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Prognostic significance of RNA-based TP53 pathway function
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TP53 and estrogen receptor (ER) are essential in breast cancer development and progression, but TP53 status (by DNA sequencing
or protein expression) has been inconsistently associated with survival. We evaluated whether RNA-based TP53 classifiers are
related to survival. Participants included 3213 women in the Carolina Breast Cancer Study (CBCS) with invasive breast cancer (stages
I-111). Tumors were classified for TP53 status (mutant-like/wildtype-like) using an RNA signature. We used Cox proportional hazards
models to estimate covariate-adjusted hazard ratios (HRs) and 95% confidence intervals (Cls) for breast cancer-specific survival
(BCSS) among ER- and TP53-defined subtypes. RNA-based results were compared to DNA- and IHC-based TP53 classification, as well
as Basal-like versus non-Basal-like subtype. Findings from the diverse (50% Black), population-based CBCS were compared to those
from the largely white METABRIC study. RNA-based TP53 mutant-like was associated with BCSS among both ER-negatives and ER-
positives (HR (95% Cl) = 5.38 (1.84-15.78) and 4.66 (1.79-12.15), respectively). Associations were attenuated when using DNA- or
IHC-based TP53 classification. In METABRIC, few ER-negative tumors were TP53-wildtype-like, but TP53 status was a strong predictor
of BCSS among ER-positives. In both populations, the effect of TP53 mutant-like status was similar to that for Basal-like subtype.
RNA-based measures of TP53 status are strongly associated with BCSS and may have value among ER-negative cancers where few
prognostic markers have been robustly validated. Given the role of TP53 in chemotherapeutic response, RNA-based TP53 as a

prognostic biomarker could address an unmet need in breast cancer.
npj Breast Cancer (2022)8:74; https://doi.org/10.1038/541523-022-00437-7

INTRODUCTION

TP53 status has generally been observed to be an independent
prognostic factor among breast cancer cases'™. However, recent
studies suggest the prognostic effect is subtype-dependent, with
conflicting reports regarding its prognostic performance’ ', It is
important to understand the prognostic value of TP53 status
within ER subtypes, given that TP53 and ER pathways play
essential roles in breast cancer, and due to recent evidence of
crosstalk between their signaling pathways''~"4,

Inconsistent results across previous studies may have been due
in part to technical differences. Most studies on TP53 and survival
among breast cancer patients have classified TP53 status using
either DNA sequencing or immunohistochemistry (IHC) to detect
nuclear overexpression of TP53 protein as a surrogate marker of
mutation status. IHC methods may misclassify some mutant
tumors as wildtype, and both methods may miss some tumors
with functional defects in the TP53 pathway*~'®. In contrast, RNA
methods detect patterns of loss or activity downstream in the
TP53 signaling pathway. As such, RNA-based TP53 classification
methods may reduce misclassification of functional status and
clarify associations with survival outcomes. It is also important to
address the role of TP53 in in diverse populations and across ER
subtypes.

We have sought to address these gaps by evaluating the
prognostic value of a validated, RNA-based signature of TP53

functional status (overall and within ER subtypes). Black women
have higher rates of TP53 mutant-tumors’>~'” and may have
different mutation types'’, and therefore, we used data from the
Carolina Breast Cancer Study, which oversampled Black and
younger women. We compared the prognostic effects of TP53 in
this diverse population to those from another large, mostly
European dataset.

RESULTS

The eligible population included 3213 and 1343 breast cancer
cases in CBCS and METABRIC, respectively (Table 1, Supplementary
Fig. 1). The number of events for each outcome in the two
populations are provided in Supplementary Fig. 1. Because the
populations differ substantially in the distribution of ER status (50
and 29% ER negative in CBCS and METABRIC, respectively), Table 1
is stratified by ER to facilitate comparisons. Compared to
METABRIC, both ER-positive and -negative cases in CBCS were
younger at diagnosis, with tumors diagnosed at a lower grade,
and a lower proportion of node-positive tumors. As the METABRIC
population is predominantly non-Black, the most comparable
population is the non-Black subgroup in CBCS. The differences in
clinical characteristics between the studies became more pro-
nounced when comparing METABRIC to the non-Black population
in CBCS.
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Table 1. Patient and clinical characteristics, stratified by estrogen
receptor (ER) status.
CBCS METABRIC
ER positive ER negative ER positive ER negative
N=2131 N=1067 N=1028 N=303
Median follow-up, 18.1 18.0 10.0 7.3
years (range)® (0.2-20.0)  (0.5-20) (0.0-20.0) (0.1-20.0)
Median age, years 51 (23-74) 48 (24-74) 63 (26-92) 53 (22-96)
(range)
Postmenopausal 1211 (56.8) 516 (48.4) 845 (82.2) 178 (58.7)
Stage
0/1 968 (45.4) 336 (31.5) 369 (35.9) 79 (26.1)
Il 928 (43.5) 564 (52.9) 590 (57.4) 181 (59.7)
1] 235(11.0) 167 (15.7) 68 (6.6) 43 (14.2)
Missing 0 0 1 0
Grade
1 647 (31.6) 69 (6.5) 109 (10.6) 4 (1.3)
2 896 (42.0) 183 (17.2) 491 (47.8) 28(9.2)
3 561 (26.3) 815 (76.4) 428 (41.6) 271 (89.4)
Positive 810 (38.0) 419 (39.3) 463 (45.0) 163 (53.8)
node status
Tumor size >2cm 901 (42.3) 625 (58.6) 550 (53.5) 183 (60.4)
RNA-based TP53 status
Wildtype-like 1038 (75.3) 98 (14.1) 735 (71.5) 23 (7.6)
Mutant-like 340 (24.7) 598 (85.9) 293 (28.5) 280 (92.4)
Missing 753 371 0 0
DNA-based TP53 status
Wildtype 258 (746) 85 (35.3) 775 (77.9) 54 (18.0)
Mutant 88 (25.4) 156 (64.7) 220 (22.1) 246 (82.0)
Missing 1785 826 33 3
IHC-based TP53 status
Wildtype-like 1531 (76.7) 473 (49.8) 505 (84.4) 92 (53.5)
Mutant-like 465 (23.3) 477 (50.2) 93 (15.6) 80 (46.5)
Missing 135 117 430 131
PAM50 subtype
Luminal A 885 (64.2) 65 (9.3) 498 (48.6) 11 (3.6)
Luminal B 288 (20.9) 22 (3.2) 325 (31.7) 7 (23)
HER2-enriched 67 (4.9) 1.08 (15.5) 61 (6.0) 88 (29.0)
Basal-like 97 (7.0) 465 (66.8) 31 (3.0) 179 (59.1)
Normal-like 41 (3.0) 36 (5.2) 110 (10.7) 18 (5.9)
Missing 753 371 3 0
Figures represent n (%) unless otherwise specified. This table excludes n =
15 cases from CBCS and n = 12 cases from METABRIC that were missing ER
status. Individual-level data on race was unavailable in METABRIC.
CBCS Carolina Breast Cancer Study, ER estrogen receptor, /HCimmunohis-
tochemistry, METABRIC Molecular Taxonomy of Breast Cancer International
Consortium, Mut mutant, PAM50 Prediction Analysis of Microarray 50, WT
wildtype.
Includes 1315 cases in CBCS (Phases 1-2) and 1331 cases in METABRIC with
data on breast cancer-specific survival.

Breast cancer-specific survival patterns varied across
TP53 subtypes. Kaplan Meier plots (Figs. 1, 2) and multivariable
models (Tables 2 and 3, Fig. 3) showed that TP53 mutant/mutant-
like tumors (by RNA-, IHC-, and DNA-based methods) were
associated with worse BCSS compared to wildtype/wildtype-like
tumors. The strongest associations were observed for RNA-based
TP53 mutant-like status (HR [95% Cl] of 7.21 [3.76-13.82] in CBCS
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and 3.96 [2.73-5.76] in METABRIC), with associations especially
attenuated for IHC-based TP53 mutant-like status (1.51 [1.04, 2.21]
and 2.24 [1.35, 3.70), respectively). The hazard of TP53 mutant-like
status decreased over time, particularly for the RNA-based
classification. For example, in CBCS the HR of 7.21 (3.76-13.82)
reflects the survival effect of TP53 mutant-like status compared to
wildtype-like at one year of follow up, which decreased over time
(T=0.81 [0.74-0.871]).

As 60% of TP53 mutant-like tumors were Basal-like in CBCS, it
was of interest to also evaluate Basal-like vs. non-Basal-like
subtypes to see whether the survival associations mirrored those
for TP53. The Kaplan Meier plots and multivariable models showed
that these markers have similar effects. For example, in CBCS the
HR (95% Cl) for Basal-like vs. non-Basal-like status was 3.37
(1.99-5.71). In multivariable models for both populations, the
overall associations were recapitulated when restricting to ER-
positive cases. When restricting to ER-negative cases, there were
no statistically significant associations between tumor subtypes
and BCSS, except in CBCS where the magnitude of association
between RNA-based TP53 status and survival was similar among
ER-positive and -negative cases (4.66 [1.79-12.15] and 5.38
[1.84-15.78], respectively). Sensitivity analyses restricting CBCS to
non-Black cases resulted in no change among ER-positive cases
and an increased magnitude among ER-negative cases.

TP53 status was also associated with overall survival, regardless
of classification method. Kaplan Meier plots (Supplementary Figs.
2 and 3) only showed statistically significant associations with OS
when using DNA-based TP53 classification (as well as RNA-based
TP53 in METABRIC). When adjusting for other clinical and tumor
characteristics (Supplementary Tables 2 and 3, Supplementary Fig.
4), however, statistically significant associations were observed
between all subtype classifications and OS. In CBCS, the strongest
associations were observed when using RNA-based TP53 classi-
fication, with a similar magnitude among ER-positive and
-negative cases. In METABRIC, survival associations were only
observed among ER-positive cases.

The association between TP53 status and recurrence-free
survival varied by ER status. In both populations, Kaplan Meier
plots (Supplementary Figs. 5 and 6) and multivariable models
(Supplementary Tables 4 and 5, Supplementary Fig. 7) demon-
strated that RNA-based TP53 mutant-like status was associated
with worse RFS, but the effect was only observed among ER-
positive cases. In CBCS, the association was stronger when using
RNA-based TP53 status (6.21 [3.27-11.80]) than when using IHC-
based TP53 status (2.16 [1.24-3.78]). In METABRIC, IHC-based TP53
was not associated with RFS.

RNA-based TP53 status provided more prognostic information
than the other markers of interest (DNA- and IHC-based TP53, and
Basal-like status) in both populations (Supplementary Table 6).
Among ER positives, only RNA- and DNA-based TP53 status
provided significant prognostic value, with RNA-based TP53 being
the greatest contributor (Ax? [p value] = 10.5 [0.005] and 24.7
[<0.001] in CBCS and METABRIC, respectively). Among ER
negatives, RNA-based TP53 was the only prognostic marker in
CBCS (12.5 [0.002]), and Basal-like status the only prognostic
marker in METABRIC (7.5 [0.023]).

It is of interest to understand whether the effects of TP53 status
differ between Black and non-Black cases; however, the sample
size in CBCS allowed only exploratory analysis of these associa-
tions. Among ER-positive cases there were no interactions
between RNA- or DNA-based TP53 status and race (p =0.96 and
0.78, respectively), but an interaction was observed by IHC-based
TP53 status (p=0.03). Specifically, the association between
mutant-like status and poorer BCSS was more pronounced for
non-Black cases compared to Black cases. Among ER-negative
cases there were suggestions of interactions between RNA- and
DNA-based TP53 and race (p=0.18 and 0.12, respectively), with
the association between TP53 mutant/mutant-like status and
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Fig. 1

Kaplan-Meier survival curves for breast cancer-specific survival by tumor subtype, overall and stratified by ER status, among node

negative breast cancer cases in CBCS. p values correspond to the log-rank test. The shaded regions correspond to the 95% confidence
interval. BCSS = breast cancer-specific survival, CBCS = Carolina Breast Cancer Study, ER = estrogen receptor, IHC = immunohistochemistry,
ER = estrogen receptor, IHC = immunohistochemistry, PAM50 = Prediction Analysis of Microarray 50.

poorer BCSS being more pronounced for non-Black cases
compared to Black cases. No interaction, however, was observed
when using IHC-based TP53 status (p = 0.52).

DISCUSSION

RNA-based TP53 functional score had stronger prognostic value
than other technical methods in a population-based cohort
including Black and Non-Black women in North Carolina. The
survival effect of TP53 mutant-like status was most consistent
among ER-positive cases, but also showed significant effects
among ER-negative cases in CBCS (where ER negatives were
prevalent at 33%). Given the proportion of cases who had both
TP53 mutant-like and Basal-like phenotypes, it was important to
also evaluate the effects of TP53 among Basal-like vs. non-Basal-
like. The BCSS associations for Basal-like and TP53 were similar, but
more high-risk cases were captured with the TP53 status
classification. TP53 is an important prognostic marker with
potential clinical value and may be useful among ER-negative
patients for whom prognostic markers are otherwise lacking.
Prior studies have evaluated the survival effects of IHC and
DNA-based TP53 status among breast cancer patients, with near
consensus that TP53 mutant cases have poorer survival compared
to wildtype (Table 4)'-67.1819 very few studies, however, have
assessed survival differences by ER status. Among those that have,
TP53 mutant cases were generally associated with worse out-
comes among ER-positive cases”?1%20, in line with our findings.
However, results among ER-negatives have been more mixed,
with some reporting TP53 mutant cases having better survival®,
but most finding no effect”'%2', It may seem paradoxical that the
more aggressive tumors were sometimes found to have better
outcomes, but several mechanisms have been proposed, largely
indicating enhanced chemosensitivity in ER negative/TP53 mutant
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tumors. In the present study we found a strong association
between TP53 mutant-like status and poorer BCSS among ER
negatives, which may demonstrate the importance of functional
TP53 status over other classification methods. Additionally, the
present findings come from a population-based study, unlike all
other previous studies.

Sampling differences between METABRIC and CBCS may explain
differences in results among ER-negative cases. In METABRIC, the
sample size of ER-negative cases was relatively small (n =303) and
among these, almost all (92%) were classified as TP53 mutant-like
by the RNA signature. Whereas in CBCS, there was a larger sample
of ER-negatives (n = 1067), which included a smaller proportion
TP53 mutant-like cases (86%). CBCS ER-negative cases were also
lower grade and more frequently node negative. Given that the
METABRIC samples were sourced from tumor banks, it is plausible
that this study oversampled more aggressive tumors, reducing
variation of TP53 phenotypes. It is also possible that the more
diverse CBCS population led to a different distribution of TP53
mutations (i.e., different types of mutations). Ethnically diverse
population-based studies incorporating multigene signatures are
important for understanding the diversity of ER negative cases.
When population characteristics become a key consideration in
interpreting differences across studies, it suggests that either
selection bias or relevant variables that vary across populations
have not been addressed. However, the current study does show
that stratification by ER status is critical and should be included in
future studies of TP53-based prognostication.

A strength of this analysis was the racially diverse population
with more younger women, and a larger proportion of ER-
negative cases. Previous studies of TP53 and prognosis have
included populations that are exclusively, or nearly exclusively, of
European descent. Another strength was availability of data on
TP53 status using three different classification methods. Perhaps
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Fig.2 Kaplan-Meier survival curves for breast cancer-specific survival by tumor subtype, overall and stratified by ER status, among node
negative breast cancer cases in METABRIC. p values correspond to the log-rank test. The shaded regions correspond to the 95% confidence
interval. BCSS = breast cancer-specific survival, ER = estrogen receptor, IHC = immunohistochemistry, METABRIC = Molecular Taxonomy of
Breast Cancer International Consortium, PAM50 = Prediction Analysis of Microarray 50.

the most important limitation was that we did not model
treatment differences, precluding the assessment of the predictive
value of TP53. A lesser limitation was our choice to use the full
dataset for each classification method, inhibiting comparability
across methods; but sensitivity analysis in METABRIC among those
with complete data for all three classification methods (n = 752)
produced effect estimates that were unchanged or slightly
stronger than those reported in the main analysis. Due to overlap
of the TP53 mutant-like and Basal-like phenotypes, we evaluated
survival effects of Basal-like vs. non-Basal-like, but we did not
evaluate all possible comparisons (e.g., Basal-like versus each of
the other individual PAMS50 intrinsic subtypes) because even
within relatively large data sets, sample sizes did not allow for
further stratification. Lastly, this RNA-based TP53 signature has
been widely used and validated for research purposes and is
operationalized using cohort normalization. However, a single
sample predictor has not yet been developed, so it cannot be
applied to a single sample or small cohort without making
important assumptions. If this signature continues to demonstrate
clinical value, development of a single sample is warranted.

The science of prognostication and prediction has generally
been led by applications for ER-positive cases and has relied on
factors that reflect tumor growth (e.g., proliferation scores). A
marker such as TP53, which represents underlying tumor biology
and may define molecular vulnerabilities to chemotherapeu-
tics???3, could address an unmet need. Particularly as immu-
notherapies become widely utilized, markers that identify tumors
likely to benefit will be important. Homologous recombination
deficiency status has been proposed as one possible
approach?*?5, but TP53 status may also merit consideration.
RNA-based TP53 may be particularly valuable because of its
interpretability as a pathway-level change and because it can be
conveniently paired with other RNA-based assays. Further
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consideration of multigene TP53 scores in clinical care could be
particularly important for ER-negative cases, for whom fewer
predictive biomarkers are currently available.

METHODS
Study populations

The Carolina Breast Cancer Study (CBCS) is a population-based study that
enrolled participants in three phases between 1993 and 2013. Study details
have been described previously?°. Briefly, incident invasive breast cancers
among women 20-74 years of age were identified using rapid case
ascertainment. Black women and those younger than 50 years of age were
oversampled. Clinical characteristics at diagnosis were assessed by
collecting medical records and formalin-fixed paraffin-embedded (FFPE)
tumor samples at study enrollment. All CBCS study procedures were
approved by the University of North Carolina School of Medicine
Institutional Review Board and participants provided written informed
consent.

We compared the results from CBCS to those from the Molecular
Taxonomy of Breast Cancer International Consortium (METABRIC), which
includes fresh-frozen primary breast tumors collected from five tumor
banks across UK and Canada between 1977 and 2005. Clinical and
genomic data was downloaded from cbioportal (http://www.cbioportal.
org/study?id=brca_metabric). About 93% of subjects were of European
descent and the population ranges in age at diagnosis from 22 to 96 years.
With an age distribution that skews older (median =61 years), METABRIC
includes a large proportion of ER-positive cases (77%).

Eligible cases were those diagnosed at stage I-lll, with available data on
TP53 status (Supplementary Fig. 1). In METABRIC, only cases with data on
tumor characteristics (stage, grade, size, and node status) were included.

Breast tumor markers

CBCS.  ER status was abstracted from clinical records for Phases 1-2. When
missing, ER status was determined by the UNC central laboratory. For
Phase 3, ER status for all cases was determined by the central laboratory.

Published in partnership with the Breast Cancer Research Foundation


http://www.cbioportal.org/study?id=brca_metabric
http://www.cbioportal.org/study?id=brca_metabric

npj

AN. Hurson et al.

‘(W YUM SISEDIDUI piezZey USY) | < I PUB ‘DI YUM S3SeaIdap piezey Usay) | >/ JI) JuadyL0d bulklea-sawin jo 6o,

'snjeis apou pue ‘azis ‘apesb ‘abels Jowny 1oy paisnipe Ajjleuonippy,
aseyd Apnis pue ‘(}de|g-uou/yde|g) adkl ‘(snonuinuod) sisoubelp e abe Joj parsnipy,
‘05 AesreondIpy Jo sisAjeuy UoIDIPaId OSWYd ‘Aiasiwaydolsiyounwiwi DHJ ‘103dadas uaboulsa g7 ‘Apnis Jadued isealg euljosed $OgD

(¢1'1-880) 660

(¢1'1-680) 00'L

(S0'L-€£0) £8°0

(S0'L-€£0) £8°0

(€6'0-6£0) 980

(€6'0-6£0) 980

(81°€-£80) 99°L (L¥'T-£9°0) LT'L (£9) €0t (££T1-160) OV'E (cL'€l-00'L) T9€ (6) 9T (L£'s-661) LEE (60°5-€8°1) SO'E (94) o€z
EL ExL! (0¢) £TL XL L (vL) sve L L (¥ol) €Lv BY0
2dAigns 0SWvd
(60°1-26°0) 00°L (60°1-€6°0) LO'L (€0°1-060) £6°0 (€0°1-060) 96°0 (¢0'1-26°0) £60 (c0'1-€6°0) £60 al
(01'z-6£0) 6T°L (L0'T-9£0) ¥T'L (¥8) L9t (0£'€-560) ££7L (9£'€-01°1) €0C (€4) 192 (lTT-v0'1) LS'L (L¥'T-¥L°1) 99°1 (£S1) €€8 l-ueinpy
L 394 (1£) 88¢ L 394 (€8) LSV 394 L (9s1) Tsz 1|-2dApim
€5d1 Paseq-DHI
(€1°1-980) 66°0 (¢1°1-980) 86'0 (86'0-080) 68°0 (66'0-180) 68°0 (96'0-£80) 68°0 (96'0-£80) 68°0 sl
(80'7-690) 89'L (LEYP-9L0) L8'L (18) 951 (¢8'6-891) 90t (z8'6-18°L) TTY (Lg) 88 (L1'9-T8'l) vee (S€'9-007) LS°E ((4°) A7 4 ueinpy
J9d Jod (£1) s8 J9d Jod (1S) 8sT J9d Jod (69) L¥E adApim
€5d1 PIseq-yNa
(66°0-££0) 88°0 (66°0-9£0) 98°0 (96'0-££0) 98°0 (£6°0-££0) £80 (£8°0-¥£0) 180 (88°0-5£0) 180 al
(8£'S1-¥8'L) 8€E'S (98°€1-£9°L) 18V (88) S9¢ (SL'TL-6L'1) 997 (80°€1-607) €£T'S (€€) L6 (zgel-9L€) LTL (£8TL-¥L€E) ¥6'9 (lz1) €9¢ SAfll-ueIniy
J9d Jod (6) 59 J9d Jod (09) vLt J9d Jod (65) o€ MNi-=dAipiim
€5d1 Poseq-YNY

qP3snlpy op3snipe Ajjewiuipy (Ss3uaA9) N qP3snlpy op3snipe Ajjewiuipy (S3uaA9) N qP3snlpy op31snlpe Ajjewiuipy (S3UaA9) N
annebau Y3 annisod Y3 [IIEYYe) adAigns sown|

payiells pue ||BI9A0 ‘Z—| SISeYd SDGD Ul S9sed Jadued 3sealq Buowe [eAlAINs dY1dads-19oued Jsealq pue adAIgns Jowny Usamiaq UOIRIDOSSE Sy} 10 (|BAISIUI SDUSPYUOD 9G6) Olel piezeH

'snieys (¥3) 103dadas usbouisa Aq

‘T alqel

npj Breast Cancer (2022) 74

Published in partnership with the Breast Cancer Research Foundation



AN. Hurson et al.

npj

(AWl YUM S3SeaIdul piezey usyy | </ JI pue ‘Swil YUM S3Seaudap piezey usyl | >/ ) Juadyje0d buikiea-swn jo 6o,
'snjels apou pue ‘azis ‘apelb ‘sbeis Jowny 1oy paisnipe Ajjeuonippy,
‘(snonunuod) sisoubelp 1e abe 1oy paisnlpy,
'0S Keuieodl JO SisAjeuy UOIDIPRId OSWYC ‘WNILIOSUOD [BUOIIRUIRIU| J9dUBD) 1sealg JO AWOouoXe] Jeinda|olA JIYgV.LIW ‘Alisiwayd0isiyounwwl JH/ 401dadal uabouiss ¥

(66°0-18°0) 06'0

(00'L-780) 160

(90'1-8£°0) 160

(90'1-8£°0) 160

(88'0-9£°0) T80

(68'0-9£70) €80

(€6'L-990) €11 (99°'L-650) 660 (69) 6£1  (6£'8-TT'L) 8TE (vz6-LT1) EV'E (L) 1€ (9TS-€TY) ev'E (96'S-£57) L6'€ ¥8) €1T
oY 2y (£9) vTL oY oY (£87) 266 9y Y (9s€) LTlL Y0
2dfgns 0SWVd
(¥0'L-¥£0) 88°0 (0 L-¥£'0) 88°0 (L0'L-£8°0) L60 (00'L-28°0) L60 (96'0-180) 88°0 (S6'0-18°0) 88°0 al
(LL'E-¥90) Lt'L (¥6'T-790) ¥E'L (62) 08 (€0V-£0°L) £0C (r£'S-05'L) ¥6'T (85) €6 (0L'€-SE€'L) ¥TT (LLYvvL1) £87T (L9) €£1 ai-ueINpy
Joy JoY (¢b) 6 Jo JoY (S€1) 05 9y JoY (8£1) 009 j1|-2dA1pIm
€5d1 Paseq-DHI
(T0'L-780) 160 (¥0'L-€8°0) £6'0 (00'L-68°0) ¥6'0 (00'L-68°0) ¥6°0 (€6'0-58'0) 68°0 (¥6'0-58'0) 68°0 sl
(6£T-¥90) ¥T'L (80°Z-850) OL'L (Lo ovz  (L6'E-bS'L) IW'T (S8'v-v6'l) LO'E (s6) 612 (LEP-¥LD) vO'E (S1'S-19'7) £9°€ (202) 697 wenpy
oY 9y (82) ¥S oY oY (€02) 1L 9y JoY (v€2) 8€8 adfipiim
€5d1 Paseq-yNQ
(80°L-€£0) 68°0 (TL'1-8£°0) €60 (£6'0-£8°0) T6'0 (£6'0-98°0) 160 (16:0-€8°0) £8°0 (z6'0-€8°0) £8°0 sl
(80°€-8£0) 80°L (rze-vi0) 0T'L (9z1) 08T  (89v-88'L) L6T (LLS-8€T) LLE (sz1) 26T  (9£'S-€L77) 96°E (90°L-L¥'E) S6'F (€52) 615 aMNilueny
9y 19y (oL) €z oY oY (8£1) vs£ 9y oY (681) ¥9L ai-2dAipiim
€5dL Paseq-yNY

gPaisnipy  paisnipe Alewiuiy  (SIUdA9) N qPsnlpy  paisnfpe Alewiuiy  (SIUSA3) N qPaIsnipy  paisnipe Ajlewiuiy (s3uand) N
aAnebau Y3 aAnisod y3 IZELYe} adAigns Jown|

'snjels (¥3) Jo1dadau usbonse
Aq paynens pue ||eJano “JiYgy.LIW Ul S9sed Jadued Jsealq buowe [eAlAINs dYidads-19oued 1sealq pue adAigns Jown) US3aMISQ UONEIDOSSE SU1 J0) (JeAIS1Ul SDUSPYUOD 9G6) Ollel piezeH ‘g d|qel

Published in partnership with the Breast Cancer Research Foundation

npj Breast Cancer (2022) 74



AN. Hurson et al.

npj

CBCS METABRIC
! —e— ! —e—
RNA-based TP53 ! !
(Mutant-like vs. Wildtype-like) , |
i I o} I ® |
ar— ——
DNA-based TP53 ! !
; —e—A1 —e—
(Mutant vs. Wildtype) : i
——e——A f—ro—I
IHC-based TP53 |I ® 1 h . I
(Mutant-like vs. Wildtype-like) 1 h
-t | — e i
! —e— ! —e—
PAM50 Subtype L o 1 ! I PY |
(Basal-like vs. Non-Basal-lke) N hd ! |
K | — I
05 1 2 A 8 16 05 1 2 4 8 16

Hazard Ratio (95% Confidence Interval)

4 Overall 4 Among ER+ 9 Among ER-

Fig.3 Association between tumor subtype and breast cancer-specific survival among breast cancer cases in CBCS and METABRIC, overall
and stratified by estrogen receptor (ER) status. The error bars correspond to the 95% confidence intervals. CBCS = Carolina Breast Cancer
Study, ER = estrogen receptor, IHC = immunohistochemistry, METABRIC = Molecular Taxonomy of Breast Cancer International Consortium,

PAMS50 = Prediction Analysis of Microarray 50.

Concordance between central laboratory and clinical record was 93%2’.
Methods for tissue processing and IHC analysis of tumor markers have
been described previously'”?’~2°, ER positivity and TP53 mutant-like status
was defined using a 10% positivity threshold. We selected the 10% cutoff
for ER because at the time of enrollment for Phases 1-2, it was not yet the
clinical standard to classify ER borderline tumors (1% to <10% positivity) as
ER positive. Additionally, a 10% cutoff for ER positivity has been shown to
have a stronger association with molecular phenotypes (e.g. intrinsic
subtypes)?’. Tumor stage and size were abstracted from the medical
records. Tumor grade was defined by centralized pathology review.

RNA expression in CBCS has been quantified using NanoString assays on
at least one FFPE tumor sample per patient, with random replication to
assess reproducibility?’2%31, A previously validated RNA signature that
aggregates expression information on TP53-dependent genes was used to
classify TP53 functional status (mutant-like or wildtype-like) based on a
similarity-to-centroid approach (Supplementary Table 1)32. A research
version of the PAM50 predictor was used to classify tumors into intrinsic
subtypes®®33, which were then dichotomized as basal-like or non-basal-like
(i.e., luminal A, luminal B, HER2-enriched, or normal-like).

For cases in CBCS phase 1, two complementary DNA-based methods
were employed for detecting TP53 mutations using FFPE tumor samples.
First, single strand conformational polymorphism (SSCP) analysis was used
as a screening procedure to detect mutations in exons 4-8 of the TP53
gene, with subsequent manual radiolabeled sequencing of SSCP
positives**. The Roche p53 Amplichip research test was also used to
detect single base pair substitutions and single base pair deletions in
exons 2-11, as well as splice sites (2 base pairs before and after each exon),
in the TP53 gene®. All assays were carried out by the UNC central
laboratory.

METABRIC. ER status, as well as other tumor characteristics (tumor grade,
stage, and size) were obtained from the medical records. RNA and DNA
were extracted for transcriptional and genomic profiling on the Illumina
Human v3 microarray and Affymetrix SNP 6.0 platforms, respectively>®.
Tumors were classified for TP53 functional status (mutant-like/wildtype-
like) using the RNA-based TP53 signature*? and for PAMS50 intrinsic
subtype (basal-like/non-basal-like) using a research version of the PAM50
predictor3%33,

Outcome assessment

The follow-up period for both studies is defined as the number of years
between diagnosis and breast cancer death (for breast cancer-specific
survival (BCSS)) and death due to any cause (for overall survival (OS)). For
CBCS Phases 1-2, vital status and date of death were determined by

Published in partnership with the Breast Cancer Research Foundation

linking with the National Death Index (NDI) in 2020. Breast cancer deaths
were defined using the International Classification of Diseases breast
cancer codes 1749 (ICD-9) or C50.9 (ICD-10) as derived from death
certificates. For METABRIC, vital status and time to death were obtained
from the medical records.

Recurrence-free survival (RFS) was defined as time in years from
diagnosis to first subsequent recurrent breast cancer (either local, regional,
or distant). In CBCS Phase 3, recurrence date was abstracted from medical
records after a patient reported a recurrence during follow-up telephone
interviews (occurring at regular intervals). In METABRIC, recurrences and
time to recurrences were obtained from the medical records.

All subjects who did not experience the outcome of interest were
administratively censored at their date of last contact or the last linkage
date to the NDI (for CBCS).

Statistical analyses

Kaplan-Meier plots were generated to compare survival patterns between
TP53 subtypes defined using different classification methods (RNA
signature, DNA sequencing, and IHC). Because of the overlap in TP53
mutant status and Basal-like intrinsic subtype, we also evaluated survival
patterns by PAM50 intrinsic subtype (Basal-like/non-Basal-like) to deter-
mine whether the effects mirrored those for TP53. Survival patterns were
assessed overall and within ER subtypes. Differences between the curves
were evaluated using log-rank tests. Kaplan-Meier plots were restricted to
node negative cases, while in multivariable models we retained these
cases and included node status as an adjustment factor.

The prognostic value of the TP53 subtypes was evaluated using Cox
proportional hazards models to compute hazard ratios (HRs) and 95%
confidence intervals (Cls), overall and stratified by ER status, analyzing each
TP53 classification method (RNA-, IHC, and DNA-based) separately. Again,
we estimated survival effects for PAM50 intrinsic subtype (Basal-like vs.
non-Basal-like) to assess whether they mirrored those for TP53. Minimally
adjusted models accounted for age at diagnosis (as well as race and study
phase in CBCS). Fully adjusted models additionally accounted for tumor
stage, grade, size, and node status. Since tumor grade was missing for
about 26% of cases in CBCS, covariates with missing values were
addressed using the multiple imputation plus outcome approach?’.
TP53 status and PAM50 subtype were modeled with addition of a time-
varying term (7) due to the observed violation of the proportionality
assumption of the Cox model. The direction and magnitude of the change
in HR over time is indicated by the log of this coefficient (i.e., log(T) < 1
indicates a decreasing hazard and log(7) > 1 indicates an increasing
hazard). We estimated the prognostic value of each TP53 classification
method as the change in likelihood ratio chi square (Ax?) following a
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likelihood ratio test that compares the full prognostic model to a model
after removing each TP53 classification schema. All statistical tests were
two-sided and p value <0.05 was used as the cut point for statistical
significance. Statistical analyses were conducted in R software version 4.0.2
(R Foundation for Statistical Computing).

Reporting summary

Further information on research design is available in the Nature Research
Reporting Summary linked to this article.

DATA AVAILABILITY

The CBCS datasets generated and/or analyzed during the current study are not
publicly available due to some human subjects restrictions, but may be available
from the corresponding author on reasonable request. METABRIC data can be found
here: http://www.cbioportal.org/study?id=brca_metabric.
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