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Abstract

Early-onset breast cancer is the most common malignancy in women with Li-
Fraumeni syndrome, caused by germline TP53 pathogenic variants. It has repeatedly
been suggested that breast tumors from TP53 carriers are more likely to be HER2+
than those of non-carriers, but this information has not been incorporated into variant
interpretation models for TP53. Breast tumor pathology is already being used
quantitatively for assessing pathogenicity of germline variants in other genes, and it
has been suggested that this type of evidence can be incorporated into current
ACMG/AMP guidelines for germline variant classification. Here, by reviewing
published data and using internal datasets separated by different age-groups, we

investigated if breast tumor HER2+ status has utility as a predictor of TP53 germline

This article is protected by copyright. All rights reserved.



variant pathogenicity, considering age at diagnosis. Overall, our results showed that
the identification of HER2+ breast tumors diagnosed before the age of 40 can be
conservatively incorporated into the current TP53-specific ACMG/AMP PP4
criterion, following a point system detailed in this manuscript. Further larger studies

will be needed to re-assess the value of HER2+ breast tumors diagnosed at a later age.

Graphical Abstract

This article presents a review of published studies and analysis of age-level data from
individuals undergoing multigene panel testing, and confirms that HER2+ breast
tumor status is overrepresented patients with TP53 pathogenic variants, in particular
patients with early onset cancer. This study also proposes a strategy to use this
information within ACMG/AMP guidelines as evidence towards TP53 variant

pathogenicity.
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Introduction

Germline pathogenic variants in the TP53 gene are associated with Li-Fraumeni
syndrome (LFS), a disorder characterized by a predisposition to a wide range of
cancers, especially early onset breast tumors (Bougeard et al., 2015). Multiple studies
in the literature have proposed that breast tumors from women carrying a TP53
(likely) pathogenic germline variant (here referred to as “TP53 carriers”) are more
likely to be HER2+ than those of women without TP53 pathogenic germline variants
(here referred to as “non-carriers”) (Bougeard et al., 2015; Hu et al., 2020; Eccles et
al., 2016; Khincha et al., 2019; Masciari et al., 2012; Melhem-Bertrandt et al., 2012;
Packwood et al., 2019; Rath et al., 2013; Slavin et al., 2017; Wilson et al., 2010).
However, these previous studies were diverse in terms of ascertainment, and the
sample sizes for TP53 carriers were typically small. A recent study has reported that
TP53 pathogenic variants in cancer cells induce HER2 over-expression through
transcriptional activation of the HER2 protein (Roman-Rosales, Garcia-Villa, Herrera,
Gariglio, & Diaz-Chavez, 2018), providing a biological explanation for previously
mentioned associations. Of note, it has also been suggested that breast tumors from
carriers of the NM_000546.5(TP53):¢.1010G>A (p.R337H) Brazilian founder variant
are less likely to be HER2+ compared to carriers of other TP53 pathogenic variants
(Fitarelli-Kiehl et al., 2015). A number of other published studies have assessed the
population-based proportion of HER2+ breast tumors, with estimates of 19.9% when
diagnosed <40 years and <13% when diagnosed after age 40 (Lund et al., 2010), and
19% when diagnosed before 50 years and 15% after age 50 (Cronin, Harlan, Dodd,
Abrams, & Ballard-Barbash, 2010), illustrating how the proportion of HER2+ breast

tumors decreases with increasing age at diagnosis.
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There is precedence for use of breast tumor phenotype in quantitative models for
assessing pathogenicity of variants in BRCA1 and BRCA2 (Parsons et al., 2019) based
on formal analysis of tumor predictors of BRCA1/2 pathogenic variant status (Spurdle
et al., 2014). In this study, we used published data and assembled the largest series of
TP53-associated breast cancer cases to investigate if breast tumor HER2+ status has

utility as a predictor of TP53 variant pathogenicity.

Materials and methods

Literature datasets (summary information)

Data from independent published studies, selected because HER2 status of breast
tumors was available for both TP53 carriers and non-carriers, was extracted (see

Table 1 for details).

Study datasets (individual-level information)

We first used external data from non-carrier women from the Variants in Practice
(VIP) study (E. R. Thompson et al., 2016), to define age strata for subsequent
analysis. We then used data from breast cancer affected women, both TP53 carriers
and non-carriers, identified by multigene panel testing carried out by two commercial
companies (Ambry Genetics (March 2012-April 2017) and GeneDx (September
2013- December 2018)) to perform age-stratified HER2 analyses. In addition, we
compared the proportion of HER2+ breast tumors among germline heterozygote TP53
carriers (excluding known or suspected mosaics) from Ambry Genetics and GeneDx
to that observed in TP53 carriers from the Li-Fraumeni Exploration (LiFE)
consortium (Ballinger et al., 2017), and from a Brazilian LFS study including only
carriers of the NM_000546.5(TP53):¢c.1010G>A (p.R337H) variant. Details of these

datasets can be seen in Table 2.
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Statistics

A likelihood ratio (LR) towards pathogenicity for a TP53 variant found in a patient
with a HER2+ breast tumor was calculated by comparing the proportion of HER2+
breast tumors between TP53 carriers and non-carriers, when both were available
within the same dataset or study, following approaches used previously (Spurdle et
al., 2014). Calculated LRs towards pathogenicity from the literature were meta-
analyzed using the metabin function in RStudio (Version 0.99.903). Calculated LRs
towards pathogenicity from Ambry Genetics and GeneDx were analyzed
independently. LRs were then translated to the corresponding ACMG/AMP strength
level following a published Bayesian reanalysis of these guidelines (Tavtigian et al.,

2018).

Differences in the proportion of HER2+ breast tumors across datasets were assessed

using the Fisher’s exact probability test.

Results and Discussion

Evidence from literature datasets:

Using the literature datasets, it was observed that the proportion of HER2+ breast
tumors was higher in TP53 carriers than non-carriers in all studies, resulting in a
combined LR towards pathogenicity of 2.82 (2.32; 3.42) (Figure 1), considered

equivalent to ACMG/AMP Supporting strength level.

Differences in HER2+ proportion by age:

The proportion of HER2+ breast tumors by 5 year age-group were assessed in the VIP
dataset as an external reference group (Table 3). Based on these results, the following

age cut-offs were selected for subsequent analysis: <30, 30-39, 40-59, and >60.
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HER2+ proportion by age-group across multiple TP53 carrier and non-carrier

datasets:

The frequency of HER2+ breast tumors in TP53 carriers and non-carriers in the
remaining groups, using the selected age cut-offs, is shown in Table 4, as well as the

proposed use for variant classification.

We highlight several observations. For both TP53 carriers and non-carriers, the
proportion of HER2+ tumors decreased with increasing age at breast cancer
diagnosis. However, very few carriers were diagnosed >60y, precluding meaningful
comparisons for this age-group, as indicated by the extreme 95% confidence intervals
around LR estimates. For all other age-groups, the proportion of HER2+ breast
tumors was higher in TP53 carriers than non-carriers, in agreement with findings from
the literature. The proportion of HER2+ Dbreast tumors among
NM_000546.5(TP53):c.1010G>A (p.R337H) carriers was noticeably lower than that
observed for TP53 carriers from all other datasets, but this difference was not
significant except for the GeneDx age group 40-49y (p<0.01) and LiFE age group 40-

49y (p=0.02).

The proportion of HER2+ breast tumors from carriers from LiFE was generally
comparable to that observed for carriers from Ambry Genetics and GeneDx, with no
significant differences. However, TP53 carriers diagnosed at age 40-59y had an
elevated frequency of HER2+ in the GeneDx dataset (76%) compared to those from

Ambry Genetics (28%, p<0.01).

One possible explanation for this observation is the difference in allele read fraction
used to define potential mosaicism for GeneDx compared to Ambry Genetics (<35%

vs <30%). TP53 variants detected in blood from women diagnosed at later age are
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more likely to arise from somatic causes than when diagnosed at an earlier age
(Coffee et al., 2017; Weitzel et al., 2017), and intuitively it is expected that tumors
from such individuals would be less likely to be HER2+. This may explain in part the
higher HER2+ proportion in individuals considered to be non-mosaic from GeneDx
vs Ambry (information on read count and potential mosaicism was not available for
LiFE “carriers”). However, the relatively small cell sizes for TP53 carrier groups in

particular would suggest that the finding most likely reflects random error.

Use of breast tumor HER2+ status as a predictor of TP53 variant pathogenicity:

It has already been proposed that tumor pathology could potentially be incorporated
under the original ACMG/AMP PP4 criterion (“Patient’s phenotype and/or family
history is highly specific for a disorder with a single genetic etiology”), from a study
aimed to integrate somatic variant data and other biomarkers in germline variant
classification (Walsh et al., 2018). An initial version of TP53-specific ACMG/AMP
guidelines has been developed
(https://clinicalgenome.org/site/assets/files/3876/clingen_tp53 _acmg_specifications_v

1.pdf, manuscript in preparation), but does not consider tumor pathology.

Considering LRs by age-group, the LR towards pathogenicity was significant for
women diagnosed <40 years of age with a HER2+ breast tumor, using data from both
Ambry Genetics (LR 2.09) and GeneDx (LR 3.44). These LRs are considered
equivalent to the ACMG/AMP Supporting strength level for pathogenicity (Tavtigian,
2018), and we propose that HER2+ status may be considered as additional evidence
for variant interpretation under this ACMG/AMP PP4 criterion for future versions of
the TP53-specifiic guidelines. To avoid putting too much emphasis on a single data

point, we suggest the conservative requirement of having 2-3 HER2+ carriers to apply
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PP4, and four or more to upgrade to Moderate (PP4_Moderate), following the point
system shown in Table 5. As noted above and in Table 4, the utility of HER2+ breast
tumor phenotype for classification of TP53 variants identified in women diagnosed
>40 years is currently unclear, and the higher rate of likely somatic variants in blood
in older age groups (Coffee et al., 2017; Weitzel et al., 2017) make analyses more
challenging. We excluded individuals with known or suspected somatic TP53 variants
from our analysis datasets, but acknowledge that unrecognized somatic variants may
be present (Coffee et al., 2020; Mester et al., 2020). However, based on the report of
median age at diagnosis of 44 years for individuals with confirmed somatic TP53
variants (Coffee et al., 2020), we believe that this phenomenon is unlikely to have

confounded our LR estimates for women aged under 40 years.

We also note need for caution in considering overlap with application of other clinical
criteria used for TP53 variant interpretation. In particular, the PS4 criterion is already
used for patients meeting Classic Li-Fraumeni syndrome or Chompret 2015 clinical
criteria, one component of which is breast cancer diagnosis <31y
(https://clinicalgenome.org/site/assets/files/3876/clingen_tp53_acmg_specifications_v
1.pdf, manuscript in preparation). Given the correlation between age at breast cancer
onset and HER?2 status seen in this study and reported previously, these factors cannot
be considered as independent. We therefore propose that PP4 for breast tumor HER2+
status can only be applied for a TP53 germline variant carrier in addition to PS4 for
clinical criteria if the clinical criteria are met for reasons other than breast cancer
diagnosis <31y. The proposed use of PP4 for breast tumor HER2+ status depending
on these clinical criteria is further clarified in Figure 2. Further, we note, as has been
highlighted previously for use of tumor pathology information in interpretation of

variants in other cancer predisposition genes (Spurdle et al., 2014; B. A. Thompson et
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al., 2014), care should be taken to exclude the possibility that breast tumor pathology
features predictive of variant pathogenicity were not used as an indicator for TP53
testing for a given patient. A remaining question is if HER2- status could be used as
evidence against TP53 variant pathogenicity, however no current ACMG/AMP rule

allows for the use of benign “personal” cancer history features.

Conclusion

Our work confirms the previously observed association between germline TP53
pathogenic variants and the development of HER2 amplified breast cancer. Further, to
our knowledge, this is the first study that has assessed the proportion of HER2+ breast
tumors in TP53 carriers in comparison to non-carriers as a quantified measure for use

in germline variant classification.

Overall, according to our results, a high risk pathogenic TP53 variant observed in a
woman with a HER2+ breast tumor would have an LR towards pathogenicity of 2.82-
fold when age at diagnosis is not considered, as determined from the literature.
However, we expect these previously published studies to be enriched for women
with early onset breast cancer and/or classic LFS presentation. Further age-stratified
analysis indicates that LR towards pathogenicity is at least 2.09 for women with a
HER2+ breast cancer diagnosis under age 40y. That is, while breast tumors from
TP53 carriers will not all exhibit HER2+ pathology, these observations justify
consideration of HER2+ breast tumor status in women with diagnosis under 40y as an
additional source of clinical evidence towards pathogenicity within comprehensive

TP53 variant classification strategies.

Further larger studies will be useful to re-assess findings for women diagnosed with

HER2+ breast cancer at or after 40 years), before completely discarding this criterion
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as evidence of pathogenicity. Further, the lower proportions of HER2+ tumors
observed for carriers of the well-characterized reduced penetrance pathogenic variant
NM_000546.5(TP53):c.1010G>A (p.R337H), for all age-groups, would seem to
indicate that HER2+ status may be less predictive of reduced penetrance TP53
variants. However, the relationship between HER2+ status and reduced penetrance
TP53 variants as a group remains unclear, and therefore additional studies with
carriers of these variants would be necessary to identify if HER2+ status can be used
as predictor (and at what level of strength) to aid classification of reduced penetrance

variants.

The findings from this study, based on formal analysis of multiple datasets, provide a
strategy for use of breast tumor HER2+ status for future TP53 variant interpretation
within ACMG/AMP guidelines, for cases diagnosed <40 years that are not selected
for testing on the basis of HER2+ tumor phenotype. Finally, another application of
this study is to include the LRs towards pathogenicity calculated as an additional
component in quantitative statistical modelling to predict pathogenicity of p53

missense variants (Fortuno et al., 2019).
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Figure Legends

Figure 1. HER2+ breast tumor meta-analysis using data from the literature

TP53 Carriers  Non-carriers Weight  Weight
Study HER2+ Total HER2+ Total Risk Ratio RR  95%Cl (fixed) (random)
Melhem-Berdrandtetal, 2012 20 30 20 19 _'_ 263 [167:415] 304% 171%
Slavin et al,, 2017 9 11 M0 A3 ﬁ‘*—3.41 (255,459 145% 39.0%
Hauke et al,, 2018 5 10 585 2846 —=— 243 (130,454 113%  94%
Packwood et al., 2019 20 36 266 1260 ‘—"" 245 [180,334) 438% 345%
Fixed effect model 87 6308 ‘fE} 2,64 [2.15; 3.25] 100.0% -
Random effects model < 282 [232:342) - 100.0%
Helerogenely: 1= 9%, = 00036, p = 0.5 N
05 1 2
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Figure 2. Instances in which PP4 is applied depending on patient’s clinical criteria. See point system in
Table 5 for further details. For use of PS4, please refer to the TP53-specific ACMG/AMP guidelines
((https://clinicalgenome.org/site/assets/files/3876/clingen_tp53_acmg_specifications_v1.pdf,
manuscript in preparation)
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Table 1. Characteristics of TP53 carriers and non-carriers from published studies reporting

HER?2 breast tumor status

Reference Country Reported genetic Reported patient Total | Purpose for
of origin testing information selection criteria N this study
Women with suspected
Melhem Sequencing done at LFS due to personal
Bertrandt et USA outside CLIA certified and/or_famlly hlst_ory 119
al., 2012 laboratories and diagnosed with
breast cancer between
2000 to 2011 Meta-
analysis of
) available
Slavin et 26 known or proposed data to
al. 2017 USA breast cancer breast cancer from four | 2134 compare
! N demic health ith results
susceptibility genes acaden wi
centers in the USA from our
individual
level study
Patients meeting the datasets
inclusion criteria of the (shown in
e
Hauke et Germany each participating and Ovarian C)z:mcer for | 2856
al., 2018 center using Hlumina germ line testing
sequencing platforms (familial cancer cases,
patients with early
onset breast cancer,
bilateral breast cancer,
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or both breast and
ovarian cancer)

Packwood
etal.,
2019*

UK

Unreported

Women affected by
early onset breast
cancer

1296

*Qverlaps with Wilson et al., 2010, which reported on a subset of 9 TP53 carriers and 161 non-carriers
from the same cohort.

Table 2. Characteristics of TP53 carriers and non-carriers from our own datasets with HER2

breast tumor status available*

Dataset Cour_mjy of Details f(_)r TP53 Details f_or Total N Pur_pose for
origin carriers non-carriers this study
Probands with
features of
hereditary
cancer (family External
VIP (E.R. history, early dataset for
Thompson et Australia NA onset, triple- 2719 determination
aI., 2016) negative) who of age
tested negative groupings
for all genes
included in the
panel used
Probands carrying a
high-risk (likely)
pathogenic TP53
variant identified
through multigene
panel testing, Probands who
Ambry excluding those who | tested negative
. USA were mosaic for all genes 4240%**
Genetics . . .
(defined as allele included in the Derivation of
fraction of <30% panel used** fumor
confirmed by
Sanger) and carriers pathplogy
of (likely) I!kellhood
pathogenic variants ratios tOW_aFdS
in other genes pathogenicity
Probands carrying a
high-risk (likely) Probands who
GeneDx USA pathogenic TP53 tested negative | 23244***

variant identified
through multigene
panel testing,
excluding those who

for TP53
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were mosaic
(defined as allele
fraction of <35% or
lack of heterozygous
appearance (uneven
sequencing peaks)
on Sanger
confirmation)
International,
incorporating
patients from
City of Hope,
Dana Farber
Cancer
Institute,
National Probands with a
Cancer pathogenic TP53
Institute, variant, ascertained
. Manchester in a clinic-based
LiFE L . )
(Ballinger et Unlver5|_t|es setting for testing NA 138
Foundation due to personal
al., 2017) .
Trust, and/or family .
. : Carrier-only
Hospital history, and studies for
Sirio- diagnosed with comparison of
Libanes, _St breast cancer HER2+ breast
Jude Medical
Center, tumo_r
University of proportions
Pennsylvania,
and
Huntsman
Cancer
Institute
International,
incorporating
LiFE/ patients from Carr_igrs of the
LiFE centers Brazilian TP53
Brazilian and Hospital .1010G>A NA 40
LFS study . AC. (p.R337I—!) founder
amargo variant
Cancer
Center

*TP53 pathogenic variant carrier status was used as reported by the data contributors at the time of
initiation of this study (May 2019). It is possible that there is certain overlap between the literature and
study datasets, or even within our own study datasets. However, the Ambry Genetics and GeneDx
datasets used for the main analyses (derivation of LR of pathogenicity according to age) are expected
to be entirely independent, since to the best of our knowledge they capture probands presenting for
testing by only one of these laboratories. Only 7 TP53 carriers were identified in VIP, thus only non-
carriers were used for analysis. Note, the VIP dataset has expanded in size since 2006 due to ongoing
recruitment. HER2 status was not available for probands with TP53 ¢.1010G>A (p.R337H) identified
in the Ambry dataset. Variant-level nomenclature was not provided for the GeneDx, precluding
separate assessment of HER?2 status for carriers of this variant. Variant-level information was available
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for a subset of LIiFE participants; 13 probands from the LiFE dataset known to carry c.1010G>A
(p.R337H) were excluded from the main LiFE dataset.

**A subset 346 non-carriers were matched on the basis of gene panel 4:1 to TP53 carriers. Since the
combined dataset did not include all individuals found to be negative for TP53, it does not represent

actual carrier rates for Ambry diagnostic testing.

***Breast cancer accounted for approximately 90% of all first cancer diagnoses for both TP53 carriers
and non-carriers.

Table 3. Proportion of HER2+ breast tumors in TP53 non-carriers by 5 year age-group in VIP

Age group HER2+ breast tumor
proportion (%)

<30 36.45
30-34 30.60
35-39 27.76
40-44 17.09
45-49 16.18
50-54 15.92
55-59 17.67

260 13.47
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Table 4. Proportion of HER2+ breast tumors by age-group across different datasets

LiFE/Brazili
Ambry Genetics GeneDx LiFE an LFS
First study
HER2+
Proposed use
breast o o o for TP53
. (] (] ( variant
di':lgggs P53 | o non. | LR | TPS3 % Non- LR | TP53 C_i/ngOFng classification
) carsrler carriers o car;’ner carriers o car;ner (p.R337H)
(n/total N) (95% (n/total N) (95% carriers
(n/tota Cl) (n/tota Cl) (n/tota (nftotal N)
I N) I N) IN)
2.15 3.44 Apply PP4
75.00 (1. 91.67 (2. 74.00 or
<30 (12/1 (6303'18782) 2; (111 (153}229) 3; (37/5 50 (1/2) PP4_Moder
6) 3.52 2) 4.33 0) ate (if
) ) proband
does not
otherwise
already
meet
2.09 2.97 C'assc')‘r: LFS
68.18 32.67 (1.. 78.57 24,42 (2.. 56.60 4706 Chompret
30-39 | (15/2 | (279/854 | 4; (111 (796/3013) 5; (30/5 (8/17) 2015
2) ) 2.82 4) 3.93 3) criteria).
) ) See point
p
system in
Table 5
N/A.
Unexplaine
d
28.26 1.36 .
(134 | 2073 | (0.8 | 7647 | 1739 ‘(‘é“o 4706 | 1o 00 hete;g?gs”se”
40-59 6) (496/239 1; (13/1 | (2437/140 : (16/3 : y acr
3) 230 7) 11) 7 2) (3/20) carrier
') 5.4) datasets.
Further
analyses
needed
0.61 1.65 CNai/rAi\ér
15.01 (0. (0.
9.10 ) 0.00 12.12 ) 0 count too
260 | gy | (09726 1 9y ooy | osss73e) | LYo | oy | OO low for
) 3.96 19.7 .
) ) meanm.gful
comparison.

This article is protected by copyright. All rights reserved.




Table 5. Proposed point system for the incorporation of breast tumor pathology into the existing
ACMG/AMP PP4 criterion for TP53*

Proband breast tumor

Points assigned Final code strength
phenotype
Sum points across all probands:
HER2+ diagnosed <40 05 e Total 1-1.5 Points: PP4

e Total 2+ Points: PP4_Moderate

*Proband does not otherwise meet existing clinical criteria for LFS (Classic LFS or Chompret 2015)
due to breast cancer diagnosis <31y. HER2 status for first breast tumor diagnosis only.
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