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Abstract: Rare germline pathogenic TP53 missense variants often predispose to a wide spectrum of
tumors characterized by Li-Fraumeni syndrome (LFS) but a subset of variants is also seen in families
with exclusively hereditary breast cancer (HBC) outcomes. We have developed a logistic regression
model with the aim of predicting LFS and HBC outcomes, based on the predicted effects of individual
TP53 variants on aspects of protein conformation. A total of 48 missense variants either unique
for LFS (n = 24) or exclusively reported in HBC (n = 24) were included. LFS-variants were over-
represented in residues tending to be buried in the core of the tertiary structure of TP53 (p = 0.0014).
The favored logistic regression model describes disease outcome in terms of explanatory variables
related to the surface or buried status of residues as well as their propensity to contribute to protein
compactness or protein-protein interactions. Reduced, internally validated models discriminated
well between LFS and HBC (C-statistic = 0.78−0.84; equivalent to the area under the ROC (receiver
operating characteristic) curve), had a low risk for over-fitting and were well calibrated in relation to
the known outcome risk. In conclusion, this study presents a phenotypic prediction model of LFS
and HBC risk for germline TP53 missense variants, in an attempt to provide a complementary tool
for future decision making and clinical handling.

Keywords: Li-Fraumeni syndrome; hereditary breast cancer; germline TP53 missense variants;
quantitative prediction model; protein conformation

1. Introduction

Li-Fraumeni syndrome (LFS) is a rare heritable extreme tumor risk syndrome char-
acterized mainly by premenopausal breast cancer, soft tissue sarcoma, brain tumors, os-
teosarcoma and adrenocortical carcinoma, and was first described in 1969 [1]. LFS was
subsequently shown to be associated with a germline TP53 variant [2]. As more fami-
lies with a variety of tumors were reported, less restricted criteria became used to define
Li-Fraumeni-like (LFL) families [3] that did not meet the classical LFS criteria but were
suggestive of LFS, with a detection rate for germline TP53 alterations of 20–40% in LFL
as compared to 70% in LFS [4]. At present, the most commonly used screening criteria
are the Chompret criteria, with a detection rate of 29%, since they include a large group
of patients for screening [5]. For example, according to these criteria a patient with breast
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cancer below 31 years, should be screened irrespective of family history. With the increased
use of cancer gene panels in genetic testing, the detection of pathogenic TP53 variants has
increased, and up to 1% of families with exclusively hereditary breast cancer (HBC) have
been shown to carry a germline TP53 variant [6].

The wide range of phenotypic presentation associated with germline TP53 variants
makes tumor risk assessment difficult and genetic counseling challenging in these patients
and families. Moreover, 7–20% of constitutional TP53 alterations are de novo [7], and
thus presented in individuals without a family history of the disease. Due to the lack of
knowledge about predicting genotype-phenotype association, all germline carriers are
recommended a thorough surveillance program including yearly whole-body magnetic
resonance imaging (MRI) examinations with the result that a large proportion of TP53
variant carriers are exposed to unnecessary examinations [8,9].

The TP53 protein is a transcription factor that binds as a tetramer to DNA, and activates
a large number of genes that promote DNA repair mechanisms or apoptosis including
cell cycle regulatory proteins and members of the Bcl-2 family [10,11]. Each monomer
is divided into different structural and functional domains, including a transactivation
domain, a proline-rich region, a DNA binding domain (DBD), a oligomerization domain, a
nuclear localization signal and a C-terminal regulatory domain [12]. TP53 plays a critical
role in genomic homeostasis, and its activities are tightly regulated by a network of protein-
protein interactions, microRNAs, and a range of post-translational modifications, including
phosphorylation, acetylation, methylation and ubiquitination [13].

About two thirds of reported germline TP53 variants are single site missense changes,
predominantly located in the DBD [14]. Carriers are heterozygous for the TP53 variant thus
possessing both wild-type and variant monomers allowing formation of hetero-tetramers
that result in a dominant-negative functional effect of some variants [15]. It has been
suggested that patients with missense variants have earlier age of tumor onset (23.8 years),
compared to those with loss of function variants (28.5 years) [16]. Moreover, unequal
penetrance of missense variants is known in LFS where, for example, 58% of carriers with
R248W (amino acid change at residue 248 from arginine to tryptophan) compared to only
21% of carriers with R231Q develop tumors before 30 years of age [17].

The TP53 DBD consists of a beta-sandwich tertiary structure with two antiparallel
beta-sheets, that serve to orientate and stabilize the loop-sheet-helix DNA-binding mo-
tif [18]. Contacts with DNA are mainly to the sugar-phosphate backbone of the DNA
helix (K120, S241, R248, R273, A276, R283) as well as a smaller number of contacts to
specific bases within the consensus pentamer binding sequence (C277, R280 and K120).
Other residues that are also mutated in sporadic tumors are important for anchoring the
DNA binding motif to the beta-sandwich structure (e.g., R175, G245, R249, R282) or for
stabilizing the beta-sandwich structure (e.g., V143, V157, Y220, F270). Although the TP53
DBD folds into a compact tertiary structure at body temperature, it is thermally unsta-
ble and unfolds at only slightly higher temperatures (>40 ◦C) or in response to tumor
associated TP53 variants [19,20]. Interestingly, some novel pharmaceutical agents (e.g.,
CP-31398 and APR-246) have been shown to restore wild-type functionality to mutant
TP53 proteins by increasing their thermal stability [21]. Different missense variants of the
DBD have different effects on protein conformation and its mechanistic characteristics
and, interestingly, for some sporadic tumors a relationship between the effect of variants
on mechanistic aspects of TP53 function and the type of tumor has been observed (e.g.,
glioblastoma vs. adrenocortical carcinoma) [22]. It is therefore possible that differential
effects of germline TP53 variants on conformational aspects of TP53 and its functionality
could contribute to differences in phenotypes (e.g., LFS vs. HBC).

In this study we investigate whether the phenotypic outcome observed for different
TP53 variants can be accounted for by the differential effects of the variants on TP53 protein
conformation as well as whether variant associated protein conformation changes can be
used to predict disease outcome.
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2. Materials and Methods
2.1. Selection of TP53 Variants

Included variants and their clinical characteristics were selected from publicly avail-
able databases and publications as described below. All TP53 variants that were defined as
LFS in our cohort were identified through the IARC database, and were not found to be
reported in a HBC-family there or elsewhere. According to the IARC database the families
thus fulfilled the classic LFS criteria [23] upon screening. For the HBC cohort, 17 variants
were identified through the IARC database, 17 from the meta-analysis by Fortuno et al. [24]
and 2 from Kharaziha et al. [25]. However, 12 of the HBC variants were reported both in
the IARC database and in Fortuno et al., thus resulting in 24 unique HBC variants.

The selection process for the TP53 missense variants used in this study is summarized
in Figure S1. A total of 24 germline TP53 variants unique for LFS were selected by evalua-
tion of 408 TP53 variants in the IARC database (R20, January 2020) [26]. Out of 296 missense
variants, 62 variants were LFS-class, while 58 were LFL-class and 78 variants were TP53-
Chompret-class, according to the terminology used in the IARC database. 117 variants
were present in the FH-class (family history of cancer which does not fulfill LFS or any of
the LFL definitions), noFH-class (no family history of cancer) or the other-class (variants
that were not included in other classes). Many variants were present in more than one class.
We selected the variants uniquely classified as LFS (n = 24) to represent the LFS-variants
used in the study and the amino acids involved are referred to as LFS-residues (Table S1).

The non-redundant unified group of 24 HBC-specific germline TP53 variants was
selected from the IARC database, from the Fortuno et al. [24] meta-analysis of TP53-related
HBC without a history of LFS and from the Kharaziha et al. [25] Swedish germline TP53
cohort. Since there was no specified HBC-class in the IARC database, we selected the HBC-
variants from FH-class, noFH-class and other-class and excluded those that overlapped
with the LFS-class, LFL-class and TP53-Chompret-class. Further, the selected HBC TP53
missense variants were exclusively reported in breast cancer. Out of 73 identified germline
variants in Fortuno et al. [24], 41 were missense variants, of which 17 were also not present
in the LFS-class, LFL-class or TP53-Chompret-class in the IARC database. In the Swedish
cohort, reported by Kharaziha et al. [25], 24 germline TP53 variants were identified, of
which 6 missense variants were specifically found in HBC including two that were not
present in the LFS-class, LFL-class or TP53-Chompret-class in the IARC database. The
24 resulting TP53 variants were included in the study and the amino acids involved are
referred to as HBC-residues (Table S1).

2.2. Analysis of Protein Structure

A published X-ray crystal structure of a tetrameric TP53 derivative containing the
DBD fused to the oligomerization domain bound to the natural p21 TP53-response element
(PDB accession number 3TS8) was used [27]. Details of the p53CR2 derivative used for
crystallography have been fully described [28]. P53CR2 contains protein regions equivalent
to residues 94–292 and 324–355 of TP53 and includes some stabilizing amino acid substitu-
tions that distinguish the protein from the equivalent wild-type TP53 residues. PyMOL
software (Schrödinger, https://pymol.org, 23 April 2019) was used to display HBC- and
LFS-residues in the context of the tertiary structure of the protein and to identify different
residue classes, using customized scripts adapted from those available in the PyMOL script
library [29]. The findSurfaceResidues script [30] was adapted to allow identification of
Buried (non-Surface) residues, defined as residues with a Solvent-Accessible Surface Area
(SASA) below user-defined cutoff values. A cutoff value of 11Å2 defined approximately
30% of residues as Buried and was used to classify residues for statistical analysis. The
interfaceResidues script [31] was adapted to allow identification of residues at the interface
between TP53 monomers in the tetrameric structure or between TP53 monomers and DNA.
Interactions are defined as regions where the overlapping Surface area between atoms from
different molecules exceeds a cutoff area. The default cutoff value of 1.0Å2 was used. The
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ss script [32] was adapted to list residues in different types of secondary structure, defined
as alpha-helix, beta-sheet or loop.

2.3. Explanatory Variables

Explanatory variables were a priori restricted to variables reflecting the effects of mis-
sense variants on different aspects of TP53 protein conformation (Table 1). Bur is a categori-
cal variable defining Buried and Surface residues (as described above). A third Bur category
(unknown) describes residues that are not included in the TP53 tertiary structure used.
The remaining explanatory variables are continuous and are calculated using prediction
algorithms for different aspects of protein conformation, which generate residue-by-residue
scores for wild-type TP53 and each of the included TP53 variants. The value of these vari-
ables is defined as the difference between the variant and wild-type scores at the position
of the substituted residue (variant score minus wild-type score). The prediction algorithms
predict values that reflect propensity for intrinsic protein disorder, peptide-backbone flexi-
bility, secondary structure, protein tertiary structure/compactness and protein interaction
(Table 1). Protein interaction site prediction in the TP53 sequence was performed using
a meta-structure-based homology method [33] as already reported [34] and summarized
in the Supplementary Materials and methods. The analysis results in a residue specific
score that is proportional to the propensity of a given residue to be part of a protein
interaction site. The PPI6_dif variable used in regression models was calculated using
more sensitive settings for predicting protein-interaction regions (minimum query segment
= 6 amino acids), while less sensitive settings (minimum query segment = 10 amino acids)
were used to identify and plot the most prominent TP53 protein-interaction regions (see
Supplementary Materials and methods for details).

Table 1. Explanatory variables related to protein conformation.

Protein Characteristics Variables Predictor Algorithm [Ref]

Tertiary structure propensity
buried/surface Bur Pymol-findSurfaceResidues script [28]

Intrinsic protein disorder propensity
disorder (trained on Disprot DB) disprot_dif Espritz [35]

disorder (trained on NMR structures) nmr_dif Espritz [35]
disorder (trained on X-ray structures) xray_dif Espritz [35]

disorder (longer regions) iupl_dif IUPred2A [36]
disorder (short regions) iups_dif IUPred2A [36]

Predicted protein backbone flexibility
protein backbone dynamics dyn_dif Dynamine [37]

Secondary structure propensity
alpha-helix/beta-sheet Sec_dif Meta-structure [33,34]

Compactness propensity
protein compactness comp_dif Meta-structure [33,34]
protein globularity iupstr_dif IUPred2A [36]

Protein interaction propensity
protein protein interaction PPI6_dif Meta-structure-PPI [33,34]
protein protein interaction anc_dif IUPred2A [36]

The findSurfaceResidues script from Pymol software, version 2.3.1 [28]. was adapted
to allow identification of Buried residues (<cutoff at 11Å2). Bur is a categorical variable
including Buried, Surface (>cutoff at 11Å2) and unknown (not included in the TP53 ter-
tiary structure used). The Espritz predictor [35] was trained using proteins in the Disprot
database (disprot) as well as tertiary structures determined by nuclear magnetic resonance
(nmr) or X-ray diffraction (xray). The IUPred2A [36] algorithm was run with the long dis-
order (iupl), short disorder (iups), structured domain (iupstr) and anchor (anc) arguments.
Dynamine [37] predicts protein backbone flexibility (dyn). Meta-structure analysis [33,34]
predicts values for two parameters, compactness (comp) and secondary structure (Sec).
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PPI6 uses Meta-structure values to predict residues in regions with propensity for protein-
protein interactions.

The _dif suffix indicates that the variable is the difference between the value for variant
TP53 and wild-type TP53 at the position of the substituted residue (variant score minus
wild type score).

Abbreviations: DB, database; NMR, nuclear magnetic resonance; X-ray, Xray diffraction.

2.4. Statistical Analysis

Data were collected and processed using R software, version 3.6. Fisher’s exact test
was used to evaluate whether LFS- or HBC-residues were over- or under-represented in
residue sets reflecting different structural aspects of the TP53 protein structure. p-values
were for two-sided tests and were adjusted for multiple testing, where appropriate, using
the false discovery rate method. Associations between disease outcome (LFS or HBC) and
the explanatory variables for different TP53 variants as well as their predictive potential
were evaluated by logistic regression using internal 1000-fold bootstrapped validation
and a backwards step-down approach to variable number reduction as implemented in
the rms-package (validate function: method = “boot”, B = 1000, bw = TRUE, rule = “p”,
type = “individual”, sls = 0.13). The validate function delivers values for a number of
parameters relevant for assessing the discrimination performance of models and the risk for
overfitting, including the concordance statistic (C-statistic). Similarly, the calibrate function
(method = “boot”, B = 1000) was used to test the quality of model calibration. Further
validation was performed using leave-one-out cross validation by using the validate
function (arguments as above except sls = 0.16) to produce reduced models for each
combination of n-1 variants. Predictions were expressed as probability of LFS (predict
function, type = ”fitted”). ROC curves were produced using the ROCit package. The
favored model was described visually using a nomogram and its potential utility was
evaluated by decision curve analysis (rmda package) [38]. p < 0.05 was considered as the
threshold for statistical significance unless stated otherwise.

3. Results
3.1. Characteristics of LFS and HBC Germline TP53 Variants

A total of 48 germline TP53 missense variants were selected from the IARC database,
Fortuno et al. [24] and Kharaziha et al. [25] including 24 uniquely observed in LFS and
24 exclusively reported in HBC (Figure S1). The source, number of patients and families as
well as the type of LFS-core tumor types obsrved for each of the 48 variants are detailed in
Table S1.

The vast majority of variants were mapped to the DBD of the TP53 protein (Figure 1a).
Specifically, 23 variants in the LFS-group were located in the DBD and one in the oligomer-
ization domain. In the HBC-group 22 variants were in the DBD, and two in the C-terminal
regulatory domain. Figure 1b shows that most of the LFS- and HBC-residues are located
in regions predicted to have an ordered protein conformation, however, the prediction
values are generally close to the threshold of 0.5 for transition to predicted conformational
disorder. This is consistent with previous reports showing low conformational stability
of the DNA-binding domain tertiary structure [12,20]. Consistently, the meta-structure
prediction method [33] predicts a higher degree of compactness in the DBD (Figure 1c)
and correctly predicts a predominance of beta-sheet conformation in the DBD as well
as the alpha-helical nature of the oligomerization domain (Figure 1d). Finally, the three
most predominant predicted protein interaction domains are in the DBD and the two
most C-terminal of these coincide with regions containing clusters of variant LFS- and
HBC-residues (Figure 1e).
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Figure 1. Location of TP53 missense variants in the TP53 protein sequence and in relation to its predicted disorder. (a).
Schematic illustration of the TP53 amino acid sequence and protein domains with the location of the 24 LFS variants shown
above (cyan green-blue rhombus) and the 24 HBC-variants indicated below (magenta purple-red circles) [39]. The TP53
domains are illustrated for the transactivation domain (TAD), the proline-rich region (PRR), the DNA binding domain
(DBD), the nuclear localization signal (NLS), the oligomerization domain (OD) and the C-terminal regulatory domain
(CTD). (b) Predicted disorder profile of wild type TP53. The IUPred2A predictor was used with the “long” argument.
Scores > 0.5 (above dotted line) indicate disordered regions. The approximate location of the DBD and OD are shown (grey
shading). (c) Predicted compactness of wild type TP53. The dotted line at a value of 250 (y-axis) emphasizes the higher
compactness values predicted for the DBD. The approximate location of the DBD and OD are shown (grey shading). (d)
Predicted secondary structure of wild type TP53. Values > 0 (dotted line) are predicted to be alpha-helical and values < 0 are
predicted to have beta-strand conformation. The approximate location of the DBD and OD are shown (grey shading). (e)
Predicted regions with protein interaction propensity in wild type TP53. The dotted line shows a level equivalent to 5% of
the maximum value. Apparently artefactual values for the first 4 residues and last 3 residues of TP53 were omitted. The
approximate location of the DBD and OD are shown (grey shading).
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3.2. Location of LFS- and HBC-Residues in Relation to the TP53 Protein Structure

Variant LFS- and HBC-residues are distributed and juxtaposed throughout the DBD
located in the central part of TP53 with no apparent pattern associated with either disease
outcome. We considered whether there might be associations with secondary-structure
elements (alpha-helix, beta-sheet or disordered regions), tertiary structure aspects (such
as Surface or Buried locations) or quaternary structure aspects (DNA interacting residues
or inter-monomer protein interacting residues in the context of the TP53 tetramer). For
each of the TP53 monomers (Chain A, B, C and D), there was a significant enrichment of
variant LFS-residues in the approximately 30% of residues that are Buried (i.e., least Surface
exposed) in the crystal structure of the wild-type TP53 tetramer bound to DNA (Table S2).
A similar result was also obtained when the Buried (non-Surface) classification of residues
was combined for all four monomers (Figure 2a). No other significant associations were
found (Table S2).

Figure 2b shows the location of LFS- and HBC-residues in relation to the location of
Buried residues defined by different cutoff values used to define the threshold Surface-
exposed area per residue. As summarized in Figure 2a, there is a clear tendency for
LFS-residues to be Buried, while no such association was found for HBC-residues. The
same pattern is seen in Figure 2c, which shows LFS- and HBC-residues in the context of
the tertiary structure of the TP53 tetramer bound to DNA.

3.3. Association between TP53-Variant-Induced Changes in Protein Conformation Characteristics
and Disease Outcome

The enrichment of LFS-residues in the set of most Buried TP53 residues suggests that
the disease associated variants might tend to alter the folded conformation of TP53 in
LFS patients. The more even distribution of HBC-residues on the Surface and core of the
protein structure would give a greater possibility for disease associated variants to disrupt
or modify interactions between TP53 and its DNA or protein ligands in HBC patients. To
investigate these aspects further we made multivariate models to predict disease outcome
as a function of Buried vs. Surface status for LFS- and HBC-residues, together with a range
of variables predicting the effect of the variant residues on protein conformation aspects,
such as intrinsic disorder, protein backbone flexibility, propensity for tertiary structure
formation, propensity for secondary structure formation and protein interaction propensity
(Table 1). Several of these protein conformation aspects appear to be of potential relevance
(Figure 1b–d) and values for all variables are listed in Table S3 and Table S3 Appendix.

Since the disease outcome is defined by a binary variable (LFS or HBC) we used a
logistic regression approach. The relatively small number of variants for each outcome
(n = 24 in each group) imposed limitations on the number of explanatory variables (n = 2 to
4) that could reasonably be included in a final model. First a full model (mod_full), likely
associated with overfitting problems, was made using 12 explanatory variables describing
the effects of the LFS- and HBC-variants on different aspects of protein conformation. An
internal bootstrap cross-validation procedure was then used to produce a reduced model
by removing less useful variables in a stepwise manner. The reduced model produced
during the cross-validation procedure contained 4 variables (mod_4v). Further variable
number reduction was done manually by successively removing the variable with the least
significant beta coefficient to produce models with three and two explanatory variables,
mod_3v and mod_2v, respectively (Figure 3a, Table S4). The performance of the models, as
shown by the C-statistic, is lower in the reduced models than the full model as expected,
but they are still in the vicinity of the level required for a useful predictive model. The
corresponding ROC curves are shown in Figure S2.
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Figure 2. Comparison of surface exposure of TP53 missense variants in LFS and HBC. (a) LFS-
residues are significantly enriched in Buried residues with lower surface exposure (<cutoff at 11Å2)
than expected by chance while HBC-residues are not. Contingency tables and respective p-values are
shown (Fisher’s Exact Test, two-sided). Residues were defined as Buried if their surface area was
below the cutoff value in any of the 4 TP53 monomers in the TP53 structure (PDB name = 3TS8). The
HBC-residues R379 and E388 are not included in this TP53 structure, and the R110 was calculated
once, therefore only 21 HBC-residues were included. (b) Location of Buried residues (red shading) in
a TP53 derivative containing the DBD and OD that was used for tertiary structure determination
(3TS8). Cutoff values (Å2) to distinguish between Surface (>cutoff) and Buried residues (<cutoff)
were 11 (used in the statistical test in (a), 10, 7.5, 5 and 2.5 (see right side of panel). Results are shown
for each of the monomers (Chains A–D) within the TP53 tetramer bound to DNA. LFS-residues
and HBC-residues are indicated by cyan and magenta filled circles respectively. (c) Localization
of LFS-residues (cyan) and HBC-residues (magenta) in relation to the surface of the TP53 tetramer
bound to DNA (3TS8, transparent grey). Stronger color indicates Surface exposure while weaker
color indicates parts of residues that are below the protein surface (Buried). The 6 panels show all
views of the protein caused by stepwise 90◦ rotations of the “top” structure.
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Figure 3. Protein conformation parameters are associated with disease phenotype and may have
predictive value. (a) Multivariate logistic regression models for prediction of phenotype class (LFS
or HBC) using a range of available protein conformation related explanatory variables describing
different protein conformation aspects (full model, mod_full). A reduced model (mod_4v) was
produced by stepwise variable exclusion from the full model (rms package). Further reduction was
done by progressive manual removal of the least well performing variable to produce models with
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3 and 2 explanatory variables, respectively (mod_3v and mod_2v). Indicators of model performance
(C-statistic) are shown. (b) Bimodal probability distributions for models, showing the overall
separation of output variables (LFS and HBC). Histograms show the distribution of the predicted
probabilities of residues causing LFS, for the different models. The overall separation of variants as
LFS (cyan line) or HBC (magenta line) are shown for each model. (c) Probability values for individual
LFS (cyan) and HBC (magenta) variants produced by the full model and reduced models (columns
1–4 in each panel) as well as leave-one-out cross validation results (loo_cv) in which each respective
variant is left out from a reduced model that is then used to predict the outcome associated with the
left-out variable (column 5 in each panel). An asterisk (*) indicates that the loo_cv model contains
the same variables as the mod_4v model (model details and results for each of the loo_cv model are
tabulated in Table S5). Based on the binomial distribution minima in part b, probability values >0.5
for LFS and <0.5 for HBC are colored darker to give an indication of the relative performance (correct
predictions) of the different models as well as how performance is affected in the cross-validation
procedure in which predictions are made for each individual variant by models excluding data for
the predicted variant. Variant/model combinations with lighter color indicate incorrect predictions.

Figure 3b shows the binomial distribution of prediction probabilities for the models
with all showing a minima close to a probability of 0.5. The figure also shows the relative
distribution of the known disease outcomes in relation to the probability distributions.
Even though the full model shows a higher degree of discrimination between the LFS and
HBC outcomes than the reduced models, the full model is likely associated with overfitting
issues. The reduced models none-the-less show correct prediction of most variants with a
much lower risk of potential for overfitting (Figure S3).

Figure 3c shows correct (dark color) and incorrect (light color) predictions for the
different models if a threshold value for prediction of LFS or HBC status is arbitrarily
placed at a probability value of 0.5. Predictions from leave-one-out cross validation are also
shown, where reduced models were produced for all combinations of n-1 variants and then
used to predict the disease outcome for the left-out variant (see also Table S5). All 4 models
predicted the correct outcome for 16 HBC-variants and 14 LFS-variants. Only 4 variants
were incorrectly predicted by all four models, and for these variants the same result was
obtained by leave-one-out cross validation. Consistent with the progressive reduction in
the C-statistic (Figure 3a), the models make progressively fewer correct predictions as the
number of variables in the models was reduced (41, 36, 36 and 35 correct predictions for
mod_full, mod_4v, mod_3v and mod_2v, respectively). The reduction in correct predictions
is accompanied by a reduced risk of over-fitting (Figure S3) and therefore the reduced
models would be expected to perform better than the full model on an independent data set.

Reduced tendency for overfitting was also associated with improved calibration of
the reduced models, such that calibration of the mod_2v and mod_3v models was much
better than for mod_full and mod_4v (Figure S4). The beta coefficients, p-values and odds
rations for the reduced models are shown in Table 2. Only two variables in each of the three
reduced variable models reach statistical significance, namely the Buried status of variant
residues and the predicted difference in their compactness characteristics. In choosing
between the models, mod_2v and mod_3v show better calibration compared to mod_4v
and mod_full. Since mod_3v gave a slightly higher C-statistic (0.81) compared to mod_2v
(0.78) it was selected as the most favored model.
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Table 2. Reduced models for multivariate logistic regression analysis of disease outcome.

Intercept and Variable β OR (95% CI) p-Value

Four variables model
(mod_4v)
Intercept 1.282 0.017 *

Bur
Surface vs. Buried −2.465 0.09 (0.02–0.44) 0.003 *

unknown vs. Buried −9.897 5.03 × 10−5 (4.31 × 10−27–5.87× 1017) 0.703
comp_dif 0.023 3.88 (1.30–11.59) 0.015 *
PPI6_dif 0.001 1.29 (0.99–1.67) 0.059
nmr_dif 10.461 2.20 (0.79–6.11) 0.132

Three variables model
(mod_3v)
Intercept 1.094 0.030 *

Bur
Surface vs. Buried −2.229 0.11 (0.02–0.50) 0.005 *

unknown vs. Buried −9.03 0.00012 (1.18 × 10−26–1.22 × 1018) 0.727
comp_dif 0.015 2.40 (1.08–5.30) 0.031 *
PPI6_dif 0.0006 1.15 (0.95–1.39) 0.165

Two variables models
(mod_2v)
Intercept 0.914 0.048 *

Bur
Surface vs. Buried −1.886 0.15 (0.04–0.62) 0.009 *

unknown vs. Buried −8.804 0.0002 (1.48 × 10−26–1.53 × 1018) 0.733
comp_dif 0.014 2.30 (1.04–5.09) 0.039 *

β = beta coefficient; OR = odds ratio; CI = confidence interval; Bur = categorical variable describing whether residues are burried, surface or
of unknown location in the TP53 tertiary structure; comp_dif = a continuous variable showing the effect of each variant on the predicted
compactness of TP53 at the location of each variant residue (variant value minus wild type value); PPI6_dif and nmr_dif are continuous
variables calculated as for comp_dif but reflecting the effect of variant residues on the predicted protein interaction protensity and the
predicted intrinsic disorder of TP53, respectively; * = p < 0.05.

3.4. Potential for the Most Favored Model

To estimate the potential value of the most favored model (mod_3v) for use in devel-
oping improved tools for clinical decision making we used decision curve analysis. The
net benefit of using the mod_3v to predict LFS disease outcome at different risk thresholds
is shown in Figure 4a. The decision curve for mod_3v provides a higher net benefit than
assuming that all potential patients will develop LFS (grey line) at a risk threshold of about
0.2 and out-performs the assumption that no patients will develop LFS (black line) up to a
risk threshold of about 0.8. Thus, under conditions where relative LFS prevalence is not
extremely low or high, the model would be expected to provide a net benefit if used in the
clinical decision-making process.

Figure 4b shows the mod_3v model in the form of a nomogram that visualizes the
prediction model with the respect to the relative importance of the included explanatory
variables as well as the way they contribute to a prediction of risk for the alternative
disease outcomes. Most important is the classification of Buried or Surface status for
the variant residue in the tertiary structure of the TP53 tetramer bound to DNA but the
predicted effect of variants on the compactness of the TP53 conformation is also important,
with increased compactness of variants increasing the risk for LFS. Changed predicted
propensity for protein interaction plays a lesser role with increased interaction propensity
of variants increasing the risk for LFS. The values of the Bur variable are already known
for all residues in the tertiary TP53 structure used here and it would of course be possible
to determine compactness effects (comp_dif) and protein interaction propensity effects
(PPI6_dif) values for all possible substitutions of all TP53 residues. Thus, it would be
possible to calculate disease outcome risk probabilities for all possible substitutions of
residues in the DNA-binding and oligomerization domains if, after due external validation
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and model development, models similar to those described here were judged to be useful
in a clinical setting.
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Figure 4. Potential for the most favored model. (a) Decision curve analysis of models for prediction of phenotypic outcome
(LFS or HBC). The y-axis indicates the net benefit of using mod_3v model (red line). The thin gray line (All) shows net
benefit values expected assuming all assessed variants are LFS. The darker gray line (None) shows net benefit values
expected assuming no assessed variants are LFS. The net benefit for prediction of LFS variants is regarded as positive for
probability values exceeding those for the “All” and “None” values. (b) The nomogram that facilitates manual estimation of
the risk of LFS disease outcome using the mod_3v model. For the value of each explanatory variable the equivalent value
on the “Points” scale is assessed. The sum of all Points values is then located on the “Total Points” scale (middle green row)
so that the corresponding probability value can be read from the “LFS outcome rate” scale (upper green row). The dotted
arrows show a hypothetical example for a surface residue with a comp_dif value of 50 and a PPI6_dif value of −500, for
which the equivalent “Point” values (10, 40 and 75) summate to 125 (“Total Points”), giving a LFS outcome risk of slightly
over 0.3.

4. Discussion

Pathogenic germline variants in TP53 have classically been associated with Li-Fraumeni
syndrome (LFS), a tumor predisposition syndrome with high risk of various childhood as
well as adult onset tumors. Increased genetic testing has however revealed that germline
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TP53 variants are associated with a broader range of phenotypes, from classical LFS to
hereditary breast cancer (HBC), and the outcome may be dependent on both variant charac-
teristics and modifier gene variants elsewhere in the genome [40]. Differential expression of
TP53 isoforms has also been discussed to have an impact on cancer risk profile [41,42], but
this has mainly been studied in sporadic cancers [43]. The wide variation in the phenotypic
outcome in families carrying TP53 variants creates challenges for the genetic counseling
and clinical handling of these individuals.

In an attempt to better understand the molecular basis for the differential disease
outcomes associated with different variants and to develop a prediction tool, we studied the
impact of germline TP53 missense variants on protein conformation and their association
to disease phenotype. We present a quantitative model that predicts disease outcome (LFS
or HBC) as a function of localization of variant residues in the tertiary structure of the TP53
DBD and oligomerization domain together with predicted variant-associated effects on
conformation of the full-length protein.

Our results demonstrate that LFS-variants were enriched in Buried regions (p = 0.0014)
of the tertiary structure of one or more TP53 monomers in the DNA-bound tetramer, indi-
cating that the set of variant LFS-residues may hypothetically have a larger impact on the
folding and overall conformation of the TP53 protein than the set of variant HBC-residues.
While the Buried/Surface variable relates to the predisposition of affected residues to lead
to LFS or HBC, the compactness (comp_dif) variable is related to how the substitution
of the variant residues is predicted to affect compactness, with enhanced compactness
favoring the LFS outcome. The protein interaction propensity variable (PPI6_dif) is also
positively correlated with the probability of LFS outcome suggesting the importance of
protein interactions for the LFS phenotype. These protein interactions could in principle
be interactions between monomers within the TP53 tetramer or interactions between the
TP53 tetramer and other proteins. Comparison with the positions of residues forming
intra-tetramer interactions shows that the major DBD regions predicted to have protein
interaction propensity (Figure 1d) contain interface residues between monomers within the
TP53 tetramer, suggesting that the PPI6_dif variable may be a measure of effects of variants
on the tetrameric integrity of TP53. We cannot of course exclude a role of these regions in
other protein interactions. Thus, our favored quantitative model (mod_3v) incorporated
three variables encompassing overall topological effects, protein chain related effects and
residue-level effects, and it performed acceptably well with a C-statistic of 0.81 as well
as having acceptable calibration characteristics and strongly reduced risk of overfitting
compared to more complex models.

Extrapolation of the modelling results suggests that variants that tend to strengthen
the tertiary and quaternary structure of the TP53 tetramer would tend to favor the LFS
disease outcome. This may be related to the dominant-negative phenotype associated
with TP53 variants that are particularly strongly associated with the LFS phenotype (see
Introduction). It could be speculated that a variant which stabilized structural aspects
of TP53 monomers and their propensity for tetrameric interactions in relation to wild-
type would facilitate the formation of hetero-tetrameric TP53 tetramers in heterozygous
individuals, thereby resulting in the dominant-negative phenotype that is observed for
many missense variants that are associated with LFS [15].

The HBC-residues are not significantly associated with Buried or Surface status in
the structure of wild-type TP53. For the compactness and protein interaction propensity
variables, the risk for HBC shows the opposite trend to LFS, since the HBC risk is increased
by a decrease in predicted compactness and protein interaction propensity in the mutant
proteins. A reasonable speculation would be that the TP53 proteins encoded by HBC-
variants are still functional but that the variants cause subtle qualitative or quantitative
functional changes that alter the transcriptional output in a way that predisposes carriers
to breast cancer but not to other LFS phenotypes. Other explanations are also possible.
For example, we cannot exclude that the HBC variants are linked to modifier loci that
cause the HBC phenotype and that the HBC outcome is not linked to effects of the TP53
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variants at all. Since the number of patients and families displaying some HBC variants
is limited, it is also possible that some variants may subsequently be coupled to LFS. The
V157I variant, for example, that is reported in 7 individuals in 2 families was classified
as HBC by both IARC and Fortuno et al. (Table S1) although one case with sarcoma was
reported in addition to all breast cancer cases in these families. We have not been able to
obtain more pedigree information to verify if the family fulfills the LFS-criteria and thereby
misclassified. Notably, this variant was by our prediction model predicted as 0.71 likely
hood to belong to the LFS-group. While evaluating this model one must be aware of that
there is a greater risk that variants within the HBC cohort are misclassified than within the
LFS cohort.

None of the included variants affect the main residues involved in interactions with
the DNA backbone but several coincide with base-interacting residues as well as with
residues important for stabilizing the TP53 tertiary structure. For example, the C277R
and R280T variants that are clearly HBC-associated affect residues that make specific
interactions with bases in the TP53 binding site and would be likely to affect qualitative
or quantitative aspects of DNA binding. Similarly, R249K, V143M and V157I are variants
characterized by conservative amino acid substitutions, which are also associated with HBC
and affect residues important for the stability of the TP53 tertiary structure. Conceivably,
these variants could cause qualitative or quantitative changes to the function of TP53
without having a major negative impact on function. The R282G variant is associated with
LFS and affects a residue important for stabilizing the DNA-binding surface in relation to
the rest of the TP53 tertiary structure. It could be speculated that this variant disrupts DNA
binding activity, which would be likely to cause a dominant-negative phenotype if TP53
hetero-tetramers formed in heterozygous patients.

A limitation of our prediction model is the small cohort of only 24 unique missense
variants in each group. The challenge has been to identify cohorts of families with exclu-
sively HBC, especially in the case of de novo alterations in breast cancer patients that thus
lack information of family history. However, we made an effort to select as clean groups
of LFS and HBC variants as possible by following a strict selection procedure (Figure S1)
but with the consequence of a limited cohort size. Therefore, there is a need to further
evaluate the model in an independent cohort, and if possible with more reliable pedigree
information concerning tumor panorama and age of onset, before it is used as a tool for
clinical counseling and clinical management, perhaps in combination with other modelling
approaches [44].

Amadou et al. [17] tried to stratify clinical management according to dominant nega-
tive variants and loss of function variants. As families with loss of function variants tend
to develop tumors later, they suggested it may be considered to test and screen adults
instead of children in those families for the consideration of psychological and financial
burdens. Nichols et al. [45] discussed that there were however many cases having the
same tumor onset age in families with dominant negative variants as in those with loss of
function variants. Therefore, this distinction of TP53 variants can apparently not be used
as a sole guidance for further clinical handling. Instead, we made an attempt to provide
a tool for improving genetic counselling and clinical management of these patients and
families by creating a prediction nomogram based on the protein conformational impact of
the germline missense TP53 variants. The prediction nomogram (Figure 4b) may support
psychological issues in genetic counselling especially in families were the model predicts
HBC rather than LFS. However, this model cannot yet be used to stratify for example
surveillance programs, as it requires validation in an independent cohort.

5. Conclusions

This study explored the relationship between germline TP53 missense variants and
their phenotypic impact, with regard to LFS and HBC, based on a quantitative model
combining conformational characteristics of the TP53 protein. Logistic regression models
show a clear relationship between disease outcome (LFS or HBC) for TP53 variants with
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their effects on aspects of protein conformation and function. The models also appear
to have a predictive capacity that may be of practical future use in genetic counselling
and management of missense variant carriers. However, there is a need to evaluate the
prediction model in an independent cohort prior to any implementation in clinical practice.
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