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Simple Summary: TP53 alteration is associated with poor prognosis, unfavorable therapeutic response, and
complex cytogenetic abnormalities in myelodysplastic neoplasm (MDS) and acute myeloid leukemia (AML).
MDS with biallelic TP53 inactivation (MDS-biTP53) was introduced in the newest edition of the WHO
classification, and some authors consider TP53-mutated AML as a distinct entity. The significance of p53
expression is also recognized in myeloid neoplasms. In previous studies, the association between p53
expression and TP53 mutation has been investigated, however, the optimal cut-off value has not yet been
determined. The aim of our study is to examine the correlation between p53 expression and TP53 mutation, as
well as to conduct a more detailed analysis of p53 labeling among bone marrow cell lineages. Our study
underscores the complexity of evaluating p53 expression and investigates in which patient cohort it can be the
most effectively utilized.

Abstract: Background: TP53 alterations have a significant prognostic effect in myeloid neoplasms. Our
objective was to investigate the TP53 gene mutation status, p53 protein expression, and their relationship in
dysplasia-related myeloid neoplasms with varying levels of myeloblast counts. Methods: 76 bone marrow
biopsy samples with different blast counts were analyzed. Total and strong (3+) p53 expression was
determined. Dual immunohistochemical staining was performed to determine the cell population associated
with p53 expression. NGS analysis was performed using the Accel-Amplicon Comprehensive TP53 panel.
Results: Both p53 expression and TP53 VAF showed a significant correlation with the myeloblast ratio
(p<0.0001), however, p53 expression was present in other cell lineages as well. The VAF value exhibited a
significant correlation with p53 expression. A high specificity (0.9800) was observed for TP53 mutation using
the >10% strong (3+) p53 cut-off value, although the sensitivity (0.4231) was low. Conclusion: Strong (3+) p53
expression using a 210% cut-off value accurately predicts TP53 mutation but doesn't reveal the allelic state. The
P53 expression is significantly influenced by myeloblast count, and histological interpretation should consider
the presence of intermixed non-neoplastic marrow cells with varying physiological p53 expression.

Keywords: p53 expression; TP53 mutation; myelodysplasia; myeloblast; bone marrow

1. Introduction

Myelodysplastic neoplasm (MDS) is a group of clonal hematopoietic stem cell disorders, defined
by cytopenias and morphologic dysplasia, leading to progressively ineffective hematopoiesis and an
increased risk of acute myeloid leukemia (AML). The term myelodysplastic neoplasm itself was
introduced in the 5th edition of the WHO classification of haematolymphoid tumours [1].

MDS is a heterogeneous group of preleukemic diseases with varying prognoses, clinical
phenotype, and responses to treatment. It is crucial to use optimized risk stratification in individual
patients for effective treatment strategies. To achieve this, different properly validated prognostic
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scoring systems, such as the International Prognostic Scoring System (IPSS) or the Revised-IPSS
(IPSS-R) are used worldwide. These widely accepted scoring systems utilize factors like the
percentage of bone marrow blasts, the depth of cytopenia (hemoglobin, platelet, and absolute
neutrophil count), and cytogenetic alterations to predict the survival time and the likelihood of AML
evolution [2,3].

Apart from recurrent cytogenetic abnormalities, oncogenic mutations have been detected in 78%
of patients with MDS or closely related myeloid neoplasms [4]. Among the most frequently mutated
genes in MDS, each plays a role in distinct cellular processes. For instance, some genes are involved
in controlling RNA splicing (SF3B1, SRSF2, U2AF1, and ZRSR2), others in epigenetic regulation of
gene expression via DNA methylation (TET2, DNMT3A, IDH1, and IDH2), and a few participate in
histone modification (ASXL1 and EZH?2). Additionally, transcription factors (RUNX1, NRAS, BCOR),
signaling proteins (CBL), the tumor suppressor p53 (TP53), and the cohesin complex (STAG2) are
among the other commonly mutated genes [5-7].

Certain mutations in MDS have strong associations with clinical phenotypes and outcomes,
making them valuable prognostic biomarkers independent of conventional scoring systems [7,8].
Among these mutations, TP53 aberrations hold particular significance in MDS, as they are detected
in 7-11% of patients. TP53 mutations are often linked to abnormalities of chromosome 5q, high
cytogenetic complexity, or monosomal karyotypes [9-11]. TP53 mutations are also frequently found
in certain AML subgroups, such as AML with myelodysplasia-related changes (AML-MR) [12]. These
mutations are well-established adverse risk factors in both AML and MDS [13,14]. Patients with TP53
alterations exhibit lower rates of complete remission, increased relapse rates, and inferior overall
survival following intensive treatments [13-17]. Similarly, those with TP53 mutations experience
shorter remission durations and inferior overall survival after non-intensive treatments [18,19].
Similar to solid neoplasms, various alterations of the TP53 gene have been identified in myeloid
neoplasms. These alterations include allelic losses at the cytogenetic level, as well as molecular
mutations, insertions, and deletions. These aberrations can manifest as either heterozygous with a
remaining wild-type allele or in a hemi-/homozygous state [20,21].

In the newest edition of WHO classification, MDS is divided into two main subcategories: those
having defining genetic abnormalities and those that are defined morphologically. MDS with biallelic
TP53 inactivation (MDS-biTP53) falls into the group of MDS with defining genetic abnormalities.
MDS-biTP53 is defined as a myeloid neoplasm with cytopenia, dysplasia, and less than 20% blasts or
30% erythroblasts, characterized by two or more TP53 mutations or one TP53 mutation and
concurrent evidence of TP53 copy loss or copy neutral loss of heterozygosity [1].

Previous studies have examined the potential prognostic significance of p53 overexpression
defined by immunohistochemistry and its relationship with TP53 mutation. The evidence suggests
that increased p53 labeling is linked to a higher risk of AML evolution, reduced overall survival,
elevated bone marrow blast count, and poor risk karyotype [23-25]. However, these studies vary in
terms of the staining intensity and cut-off values used. Remarkably, there is only limited information
about the topographic characteristics of p53 expression in different bone marrow lineages [26].

This retrospective study aimed to analyze p53 expression in bone marrow samples with
dysplasia, both in cases of MDS and dysplasia-related AML groups. We examined the correlation
between TP53 mutation and p53 immunopositivity by employing various cut-off values for p53
expression. Additionally, we focused on understanding the relationship between p53 expression,
TP53 mutation, and myeloblast count. Double immunohistochemical stains were used, which
allowed us to precisely define the expression of p53 in different bone marrow cell lineages. Through
these techniques, we aimed to gain a deeper understanding of the role of p53 in the bone marrow
context and its potential implications for disease progression and patient outcomes in dysplasia-
related conditions.
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2. Materials and Methods

2.1. Patients and Samples

In this retrospective study, 46 adult cases of Myelodysplastic Neoplasm (MDS) and 26 adult
cases of Acute Myeloid Leukemia (AML) were evaluated. All cases exhibited dysplastic
morphological changes in at least one bone marrow cell lineage. Additionally, four adult cases
without evidence of a clonal alteration were selected as controls. A total of 76 formalin-fixed paraffin-
embedded bone-marrow biopsy samples were collected from the archives of the Department of
Pathology, Medical Center, University of Debrecen. The patient's average age was 64.2 years (ranging
from 25 to 90 years), and the female-to-male ratio was 42/34. The patients were managed and treated
at the Department of Hematology, Medical Center, University of Debrecen. The latest edition of the
WHO classification of hematolymphoid tumors was used for reclassifying the cases. The study
protocol was approved by the respective Institutional Ethical Review Board for human subjects (IRB
reference number: 60355-2/2016/EKU and 1V/8465-3/2021/EKU).

2.2. Histology, immunohistochemistry

Bone marrow biopsies were routinely processed, fixed in formaldehyde (3.6% in phosphate
buffer) for one day, followed by decalcification (EDTA-TRIS buffer at a concentration of 0.1 g/ml),
and then embedded in paraffin wax. 4 um slides were deparaffinized and used for subsequent
stainings.

Retrospective p53 immunohistochemical (IHC) analysis was performed using the "Do-07" clone
Dako antibody (Agilent Technologies Company, Santa Clara, California, USA) following the
manufacturer's instructions. Two independent pathologists evaluated the percentage of positive cells
(0-100%) and the intensity of nuclear staining. The intensity of staining ranged from 0 to 3: 0 for
negative, 1+ for weak, 2+ for moderate, and 3+ for strong expression. The total percentage of p53-
positive cells (weak to strong) and the percentage of cells with strong (3+) p53 expression were
assessed. Three cut-off values (1%, 5%, and 10%) for strong (3+) nuclear expression were separately
correlated with the mutational status. Accuracy of strong (3+) and total p53 expression for prediction
of TP53 mutation status were also analyzed. Specificity, sensitivity, positive predictive value and
negative predictive value were determined using different cut-off values. To analyze the p53
expression of different bone marrow cell populations, double immunohistochemical stainings were
performed sequentially using the EnVision FLEX/HRP system. CD71 and CD34 antibodies were used
in combination with p53 immunohistochemistry. Methyl-green counterstaining was performed for
double staining.

2.3. DNA isolation

DNA extraction was carried out using the QlAamp DNA FFPE Tissue Kit (Qiagen, Hilden,
Germany). DNA concentration was measured using the Qubit dsDNA HS Assay Kit in a Qubit 4.0
Fluorometer (Thermo Fisher Scientificc Waltham, MA, USA), following the manufacturer's
instructions.

2.4. Next-Generation Sequencing

Following genomic DNA enzymatic fragmentation, libraries were created using the Accel-
Amplicon Comprehensive TP53 panel (Swift Biosciences, Ann Arbor, MI, USA). Sequencing was
performed using the MiSeq System (MiSeq Reagent kit v3 600 cycles, Illumina, San Diego, CA, USA)
as per the MiSeq instruction manual. Captured libraries were sequenced in a multiplexed fashion
with a paired-end run, obtaining 2x150 bp reads with at least 250X depth of coverage. The coverage
ranged between 250-69361, with a median of 4075 and a mean of 13769. The trimmed fastq files were
generated using MiSeq reporter (Illumina, San Diego, CA, USA). NextGENe software (v.2.4.3;
SoftGenetics, State College, PA, USA) was used to analyze the raw sequence data for the presence of
single-nucleotide variants (SNVs) and small insertions and deletions (indels). The human reference
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genome GRCh37 (equivalent UCSC version hgl9) was used for alignment. A 5% variant allele
frequency (VAF) was used as a cut-off.

2.5. Statistical analysis

Statistical Analysis: Statistical analyses were performed using GraphPad Prism 5.0.3 for
Windows (GraphPad Software, San Diego, CA, USA). P values below 0.05 were considered
statistically significant.

3. Results

3.1. Case distribution based on myeloblast count, p53 expression, and TP53 status

Considering myeloblast counts, the study included 26 cases of acute myeloid leukemia (AML)
with 220% bone marrow myeloblasts, 12 cases of myelodysplastic neoplasm (MDS) with an increased
blast count (5-19% bone marrow myeloblasts), and 34 cases of MDS with a low blast count (<5% bone
marrow myeloblasts). The cases were reevaluated and classified according to the diagnostic criteria
of the 2022 WHO classification of hematolymphoid tumors. Among them, 23 cases met the criteria
for "acute myeloid leukemia, myelodysplasia-related (AML-MR)", while three AML cases were
categorized under the "myeloid neoplasms post cytotoxic therapy (MN-pCT)" group showing
significant myelodysplastic features. Among the 12 MDS cases with an increased blast count, two
were classified as "myelodysplastic neoplasm with biallelic (or multi-hit) TP53 alterations (MDS-
biTP53)", and two were categorized as MN-pCT. Additionally, eight cases lacked molecular or clinical
evidence for a specific category and were defined morphologically as "myelodysplastic neoplasm
with increased blasts (MDS-IB)". In the group of MDS with a low blast count, three cases were
classified as “myelodysplastic neoplasm with low blasts and 5q deletion (MDS-5q)”, four cases as
MN-pCT, four cases were morphologically defined as “hypoplastic MDS (h-MDS)”, and 23 cases as
“myelodysplastic neoplasm with low blasts (MDS-LB)” (Table 1 and Figure 1A).

Table 1. Distribution of cases (n=76) according to different parameters.

WHO diagnosis according to 5t edition, 2022

Acute myeloid leukaemia, myelodysplasia-related (AML-MR) 23
Myelodysplastic neoplasm with biallelic (or multi-hit) TP53 alterations 2
Myelodysplastic neoplasm with low blasts and 5q deletion 3
Myelodysplastic neoplasm with increased blasts (morphologically defined)
Myelodysplastic neoplasm with low blasts (morphologically defined) 23
Hypoplastic MDS (morphologically defined) 4
Myeloid neoplasms post cytotoxic therapy (MN-pCT) - AML 3
Myeloid neoplasms post cytotoxic therapy (MN-pCT) — MDS with increased blasts 2
Myeloid neoplasms post cytotoxic therapy (MN-pCT) — MDS with low blasts 4
Reactive, control 4
Sex of patients
Male 34
Female 42
TP53 mutational status by NGS
TP53 wild-type 49
TP53 mutated 27
TP53 mutated with multiple mutations 8
P53 expression by immunohistochemistry
p53 total expression 210% 25
p53 strong (3+) expression >1% 32
p53 strong (3+) expression 5% 17

p53 strong (3+) expression >10% 12
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Figure 1. Correlation between TP53 status, p53 expression, and myeloblast count in bone marrow
biopsy specimens with dysplasia-related alterations (n=76); (a) Heat map summarizing the
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distribution of cases according to myeloblast count (AML, MDS-IB, and MDS-LB), TP53 status, total
and strong (3+) p53 expression, and Comprehensive Cytogenetic Scoring System (CCSS). TP53
mutated cases showing a VAF value of less than 10%, coverage below 500, frameshift mutations, or
having more than two mutations are highlighted as these mutated cases were frequently associated
with a low-level p53 expression. (b) Correlation of strong (+) p53 expression and TP53 VAF value with
bone marrow myeloblast count. Both the percentage of p53 3+ cells and TP53 mutation VAF value
showed a significant correlation with the percentage of CD34+ myeloblasts (Spearman r=0.4880,
p<0.0001 and Spearman r=0.4757, p<0.0001 respectively). (c) P53 expression and TP53 VAF value in
different disease subgroups. A significant difference was detected between these subgroups both in
total and strong (3+) p53 expression (p=0.0039 and p=0.0011 respectively as assessed by the Kruskal-
Wallis test). The median VAF values varied significantly between MDS-LB, MDS-IB, and AML
subgroups (Kruskal-Wallis test, p=0.016). (d) Correlation between p53 expression and TP53 mutation
status. The percentage of bone marrow cells with total or strong (3+) p53 expression was
significantly higher in the TP53 mutant group compared to the TP53 wild-type group, as assessed
using the Mann-Whitney test (p=0.0417 and p=0.0005 respectively). The VAF value showed a
significant correlation with strong (3+) p53 expression (p<0.0001).

Different cut-off values for p53 expression were defined, including >10% total p53 expression,
>1% strong (3+) p53 expression, 25% strong (3+) p53 expression, and >10% strong (3+) p53 expression.
The correlation between the total percentage of p53 positive cells, assessed by two independent
pathologists, was found to be highly significant (Spearman r =0.7293, p<0.0001). An inter-reader
agreement was nearly perfect using the >10% cut-off values for strong (3+) p53 expression, with a
Kappa-value of 0.937.

Among the 72 neoplastic cases, 25 showed 210% total p53 expression (34.72%), 32 cases (44.44%)
showed 21% strong (3+) p53 expression, 17 cases (23.61%) showed >5% strong (3+) p53 expression,
and 12 cases (16.66%) showed >10% strong (3+) p53 expression. Regarding the mutation status, 26/72
cases (36.11%) carried at least one TP53 mutation, with eight cases (11.11%) having multiple TP53
mutations (Table 1). Six further cases (8.33%) harbored biallelic TP53 alterations due to evidence of
TP53 copy loss. None of the reactive cases displayed strong (3+) p53 expression or carried TP53
mutations. However, mild to moderate p53 expression was observed in three out of the four reactive
cases, with a percentage of 1-20% (Figure 2).
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Figure 2. Typical p53 expression pattern of bone marrow biopsy samples: (a) Acute myeloid
leukemia, myelodysplasia-related (AML-MR) case with two TP53 mutations. The VAF value was
higher than 10% for both mutations. More than 10% of bone marrow cells display strong (3+) p53
expression. (b) AML-MR case harboring one TP53 mutation without the evidence of a biallelic state,
VAF: 36.66%. The TP53 alteration in this case is a frameshift mutation causing protein truncation and
instability. Both total and strong (3+) p53 expression were under 10%. A few isolated positive cells are
detectable (arrow) and likely belong to the residual reactive hematopoiesis. (c) AML-MR, TP53 wild-
type. Strong (3+) p53 expression is not present. Some scattered cells display weak to moderate p53
expression. (d) Reactive case with transient cytopenia, TP53 wild-type. Isolated bone marrow cells
show p53 expression with variable intensity.

3.2. Correlation between p53 expression and myeloblast count

Myeloblast count showed a significant correlation with both total p53 expression (Spearman
r=0.4470, p<0.0001), and strong (3+) p53 expression (Spearman r=0.4880, p<0.0001) (Figure 1B). Cases
were categorized based on the myeloblast count into three groups: AML (>20% blast count, n=26),
MDS-IB (5-19% blast count, n=12), MDS-LB (<5% blast count, n=34). A significant difference was
detected between these subgroups both in total and strong (3+) p53 expression (p=0.0039 and
p=0.0011 respectively as assessed by the Kruskal-Wallis test) (Figure 1C).

We performed double immunohistochemical examinations on cases displaying >10% total p53
expression. Our observations revealed that p53 nuclear expression frequently occurs together with
CD34 positivity, although not exclusively. On one hand, p53-/CD34+ cells could be observed, while
conversely p53+/CD34- cell population was also identifiable. Despite statistical results indicating a
significant correlation between the proportion of p53 positive bone marrow cells and the myeloblast
ratio, based on the double immunohistochemical examinations, it could be concluded that p53
expression is not exclusively associated with the myeloblast cell population. Notably, the p53
expression was often associated with the erythroid cell lineage, which was confirmed by the double
staining of p53+/CD71+. Furthermore, in several cases, p53 expression was observed in cells
exhibiting megakaryocyte morphology, Figure 3. The ratio of p53 positive cells ranged widely in all
analyzed cell lineages. The ratio of p53 positive erythroblasts ranged between 0-50%, this range was
0-75% for megakaryocytes and 1-95% for CD34+ myeloblasts

™ WY g0 -
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Figure 3. Double immunohistochemical stains of two cases with acute myeloid leukemia (AML).
Double immunohistochemical staining underscores the complexity of interpreting p53
immunohistochemistry. The p53 expression varies in intensity and can manifest across various cell
lineages. Reactive, non-clonal and clonal cells are admixed which adds further complexity to the
evaluation. (a-b) An AML case harboring one TP53 mutation with a 41.73% VAF value, the myeloblast
ratio is 70%, the total p53 labeling is 80%. A: The p53/CD34 double immunohistochemical stain reveals
three distinct patterns — cells with p53+/CD34- (scattered throughout the sample), p53+/CD34+ (red
circle) and p53-/CD34+ (black circle) cells pattern could be observed. One p53-positive (arrow) and
one p53-negative (arrowhead) dysplastic megakaryocyte are also present (original magnification:
400x; p53 —brown, DAB/ CD34 — purple, VIP). B: The p53/CD71 double immunohistochemical stain
detects p53-/CD71+ (black circle) and p53+/CD71+ (red circle) erythroid cells. A p53+/CD71-
population is also present, which probably corresponds to myeloblasts (original magnification: 400x;
p53 -brown, DAB/ CD71 - purple, VIP). (c-d) An AML case harboring one TP53 mutation with a
16.20% VAF value, the myeloblast ratio is 30%, the total p53 labeling is 40%. C: The p53/CD34
immunohistochemical stain highlights a lot of p53+/CD34- cells with variable p53 labeling intensity
(arrows) (original magnification: 400x; p53 —brown, DAB/ CD34 — purple, VIP). Considering the
relatively low VAF value, it is possible that weak p53 labeling is associated with non-mutated cells
exhibiting physiologic p53 expression. D.: The p53/CD71 highlights p53-/CD71+ (black circle) as well
as p53+/CD71+ (red circle) erythroid cells (original magnification: 400x; p53 ~brown, DAB/ CD71 —
purple, VIP).

3.3. Correlation between TP53 mutation status and myeloblast count

The ratio of TP53 mutated cases proportionally reflected the myeloblast count as 20.59% (7/34)
of MDS cases, 33.33% (4/12) of MDS-IB cases, and 57.69% (15/26) AML cases were mutated. The ratio
of multiple TP53 mutations showed a similar tendency: 2.94 % (1/34) of MDS cases, 16.67% (2/12) of
MDS-IB cases, and 19.23% (5/26) of AML cases carried multiple mutations. The median of VAF values
varied significantly between MDS-LB (VAF median: 10.81, mean: 11.39), MDS-IB (VAF median: 30.65,
mean: 33.27), and AML (VAF median: 33.68, mean: 35.84) subgroups as assessed by the Kruskal-
Wallis test, p=0.016. The VAF value was significantly higher in AML and MDS-IB compared with
MDS as assessed with the Mann-Whitney test (p=0.0056 and p=0.303 respectively). While there was
no significant difference between AML and MDS-IB (p=0.7539) (Figure 1C). These findings are
consistent with the observation that the VAF value showed a significant correlation with the
myeloblast count (Spearman r=0.4757, p<0.0001) (Figure 1B).

3.4. Correlation between p53 expression and TP53 mutation status

Out of the 26 TP53 mutated cases, 18 carried only one mutation, while eight had multiple
mutations. The VAF value, which ranged from 5.04% to 88.04% with a mean of 22.75%, exhibited a
significant correlation with both total and strong (3+) p53 expression (Spearman r=0.2953, p=0.0096
and Spearman r=0.4398, p<0.0001 respectively).

The percentage of bone marrow cells with strong (3+) p53 expression was significantly higher in
the TP53 mutant group compared to the TP53 wild-type group, as assessed using the Mann-Whitney
test (mean 14.15% versus 0.98% respectively, p=0.0005) (Figure 1D).

A significant association was found between p53 expression and TP53 mutation status using all
the defined cut-off values. The highest specificity (0.9800) was observed with the >10% strong (3+)
p53 cut-off value, indicating that 49 of the 50 wild-type cases were negative, but the sensitivity
(0.4231) was low, with only 11 of the 26 mutant cases being positive. Conversely, the highest
sensitivity (0.6154) was seen using the 1% strong (3+) p53 expression as a cut-off value, with 16 of the
26 mutant cases showing positivity, but the specificity (0.6800) was relatively lower, with 34 of the 50
wild-type cases being negative (Table 2).

Out of the 26 TP53 mutated cases, 14 (53.85%) were considered ho harbor bi-allelic alteration. In
eight cases multiple mutations were detected, in three cases the VAF value exceeded 50% and in three
further cases one TP53 mutation was present together with chromosome 17 deletion. In 12 cases
(46.15%) single TP53 mutation was detected without the evidence of a biallelic state. 33.33% (4/12) of
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cases with monoallelic TP53 alteration and 64.29% (9/14) of cases with biallelic TP53 alteration
displayed >10% total p53 expression, this difference was not significant (p=0.2377). There was no
significant difference in the percentage of strong (+3) p53 positive cells between cases with
monoallelic and biallelic TP53 alterations (mean 8.83% vs. 19.64% respectively, Mann Whitney test,
p=0.0754).

Table 2. Accuracy of strong (3+) and total p53 expression for the predicting TP53 mutations. The
highest specificity and positive predictive value were present with 210% strong (3+) p53 expression,
while the highest sensitivity and negative predictive value were observed with a threshold of >1
strong (3+) p53 expression.

Strong (3+) p53  Strong (3+) p53 Strong (3+) p53 Total p53

expression 21%  expression>5%  expression 210%  expression 210%
Sensitivity 0.6154 0.4615 0.4231 0.5000
Specificity 0.6800 0.9000 0.9800 0.7600
Positive predictive 0.5000 0.7059 0.9167 0.5200

value
Negative

0.7727 0.7627 0.7656 0.7451

predictive value

3.5. Characteristics of cases with biallelic TP53 alterations

In three cases with a single TP53 mutation (3/18), the VAF value was over 50% which suggests
the loss of the second allele. However, only one case had a conventional cytogenetic result available
presented with a complex karyotype. Among the three cases with over 50% VAF value, two showed
>10% strong (3+) p53 expression while one case was completely negative for p53. In agreement with
this discrepancy, the negative case carried the TP53 p.Y163Xfs mutation, leading to p53 protein
truncation and instability. Clinically, two out of these cases were AML-MR and one was MDS-IB,
consistent with >10% myeloblast count. The latter case was classified as MDS-biTP53.

In addition to the cases with >50% VAF values, eight further cases carried multiple TP53
mutations: five cases carried two, one case three, one case four, and one case six mutations (Table 3).
Four of these cases (4/8) showed >10% strong (3+) p53 expression, however in the other four cases
(4/8) strong (3+) p53 expression was present in less than 10% of cells despite the presence of TP53
mutations. Further analysis revealed that in three of these cases, more than two mutations were
present resulting in potential p53 protein instability and consequent loss of expression. Moreover,
two of these cases carried stop codon (p.C135X) or frame-shift mutation (p.K373Rfs). Finally, in two
case the VAF values were relatively low (<10%). These factors may explain the low level p53
expression. Clinically, five cases were AML-MR, two cases were MN-pCT, and one case was MDS
with increased blast count. This MDS case is classified as MDS-biTP53. All cases with >10% p53
expression had >10% myeloblast count.

Three further cases were considered to harbor biallelic TP53 alteration due to the simultaneous
presence of chromosome 17 deletion and TP53 mutation. Two of these cases (2/3) showed >10% strong
(3+) p53 expression, while one case was completely negative. The latter case carried a frame-shift
mutation (p.E286Qfs). Clinically all of these cases were classified as AML-MR with >10% myeloblast
count.
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Table 3. Characteristics of TP53 mutated cases with multiple mutations (n=8). Cases with more than
two mutations were associated with a low level (<10%) strong (3+) p53 expression (Case 4, 6, and 7).
One additional case with a low VAF value (<10%) also displayed a similarly low p53 expression (Case
3). In contrast, the other four cases showed > 10% strong (3+) p53 expression.
Case WHO TP53 AA VAF Numberof Total p53 Strong (3+) Myeloblast Cvtosenetics
diagnosis change (%) mutations expressionp53 expression count yios
E271K 27,8
1 AML-MR 1§N 239D 29,14 2 80% 50% 60% CK
V272M 30,7
2 AML-MR 1; V220X 88 2 20% 10% 25% ND
.E271K 6,08
3 AML-MR ;’N 9D e 2 3% 1% 60% CK
p-E271K 8,28 modal
. h
4 AML-MR.P M246K 8,35 3 10% 39, 50% chromosome
C135X 565 number:78-
P ’ 83
.V216M 39,44
5 AML-MR I;)G2458 3820 2 70% 30% 70% CK
p.S215N 30,65
p.-K373Rfs 11,59
.T2561 6,82
6 MN-pCT 1; bosl. s 6 3% 0% 15% ND
p-Q375E 5,6
p.T2531 5,45
p-S362N 5,19
.G334R 5,04
7  MN-pCT §V272M e 4 1% 1% 1% 46, xy
p-N239D 10,81
DS- .R248 39,93
g MDS  pRaASQ 2 40% 40% 15% CK

biTP53 p.P152Q 38,21

3.6. Characteristics of TP53 mutated cases without the evidence of bi-allelic state

In 12 cases only one TP53 mutation was present, the VAF value was <50%, and evidence of TP53
locus deletion in 17p13 was not present. Four cases showed >10% strong (3+) and five cases 210%
total p53 expression, while in seven cases a discrepancy was present as both total and strong (3+) p53
expression were <10%. In one AML-MR cases, a truncating mutation was detected (p.L93Lfs), and
in three AML-MR cases, the coverage was low (<500) indicating a minor TP53 mutant population in
the sample. These circumstances may explain the negative IHC result. Further six TP53 mutant MDS
cases showed negative IHC, two of which carried TP53 mutation with a relatively low VAF (5.94%
and 7.52%). In four MDS-LB cases, however, no convincing explanation was found, as both VAF and
coverage were satisfactory, and no truncating mutation was present. All cases with >10% p53
expression had >10% myeloblast count.

3.7. Inconsistency between TP53 status and p53 expressio

Among the 26 TP53 mutated cases, 15 were AML, 4 were MDS-IB, and 7 were MDS-LB. In 13
cases 210% total p53 expression was present (11/15 AML, 2/4 MDS-1B, 0/7 MDS-LB). In 13 further
cases, total p53 expression was <10% (4/15 AML, 2/4 MDS-IB, 7/7 MDS-LB). The discrepancy was the
most prominent in the MDS-LB group as none of the mutated cases showed >10% p53 expression. As
it was described previously, satisfactory possible explanations were present in all the p53 low-
expressor (<10%) TP53 mutated AML and MDS-IB cases. Frameshift mutations, multiple mutations
with protein instability, low VAF value with a minor clone or low coverage were present in these
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cases. On the other hand, in four MDS-LB cases, there was no apparent mutation-related explanation
found for this inconsistency, however, the myeloblast count was low. It was also observed that all
cases with mutated TP53 and >10% total p53 expression also had a myeloblast count greater than 10%
(Figure 1A).

3.8. Correlation between CCSS score and p53 status

Comprehensive Cytogenetic Scoring System (CCSS) score was available in 60 neoplastic cases
(Table 1). There was a significant difference in CCSS score between TP53 mutated and wild-type cases
(p<0.0001, Chi-square test for trend). Complex karyotypes and a consequential very poor CCSS score
were more frequent in TP53 mutated cases. Very poor CCSS score was present in 52.38% (11/21) of
TP53 mutated cases and only in 7.14% (3/42) of TP53 wild-type cases. Altogether very poor CCSS
score was present in 14 cases, 11 of which were TP53 mutated.

CCSS score also showed significant differences between p53 negative (<10%) and p53 positive
(210%) cases (p<0.0001, Chi-square test). Very poor CCSS characterized 87.5% (7/8) of p53 positive
cases and only 12.73% (7/55) of p53 negative cases.

3.9. Correlation between overall survival and p53 status

Excluding MN-pCT cases, overall survival was estimated in 23 AML cases and 40 MDS cases.

There was no significant difference in the overall survival between TP53 mutated (n=14, median
7.47 months) and TP53 wild type (n=9, median 11.37 months) AML cases (p=0.4655). There was no
significant difference in overall survival between AML cases showing <10% strong 3+ p53 expression
(n=15, median 5.8 months) and >10% strong 3+ p53 expression (n=8, median 2.25 months) (p=0.3394).
AML cases with bi-allelic TP53 mutational status (n=9, median survival 5.450 months) were
associated with significantly shorter overall survival compared with AML cases harboring single
mutation or wild type TP53 status (n=14, median survival 11.37 months) (p=0.039).

The overall survival was significantly shorter in the TP53 mutated MDS group (n=9, median
survival 10.30 months) compared with TP53 wild-type MDS cases (n=31, median survival 31.57
months) (p=0.0094). A similar result was found between MDS cases showing <10% strong 3+ p53
expression (n=37, median 31.90 months) and >10% strong 3+ p53 expression (n=3, median 4.067
months) (p=0.0030). MDS cases with bi-allelic TP53 mutational status (n=2, median survival 1.750
months) were associated with significantly shorter overall survival compared with MDS cases
harboring single mutation or wild type TP53 status (n=38, median survival 31.57 months) (p<0.0001).
This section may be divided by subheadings. It should provide a concise and precise description of
the experimental results, their interpretation, as well as the experimental conclusions that can be
drawn.

4. Discussion

Myelodysplastic neoplasm (MDS) represents a diverse group of clonal hematopoietic stem cell
disorders. To ensure effective treatment strategies, optimizing risk stratification for individual MDS
patients is essential. TP53 mutations have been established as adverse risk factors, associated with
high cytogenetic complexity and monosomal karyotypes in both MDS and AML. The 5th edition of
the WHO classification of haematolymphoid tumors introduced the term "MDS with biallelic TP53
inactivation" (MDS-biTP53), requiring the presence of two or more TP53 mutations or one TP53
mutation combined with concurrent evidence of TP53 copy loss or copy-neutral loss of
heterozygosity [1].

Several authors have explored the relationship between TP53 mutation status and p53 protein
expression, observing a strong correlation [23-26]. P53 immunohistochemistry is directed to the
initial, non-involved region of the protein by the commonly used Do-7 antibody clone. Increase in
labeling is an indirect sign of mutations resulting mutant/wild-type protein dimerization and delayed
breakdown of the protein [27-30]. It has been published that p53 immunopositivity itself is associated
with a poor prognosis. However, the precise cut-off value for p53 expression remains unclear. The
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distinction between biallelic and monoallelic alterations concerning immunopositivity is also subject
to question. Additionally, further investigation is needed to determine the distribution of p53-
positive cells among bone marrow hematopoietic cell lineages.

The results of this retrospective study revealed a significant correlation between TP53 mutation
status and p53 protein expression. Various cut-off values for p53 expression were explored, and it
was observed that a 210% strong (3+) p53 expression cut-off provided the highest specificity, while a
1% strong (3+) p53 expression cut-off had the highest sensitivity. Moreover, the VAF value was found
to be significantly correlated with both total and strong (3+) p53 expression. There was no significant
difference in p53 expression between cases with monoallelic and biallelic alterations.

Interestingly, some cases exhibited TP53 mutations without 210% p53 protein expression, and
vice versa. This incongruence could be attributed to the presence of multiple TP53 mutations, leading
to protein instability and subsequent loss of p53 expression. Other contributing factors may include
truncating mutations, low VAF value, or low coverage during analysis. Protein instability and
truncation lead to a completely negative staining pattern in solid tumors; however, this pattern is
challenging to discern in bone marrow samples. Residual non-neoplastic bone marrow cells may
express p53 with variable frequency. The reactive cells with physiological p53 expression are
intermixed with the neoplastic cells and prevent the entirely negative “null” phenotype that is typical
of solid tumors with truncating mutations.

Notably, the most prominent discrepancy was observed within the MDS-LB group, suggesting
that this subgroup may be particularly affected by the conflicting results. Furthermore, it was
observed that all cases with mutated TP53 and p53-positive immunostaining had a myeloblast count
greater than 10%. This finding implies that p53 immunopositivity is not solely dependent on the
presence of TP53 mutations but also correlates with the myeloblast count in the analyzed samples.

Low myeloblast counts indicate the parallel occurrence of clonal and normal, non-clonal
hemopoesis. Their actual balance may influence the particular TP53/p53 findings.

TP53 mutation and p53 expression showed a correlation with the myeloblast count. Specifically,
the ratio of TP53 mutated cases proportionally increased with the myeloblast count, with 20.59% of
MDS cases, 33.33% of MDS with increased blast count (MDS-IB) cases, and 57.69% of AML cases
carrying TP53 mutations. The VAF value was significantly higher in AML and MDS-IB cases
compared to MDS cases, indicating a potential association between higher VAF and a higher
percentage of myeloblasts. The myeloblast count showed a significant correlation with both total and
strong (3+) p53 expression. Cases with higher blast counts were more likely to exhibit increased p53
expression.

Based on these observations, one would expect that p53 protein expression is exclusively present
only in myeloblasts. However, double immunohistochemical stainings of samples with more than
10% total p53 expression revealed that, in most cases, erythroid cells and megakaryocytes exhibit
partial p53 expression. These cells showed a p53+/CD34- pattern. We should consider that at least a
portion of these lineages are part of the process and also derivate from the mutant stem cell clone.
The ratio of positively stained erythroids ranged between 1-50%, while this range was 0-75% in
megakaryocytes. The CD34+ myeloblasts also exhibited only partial p53 expression (1-95%), as p53-
/CD34+ cells were also present.

The correlation between TP53 mutation status and the Comprehensive Cytogenetic Scoring
System (CCSS) score was significant. TP53-mutated cases were more likely to exhibit complex
karyotypes and poorer CCSS scores, indicating a higher-risk disease phenotype associated with TP53
mutations. This finding aligns with previous studies that have identified TP53 mutations as adverse
risk factors in MDS and AML.

5. Conclusions

The findings from this study contribute to a better understanding of the role of TP53 mutations
and p53 protein as an indicator of the mutant phenotype in MDS and AML.. The finding suggests
that with proper interpretation, p53 immunohistochemistry can be a valuable tool for the
identification of cases with TP53 mutations with excellent specificity but a low sensitivity.
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Immunohistochemistry could be especially useful in cases with increased blast counts. However, this
tool is not sufficient for the distinction between monoallelic and biallelic alterations. The observations
underscore the complex relationship between TP53 mutations and p53 protein load and highlight the
need for further investigations to elucidate the underlying mechanisms.
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