too large to be neglect-

ed on such a partition scale. Systematic errors are also 

displayed in our experiment results, revealed by the 

mean copy numbers of blank samples being tested. As 

far as we consider, although the test result of a single 

droplet in the dPCR test is dichotomous, the slight dif-

ference between the amplification efficiencies of the 

target templates would cause those sequences with rela-

tively low amplification efficiencies to ‘drop-out’ from 

the amplification process at the very beginning, as is of-

ten seen in those amplification processes with extreme 

low template concentrations, and so cause the reaction 

droplet to be deemed as negative, and in the end, cause 

the systematic errors that are displayed in our results 

[22]. By optimizing the conditions related to the reac-

tion, we managed to minimize its influence. Yet under 

this circumstance, the LOB and LOD determined above 

must be recognized as the response values given by the 

PCR machine instead of the real concentrations of the 

samples being tested. One may consider using the linear 

functions to calibrate the response values as is described 

in ISO11843-2. This is in essence eliminating the sys-

tematic errors by adding the random errors within the 

process of determining the linear functions into the sys-

tem. This method calls for more authenticated reference 

materials; and considering that there were only three 

replicates for each reference state, the total uncertainty 

of measurement could even be larger than before cali-

bration. As is demonstrated above, we have validated 

the detection ability of this method at the exact concen-

tration on the LOD levels and will still hold on to that 

claim. Deciding whether a test result is positive or not 

based on linear calibration is not recommended, yet 

using this calibration to determine the absolute copy 

number of a tested sample remains a choice for future 

users. 

Though the assay of this test has been optimized, 

several methods could still be applied to further enhance 

the detection ability. For example, multiple replicates 

can be used and pooled together to increase the partition 

number of a single test. Multiple target loci can be in-

volved within the same reaction assay and separated by 

the difference between fluorescence intensities [23]. 

Multiple reference loci can be developed instead of 

using a single references gene [24]. However, these 

methods are at present intricate to put into practical use 

and may still rely on the development of more advanced 

software to come into assistance in the future. 
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