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Introduction
In 2020, breast cancer had to become the most common type 
of cancer, accounting for 11.7% (2 261 419 cases) of the total 
number of cancer cases among men and women and surpassing 
lung cancer at 11.4% (2 206 771 cases).1 Therefore, the treat-
ment and prognostic improvement of patients with breast can-
cer is becoming increasingly important.

Neoadjuvant chemotherapy (NAC) has been widely used to 
increase the chances of breast-conserving surgery in cases with 
resectable breast cancer,2,3 with studies suggesting the response 
to NAC to be a prognostic factor.4,5 Accordingly, patients with 
pathological complete response (pCR) after NAC have shown 
favorable prognosis, whereas those without pCR (residual 

disease, RD) have shown otherwise. Therefore, establishing 
predictors of pCR may be important for optimizing NAC. 
Reports have also shown that the addition of postoperative 
chemotherapy improves prognosis of patients with RD.6-8 As 
such, clarifying the prognostic factors in patients with RD 
would allow the selection of the appropriate postoperative 
treatment.

Several studies have reported that the tumor-suppressor 
gene TP53 mutation status can be a prognostic factor and pre-
dictor of NAC response.9-13 In addition, evidence has shown 
that the TP53 signature, a gene expression profile that predicts 
the mutation status of TP53, can also be a predictor of progno-
sis and NAC response.14-18
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The current study therefore investigated the ability of the 
TP53 signature for predicting pCR, as well as its prognostic 
significance, among patients with RD.

Materials and Methods
Cohort

A total of 333 patients with T1-3/N0-1 from a cohort 
(GSE25066) of those with HER2-negative breast cancer 
(n = 508) who received NAC with taxane and anthracycline 
were selected.19 Data on clinicopathological factors, distant 
recurrence-free survival (DRFS), and pCR were obtained from 
the database (Gene Expression Omnibus; https://www.ncbi.
nlm.nih.gov/geo/). Four independent cohorts (GSE20194, 
GSE20271, GSE32603, and GSE140494) were used to vali-
date the predictive value of TP53 signature for pCR.20-23 
GSE32603 was used to validate the prognostic value of TP53 
signature. In GSE20194, GSE20271, and GSE140494, 
HER2-negative and T1-3/N0-1 cases were included as in 
GSE25066. In GSE32603, T-category and N-category data 
were not available for each case; therefore, 104 cases with 
HER2-negative and pCR data were included. GSE32603 had 
recurrence-free survival (RFS) data.

Microarray data

Raw or normalized gene expression data were obtained from 
Gene Expression Omnibus. Raw data were normalized using 
standard methods with GeneSpringGX version 14.5 (Agilent 
Technologies, Santa Clara, CA, USA). Among the 33 genes in 
the TP53 signature gene set, the list of genes that could be 
obtained in each cohort is shown in Supplemental Table 1.

Diagnostic validity of the TP53 signature using 25 
or 27 genes

The diagnostic validity of TP53 signature using the gene sets 
available in each cohort was examined using microarray data 
from the original cohort (n = 38).14 The TP53 signature status 
was determined according to the methods previously described.14 
The reference TP53 mutant and wild-type signatures were 
obtained from the previous study (Supplemental Table 1). The 
TP53 signature status of a case was determined using the cor-
relation coefficient to the reference TP53 signature mutant sig-
nature, and if the correlation coefficient was ⩾0, the TP53 
signature status of the case was diagnosed as mutant type. For 
the 38 samples in the original cohort, we compared the TP53 
signature status diagnosed using the 33 genes with that of those 
diagnosed using the 25 and 27 genes that were available in each 
cohort. The TP53 signature status when using the 25 or 27 
genes was in perfect concordance with the TP53 signature sta-
tus using the 33 genes. Based on these results, the TP53 signa-
ture status was determined by the method described above 
using the TP53 signature gene set available in each cohort.

Ability to predict pCR

The ability to predict pCR was evaluated using odds ratio, 
positive predictive value (PPV), negative predictive value 
(NPV), sensitivity, and specificity.

Statistical analysis

The 2-sided Fisher exact test and Wilcoxon rank sum test (or 
Kruskal-Wallis test) were used to analyze patient background. 
Hazard ratios (HRs) and their confidence intervals (CIs) were 
calculated using the Cox proportional hazards model. DRFS 
was estimated using the Kaplan-Meier method, while the log 
rank test was used for between-group comparisons. A heat map 
was created using the Multiple Experiment Viewer (http://
mev.tm4.org). All statistical analyses were performed using 
JMP pro, version 16.0.0 (SAS, Cary, NC), with P < .05 indi-
cating statistical significance.

Results
Comparison of the TP53 signature status and 
patient background

As a result of determining the TP53 signature status of 333 
cases in GSE25066, 154 cases had TP53 mutant signature and 
179 cases had wild-type signature. The heat map of the TP53 
signature, TP53 signature status, clinicopathological back-
ground, pCR, and recurrence data are summarized in Figure 1. 
After comparing patient background between the TP53 
mutant signature and wild-type signature groups (Table 1), our 
finding showed that the former had significantly more cases 
with a higher AJCC (American Joint Committee on Cancer) 
stage and T category than the later. The mutant signature 
group had significantly more cases positive for nodal status and 
negative for ER and PgR than the wild-type group. Regarding 
the intrinsic subtype, the mutant group had more basal type 
cases, while the wild-type group had more Luminal A and 
Normal type cases. These results were consistent with those 
presented in a previous report.16

Predictive factors for pCR

After examining the predictive power of molecular and patho-
logical factors (TP53 signature, Grade, Intrinsic subtype, ER, 
and PR) for pCR, our results found that the TP53 mutant signa-
ture had the best odds ratio and PPV (Table 2). The same analy-
sis was performed for ER-positive (n = 198) (Supplemental Table 
2) and triple-negative breast cancer (TNBC) (n = 119) subtypes 
(Supplemental Table 3), with both groups showing that the 
TP53 mutant signature had the best predictive values for pCR.

We validated the predictive power of the TP53 signature for 
pCR in 4 independent cohorts (Supplemental Table 4). In all 
cohorts, the pCR rate in the TP53 signature mutant group was 
significantly higher than that in the wild-type group (23.5%-
37.9% vs 5.9%-13.2%, odds ratio 3.8-8.2).

https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
http://mev.tm4.org
http://mev.tm4.org
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Prognostic factors in the RD group

As is well known, pCR was a strong prognostic factor in this 
cohort, with the RD group having a significantly poorer prog-
nosis than the pCR group (Figure 2A). Given that only 4 cases 
had a distant recurrence in the pCR group, determining the 
prognostic factors therein was difficult. To explore the prog-
nostic factors in the RD group (n = 263) in GSE25066, uni-
variate and multivariate analyses for DRFS was performed 
using the Cox proportional hazards model (Table 3). 
Accordingly, univariate analysis showed that nodal status, ER, 
PgR, grade, intrinsic subtype, and TP53 signature status were 
significantly associated with DRFS. Meanwhile, multivariate 
analysis identified nodal status and TP53 signature status as 
independent prognostic factors. Interestingly, however, the 
TP53 signature had a larger HR compared with nodal status, 
suggesting that the former had greater prognostic power than 
the latter. Figure 2B and C details the DRFS according to the 
TP53 signature status and nodal status in the RD group, 
respectively. Moreover, the TP53 signature was identified as a 
prognostic factor in both node-negative and node-positive 
patients with RD (Figure 2D and E).

Prognostic significance of combining pathological 
response and TP53 signature

Given our results showing that the TP53 signature was a prog-
nostic factor in the RD group, we compared DRFS among 3 
groups: the pCR, RD/TP53 mutant signature, and RD/TP53 

wild-type signature groups in GSE25066 (Figure 3A). 
Accordingly, our results showed no significant difference in 
DRFS between the pCR and RD/TP53 wild-type signature 
groups, while the RD/TP53 mutant signature group had sig-
nificantly worse DRFS than the other 2 groups, a result also 
observed in the ER-positive subtype (Figure 3B) and TNBC 
subtype (Figure 3C).

To validate these findings, we compared RFS among pCR, 
RD/TP53 mutant signature, and RD/TP53 wild-type signa-
ture using GSE32603, for which RFS data were available 
(Supplemental Figure 1). Similar to the results of GSE25066, 
our results showed no significant difference in RFS between 
the pCR group and RD/TP53 wild-type signature group, and 
the RD/TP53 mutant signature had significantly worse RFS 
than the other 2 groups in the entire eligible cases (Supplemental 
Figure 1a). In the ER-positive subtype, there was no significant 
difference in RFS between the pCR group and RD/TP53 
mutant signature group, but the latter showed a trend toward 
poor prognosis (Supplemental Figure 1b). In the TNBC sub-
type, there was no significant difference in RFS between 
RD/TP53 wild-type signature group and the RD/TP53 
mutant signature group, but the latter tended to have a worse 
prognosis (Supplemental Figure 1c). RFS of the RD/TP53 
mutant signature group was significantly worse than that of the 
pCR group.

The aforementioned findings showed that the TP53 wild-
type signature group had a favorable prognosis even in patients 
with RD and that the combination of TP53 signature and 
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4 Breast Cancer: Basic and Clinical Research 

Table 1. Clinicopathological characteristics stratified according to TP53 signature status.

TOTAL MUTANT SIGNATURE WILD-TYPE SIGNATURE PA

 NO. Of PATIENTS % NO. Of PATIENTS % NO. Of PATIENTS %

Samples 333 154 46.3 179 53.8  

Age, years (median) .84

 Median 49 49 47.6  

 Range 24-75 24-72 26-75  

AJCC stage .013

 I 8 2.4 5 3.3 3 1.7  

 IIA 113 33.9 39 25.3 74 41.3  

 IIB 140 42.0 69 44.8 71 39.7  

 IIIA 64 19.2 38 24.7 26 14.5  

 IIIB 8 2.4 3 2.0 5 2.8  

T category .047

 T1 48 14.4 19 12.3 29 16.2  

 T2 192 57.7 82 53.3 110 61.5  

 T3 93 27.9 53 34.4 40 22.4  

Nodal status .58

 Positive 187 56.2 89 57.8 98 54.8  

 Negative 146 43.8 65 42.2 81 45.3  

ER <.0001

 Positive 205 61.6 52 33.8 153 85.5  

 Negative 125 37.5 102 66.2 23 12.9  

 NA 3 0.90 0 0.0 3 1.7  

PgR <.0001

 Positive 181 54.4 42 27.3 139 77.7  

 Negative 148 44.4 111 72.1 37 20.7  

 NA 4 1.2 1 0.3 3 1.7  

HER2 .10

 Positive 3 0.90 3 2.0 0 0.0  

 Negative 320 96.1 148 96.1 172 96.1  

 NA 10 3.0 3 2.0 7 3.9  

Grade <.0001

 1 25 7.5 0 0.0 25 14.0  

 2 132 39.6 26 16.9 106 59.2  

 3 158 47.5 118 76.6 40 22.4  

 NA 18 5.4 10 6.5 8 4.5  

(Continued)
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Table 2. Predictive power of molecular and pathological factors for pCR.

VARIABLE PATHOLOGICAL RESPONSE P ODDS RATIO 
(95% CI)

PPV 
(%)

NPV 
(%)

SENSITIVITY 
(%)

SPECIfICITY 
(%)

PCR (N = 57) RD (N = 263)

N % N %

TP53 signature

 Wild-type signature (n = 171) 5 2.9 166 97.1 <.0001 1 34.9 97.1 91.2 63.1

 Mutant signature (n = 149) 52 34.9 97 65.1 17.8 (6.8-46.1)

Grade

 1-2 (n = 150) 8 5.3 142 94.7 <.0001 1 30.5 94.7 85.5 57.0

 3 (n = 154) 47 30.5 107 69.5 7.8 (3.5-17.2)

Intrinsic subtype

 Luminal A (n = 114) 3 2.6 111 97.4 <.0001 1 26.2 97.4 94.7 42.2

 The others (n = 206) 54 26.2 152 73.8 13.1 (4.0-43.1)

ER

 Positive (n = 198) 19 9.6 179 90.4 <.0001 1 31.9 90.4 66.7 68.8

 Negative (n = 119) 38 31.9 81 68.1 4.4 (2.4-8.1)

PR

 Positive (n = 176) 19 10.8 157 89.2 .0002 1 27.1 89.2 66.7 60.6

 Negative (n = 140) 38 27.1 102 72.9 3.1 (1.7-5.6)

Abbreviations: CI, confidence interval; ER, estrogen receptor; NPV, negative predictive value; pCR, pathological complete response; PPV, positive predictive value; RD, 
residual disease.

TOTAL MUTANT SIGNATURE WILD-TYPE SIGNATURE PA

 NO. Of PATIENTS % NO. Of PATIENTS % NO. Of PATIENTS %

Intrinsic subtype <.0001

 Luminal A 118 35.4 7 4.6 111 62.0  

 Luminal B 53 15.9 24 15.6 29 16.2  

 HER2 20 6.0 14 9.1 6 3.4  

 Basal 111 33.3 104 67.5 7 3.9  

 Normal 31 9.3 5 3.3 26 14.5  

Abbreviations: AJCC, American Joint Committee on Cancer; ER, estrogen receptor; HER2, human epidermal growth factor receptor type 2; NA, not available; PgR, 
progesterone receptor.
aChi-square test was used for statistical analysis of patients’ characteristics except for age. Kruskal-Wallis test was used for statistical analysis of patients’ age.

Table 1. (Continued)

pathological response to NAC (pCR/RD) can be used to iden-
tify patients with very poor prognosis (patients with RD/TP53 
mutant signature).

Discussion
The TP53 signature consists of genes differentially expressed 
between TP53 wild-type and mutant breast cancers by micro-
array analysis. The TP53 signature does not include p53 target 

genes, such as CDKN1A (cording p21), MDM2, and BAX, 
which are transcriptionally activated by wild-type p53.24 On 
the contrary, among the 24 genes upregulated in the TP53 
mutant signature group, 5 genes (CCNB2, PLK, PTTG1, 
BIRC5, and STMN1) that are known to be transcriptionally 
repressed directly or indirectly by wild-type p53 were con-
tained (Supplemental Table 1).25,26 The known p53 target 
genes, such as CDKN1A, are transactivated only when p53 is 
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overexpressed in response to various types of genotoxic stresses. 
As p53 overexpression is not always observed in the TP53 
wild-type breast cancers, it is likely that no known p53 target 
genes transactivated by wild-type p53 were included in the 
TP53 signature.

The TP53 signature has been reported to be a prognostic 
factor in several studies of breast cancer.14,16,27 Moreover, 

Oshima et al15 reported that the TP53 signature can be used as 
a predictor of NAC response. Using a cohort of 72 patients 
with breast cancer receiving paclitaxel followed by 5-FU/epi-
rubicin/cyclophosphamide, Oshima et  al15 showed that the 
TP53 signature mutant-like group had significantly better 
pCR than the wild-type-like group. Furthermore, the TP53 
signature was superior to direct TP53 gene sequencing and p53 
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protein immunohistochemistry in predicting pCR. Lehmann 
et al17 previously verified the prognostic predictability of 351 
reported gene expression profiles in a meta-analysis based on 
31 breast cancer cohorts. They found that the TP53 signature 
was a robust prognostic factor and was better than well-known 
gene expression profiles such as the OnctypeDX and 
Mammaprint. Furthermore, Lehmann et al17 also verified that 
the TP53 signature was a predictor of therapeutic response in 
their meta-analysis. Thus, the aforementioned findings con-
firm that TP53 signature is not only a prognostic factor but 
also a predictor of NAC response.

The present study used a cohort of patients with HER2-
negative breast cancer who received NAC to examine the 

significance of the TP53 signature in predicting the therapeutic 
effects of NAC and determine whether it could be a prognostic 
factor for patients with RD who have a poor prognosis. In all 
included patients (n = 333), the TP53 signature was a better pre-
dictor of pCR than grade, intrinsic subtype, ER, and PgR (Table 
2). Furthermore, its ability to predict pCR was better than that 
of grade and intrinsic subtype in the ER-positive and TNBC 
subtypes (Supplemental Table 2 and Supplemental Table 3). 
Moreover, the TP53 signature was significantly associated with 
pCR in 4 cohorts independent of GSE25066, and the TP53 sig-
nature was validated as a predictor of pCR in multiple cohorts.

As is already widely known, patients who achieve pCR after 
NAC have a good prognosis, whereas those with RD show the 

Table 3. Univariate and multivariate analyses (Cox proportional hazard model) for DRfS in patients with RD.

VARIABLE PATIENTS WITH RD

N UNIVARIATE MULTIVARIATE

HR 95% CI P HR 95% CI P

Age

 >50 120 1.00 – —  

 ⩽50 143 1.14 0.65-2.00 .64  

T category

 1-2 193 1.00 – –  

 3 70 1.48 0.82-2.65 .19  

Nodal status

 Negative 121 1.00 – – 1.00 – –

 Positive 142 1.90 1.06-3.42 .032 2.13 1.12-4.03 .020

ER

 Positive 179 1.00 – – 1.00 – –

 Negative 81 3.34 1.91-5.83 <.0001 1.57 0.71-3.45 .26

PgR

 Positive 157 1.00 – – 1.00 – –

 Negative 102 3.01 1.70-5.34 .0002 1.16 0.52-2.58 .71

Grade

 1-2 142 1.00 – – 1.00 – –

 3 107 2.14 1.18-3.88 .013 0.80 0.39-1.63 .54

Intrinsic subtype

 Luminal A 111 1.00 – – 1.00 – –

 The others 152 4.77 2.38-9.55 <.0001 1.81 0.68-4.82 .24

TP53 signature

 Wild-type signature 166 1.00 – – 1.00 – –

 Mutant signature 97 4.68 2.58-8.50 <.0001 2.50 1.09-5.74 .030

Abbreviations: CI, confidence interval; DRfS, distant recurrence-free survival; ER, estrogen receptor; HR, hazard ratio; PgR, progesterone receptor; RD, residual disease.
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opposite.4,5 Given that the TP53 signature can be used as a 
prognostic factor, we hypothesized that it could be used to 
identify patients with good and poor prognosis among those 
with RD, who is considered to have a poor prognosis. 
Accordingly, the results of univariate and multivariate analyses 
for DRFS in the RD group showed that nodal status and TP53 
signature were independent prognostic factors (Table 3). 
Moreover, the pCR and RD/TP53 wild-type signature groups 
had comparable DRFS, while even patients with RD who had 
the TP53 wild-type signature exhibited a better prognosis. On 
the contrary, among patients with RD, those with the TP53 
mutant signature had significantly worse DRFS than those 
with pCR and RD/TP53 wild-type signature. These results 
were validated in an independent cohort (GSE32603) 
(Supplemental Figure 1a). There was no significant difference 
in RFS between the pCR group (n = 6) and RD/TP53 mutant 
signature group (n = 19) in the ER-positive subtype and 
between RD/TP53 wild-type signature (n = 4) and RD/TP53 

mutant signature group (n = 19) in the TNBC subtype, but 
these might be due to the small sample size. In agreement with 
the results of GSE25066, we found that the RD/TP53 mutant 
signature group tended to have a worse prognosis than the 
pCR group and RD/TP53 wild-type signature group in both 
ER-positive and TNBC subtypes. Ungerleider et al12 reported 
that the addition of hormone therapy to chemotherapy 
improved the survival of patients with TP53 wild-type tumors, 
but not patients with TP53 mutant tumors by sequence, 
because hormone therapy could eradicate arrested/senescent 
cells by chemotherapy. Their results suggested that in the 
ER-positive subtype, the RD/TP53 wild-type signature group 
had improved prognosis because of the postoperative hormone 
therapy, as ER-positive patients of GSE25066 cohort did not 
receive hormone therapy19 (Figure 3B). For the TNBC sub-
type, they reported that patients with TP53 wild-type tumors 
have a worse prognosis than those with TP53 mutant tumors 
because TNBC patients do not receive hormone therapy. Our 
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*P < .05; ***P < .001.



Takahashi et al 9

results in TNBC subtype (Figure 3C) seem to differ from their 
results, but this difference could be explained by the fact that 
our analysis only included the RD group after NAC in the 
TP53 signature stratified analysis. Most of the cases in the 
pCR group are TP53 mt signature, and the impact of excluding 
favorable prognosis cases (pCR group) on the prognosis is 
greater in the TP53 mt signature group than in the TP53 wild-
type signature group.

These results showed that the TP53 signature is not only a 
predictor of treatment response to NAC but also a more accu-
rate prognostic predictor when combined with RD. In other 
words, patients with the TP53 wild-type signature have a poor 
response to NAC while having a good prognosis in both cases 
of pCR and RD. On the contrary, patients with TP53 mutant 
signature have a good response to NAC and a good prognosis 
in the case of pCR, but a poor prognosis in the case of RD. 
Recent studies have reported that the addition of postoperative 
adjuvant therapy can improve the prognosis of patients who do 
not achieve pCR after NAC.6-8 Considering this evidence 
together with our findings, we can infer that patients with the 
TP53 mutant signature would benefit from additional postop-
erative treatment among patients with RD. On the contrary, 
even among patients with RD after NAC, the prognosis of 
those with the TP53 wild-type signature group was similar to 
those with pCR, suggesting minimal benefit of additional 
postoperative chemotherapy. Although validation studies are 
needed, the current study suggests that the TP53 signature can 
not only predict pCR following NAC but also provide useful 
information when considering indications for postoperative 
adjuvant chemotherapy in patients with RD.

The current study has several limitations worth noting. 
First, TP53 gene mutations could not be evaluated because of 
the lack of data of TP53 gene mutations in the cohort used in 
this study. However, the predictability of TP53 mutations by 
TP53 signature has been well documented in previous 
reports.14,15,27 Second, this was a retrospective study that used a 
database cohort. Third, given our cohort of patients with 
HER2-negative breast cancer, we were unable to examine the 
significance of the TP53 signature in HER2-positive cases. 
Finally, prognostic data were only available for DRFS or RFS, 
while the significance of the TP53 signature for overall survival 
had not been investigated. However, the results presented 
herein showed that the TP53 signature can predict pCR, with 
the combination of pathological response (pCR or RD) and 
TP53 signature being able to accurately identify subgroups 
with poor prognosis using multiple cohorts.

Previous prospective clinical trials on NAC for T1c-
3N0-1M0/T1-3N1M0 breast cancer have been conducted in 
Japan.28-30 The present study was conducted on patients with 
T1-3/N0-1M0 breast cancer who have similar clinical charac-
teristics to the patients in these trials. Currently, we are devel-
oping a simple diagnostic method for the TP53 signature and 
are conducting a retrospective study to validate the predictive 
value of the TP53 signature for pCR in a prospective clinical 
trial cohort who had received NAC (UMIN000037505).

Conclusion
We clarified that TP53 signature is not only a predictive factor 
of pCR but also a prognostic factor of RD, and we hope that 
the TP53 signature would be able to provide useful informa-
tion that would contribute toward the optimization of periop-
erative chemotherapy.
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