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LETTER TO EDITOR

Homologous recombination deficiency and
glycolysis-related pathway in adjuvant chemotherapy for
triple-negative breast cancer: A genomic landscape and
biomarker assessment of the PATTERN trial

Dear Editor,
Triple-negative breast cancer (TNBC) is associated with
genome-wide instability caused by mutations in homol-
ogous recombination repair mechanism,1 and the appli-
cation of DNA-damaging compounds has been explored
for TNBC.2 Recently, we performed the PATTERN trial
(NCT01216111) to compare six cycles of paclitaxel plus
carboplatin (PCb) with a standard-dose regimen of three
cycles of cyclophosphamide/epirubicin/fluorouracil fol-
lowed by three cycles of docetaxel (CEF-T) in the adju-
vant setting of early-stage TNBC, and the result indicated
a superior efficacy of the carboplatin-containing regimen
and good tolerance to both treatments.3 In this study,
we conducted multi-omic profiling on 132 patients in the
PATTERN cohort to investigate potential biomarkers for
a more precise choice of adjuvant chemotherapy regi-
men for TNBC. We found that homologous recombina-
tion deficiency (HRD) score might serve as a biomarker
of adjuvant carboplatin-containing regimen for TNBC,
and upregulation of glycolysis and hypoxia-related path-
ways might participate in underlying mechanisms of
anthracycline/taxane-based regimen resistance.
The abovementioned 132 patients in the PATTERN

cohort have been enrolled into the Fudan University
Shanghai Cancer Center Triple-Negative Breast Cancer
(FUSCC-TNBC) program to receivewhole-exome sequenc-
ing, RNA sequencing, and copy number detection.4 We
investigated the association of multi-omic data with
relapse-free survival (RFS) to explore potential biomarkers.

Abbreviations: BCS, breast conservative surgery; BLIS, basal-like and
immune-suppressed; CEF-T, fluorouracil, epirubicin, and
cyclophosphamide followed by docetaxel; FUSCC, Fudan University
Shanghai Cancer Center; HRD, homologous recombination deficiency;
IM, immunomodulatory; IQR, interquartile range; LAR, luminal
androgen receptor; MES, mesenchymal-like; PCb, paclitaxel and
carboplatin
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Figure S1 shows the distribution of cases enrolled. Table
S1 demonstrated characteristics of the PATTERN cohort
and the patients involved. Additional transcriptomic data
of 165 TNBC patients who received anthracycline/taxane-
based chemotherapy in the Molecular Taxonomy of Breast
Cancer International Consortium (METABRIC) database
were analyzed for external validation. Table S2 illustrates
the characteristics of these patients.
Clinicopathologic and molecular characteristics were

similar between the two arms (Figure 1 and Table 1).
FUSCC subtype composition of this cohort was similar to
that of the whole FUSCC-TNBC cohort (Figure 1A). TP53
(76.4%), PIK3CA (18.0%), KMT2C (9.0%), PTEN (6.7%), and
NF1 (5.6%) were the most frequently mutated genes (Fig-
ure 1B). HRD-related signatures (signature 3 and 8) and
clock-like signatures (signature 1 and 5) were the domi-
nant mutational signatures (Figure 1C).5,6 Furthermore,
115 cases in this cohort with copy number-based HRD
score, which has been reported to be a potential predictor
for a platinum-containing regimen, had a median value of
26.0 (Figure 1D).7
Subsequently, we investigated the predictive effect of

HRD score and HRD-related mutational signature. We
found the interaction of HRD score and the two different
chemotherapy regimens for RFS was significant (interac-
tion p = 0.01), while there was no statistically significant
interaction between HRD-related mutational signature
and different treatments (interaction p = 0.19). Then,
patients were sorted by their HRD score value regardless
of the regimen. In patients with values above the median,
PCb was associated with significantly longer RFS com-
pared with CEF-T (Figure 2A hazard ratio [HR] = 0.30,
95% confidence interval [CI] 0.09–0.95, p = 0.03), while
no evidence of different efficacy was found in the patients
with lower HRD scores (Figure 2B HR = 1.53, 95% CI
0.59–3.96, p = 0.38). Consistently, within the PCb cohort,
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TABLE 1 Clinicopathologic and genomic characteristics by treatment cohorts

All patients
(n = 132) CEF-T (n = 69) PCb (n = 63)

Characteristics No. % No. % No. % p value
Age at diagnosis
Median (IQR), years 53 (47–60) 52 (45–57) 54 (49–62) 0.83

Pathologic tumor size
pT1 55 41.7 35 50.7 20 31.7 0.03
pT2–pT3 77 58.3 34 49.3 43 68.3

Nodal status
Negative 77 58.3 41 59.4 36 57.1 0.79
Positive 55 41.7 28 40.6 27 42.9

Histological grade
I–II 31 23.5 13 18.8 18 28.6 0.19
III 101 76.5 56 81.2 45 71.4

Ki67 proliferation index
≤14% 12 9.1 7 10.1 5 7.9 0.66
> 14% 120 90.9 62 89.9 58 92.1

Surgery
BCS 25 18.9 12 17.4 13 20.6 0.64
Mastectomy 107 81.1 57 82.6 50 79.4

Adjuvant radiation
Yes 58 43.9 28 40.6 30 47.6 0.42
No 74 56.1 41 59.4 33 52.4

HRD score
Median (IQR) 26.0 (–10.5 to 42.6) 16.3 (–16.2 to 38.1) 28.9 (2.8–48.0) 0.08

Intrinsic subtype
Basal-like 79 59.8 44 63.8 35 55.6 0.54
Others 24 18.2 11 15.9 13 20.6
Unknown 29 22 14 20.3 15 23.8

FUSCC subtype
BLIS 35 26.5 20 29 15 23.8 0.70
IM 31 23.5 18 26.1 13 20.6
LAR 23 17.4 10 14.5 13 20.6
MES 14 10.6 7 10.1 7 11.1
Unknown 29 22 14 20.3 15 23.8

TP53
Mutated 68 51.5 33 47.8 35 55.5 0.19
Wildtype 19 14.4 13 18.8 6 9.5
Unknown 45 34.1 23 33.3 22 34.9

PIK3CA
Mutated 16 12.1 9 13 7 11.1 0.79
Wildtype 71 53.8 37 53.6 34 54
Unknown 45 34.1 23 33.3 22 34.9

KMT2C
Mutated 8 6.1 2 2.9 6 9.5 0.14
Wildtype 79 59.8 44 63.8 35 55.6
Unknown 45 34.1 23 33.3 22 34.9

(Continues)
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TABLE 1 (Continued)

All patients
(n = 132) CEF-T (n = 69) PCb (n = 63)

Characteristics No. % No. % No. % p value
PTEN
Mutated 6 4.5 2 2.9 4 6.3 0.42
Wildtype 81 61.4 44 63.8 37 58.7
Unknown 45 34.1 23 33.3 22 34.9

patients with HRD score above the median had a border-
line significantly better RFS than the rest (HR = 0.36, 95%
CI 0.11–1.19, p = 0.08), while no significant difference in
RFS was detected in the CEF-T cohort (HR = 1.81, 95% CI
0.72–4.53, p = 0.20).
Although HRD is reversible, mutational signatures

would not disappear, even if the defect is no longer active.8
Patients were also sorted by their HRD-related mutational
signature value regardless of the regimen. There was a
borderline significant difference in RFS between the PCb
arm and the CEF-T arm in patients whose values were
above the median (Figure 2C HR = 0.26, 95% CI 0.06–1.20,
p = 0.06), while the outcome of the two cohorts was sim-
ilar in the rest (Figure 2D HR = 0.97, 95% CI 0.31–3.04,

p = 0.96). No significant difference in RFS was observed
between the patients with values above the median and
patients with values below the median in the PCb cohort
(HR= 0.39, 95%CI 0.08–1.95, p= 0.24) or the CEF-T cohort
(HR = 1.61, 95% CI 0.56–4.63, p = 0.37).
Additionally, we also investigated the predictive effect of

the intrinsic subtype and the FUSCC subtype.Multivariate
analyses based onHRD score andHRD-relatedmutational
signaturewere also conducted, and the resultswere consis-
tent with the univariate analysis (Table S3).
Furthermore, taking advantage of the RNA sequencing

data, we found a couple of hypoxia and glycolysis-related
pathways associated with inferior prognosis in the CEF-
T cohort (Figure 3A). This finding was validated in the

CEF-T PCb
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F IGURE 1 Genomic landscape by treatment cohorts. (A) One hundred and thirty-two triple-negative breast cancer samples with
mutation and RNA sequencing data are ordered by somatic mutation status. (B) Known cancer-related genes10 that were mutated in at least
5.5% of the cases (upper) or differentially mutated per mRNA subtypes (lower). (C) Mutational signatures and (D) HRD score of the enrolled
patients. Abbreviations: BLIS, basal-like and immune-suppressed; CEF-T, fluorouracil, epirubicin, and cyclophosphamide followed by
docetaxel; FUSCC, Fudan University Shanghai Cancer Center; HRD, homologous recombination deficiency; IM, immunomodulatory; LAR,
luminal androgen receptor; MES, mesenchymal-like; PCb, paclitaxel and carboplatin
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F IGURE 2 Survival analyses of potential biomarkers. (A) Survival analysis of patients with high HRD scores. (B) Survival analysis of
patients with low HRD scores. (C) Survival analysis of patients with high HRD-related mutational signature. (D) Survival analysis of patients
with low HRD-related mutational signature. Abbreviations: CEF-T, fluorouracil, epirubicin, and cyclophosphamide followed by docetaxel;
HRD, homologous recombination deficiency; PCb, paclitaxel and carboplatin

TNBCpatientswho received chemotherapy inMETABRIC
(Figure 3B). Moreover, upregulation of the gene set vari-
ation analysis score of Reactome glycolysis, a representa-
tive pathway regarding hypoxia and glycolysis, predicted
inferior RFS in patients receiving CEF-T (Figure 3C, left,
HR = 3.43, 95% CI 1.37–8.60, p = 0.01), but not in those
receiving PCb (Figure 3C, middle, HR= 0.47, 95% CI 0.10–
2.23, p = 0.33). Association of Reactome glycolysis with
worse RFS was also validated in the TNBC patients who
received chemotherapy in METABRIC (Figure 3C, right,
HR = 1.72, 95% CI 1.08–2.73, p = 0.02).
In our study, PCbwas related to significantly longer RFS

in patients with high HRD score, reflecting an adjuvant
carboplatin-containing regimenmight bringmore benefits
to the TNBC population with high HRD status. By exam-
ining the HRD score, the candidate population for adju-
vant carboplatin-containing regimen can be expanded.
Consistently, a borderline significant difference in RFS
was detected between the two arms in patients with high
HRD-related mutational signature. Considering the lim-
ited number of cases involved, we believed that studies
with a larger sample size are necessary to determine its
effect.
Association between upregulation of glycolysis and

hypoxia-related pathways and inferior prognosis in the
CEF-T cohort was observed, and similar results were

validated in METABRIC. Metabolic reprogramming is
a major hallmark of tumor cells, and chemotherapy-
resistant TNBC cells usually display an enhanced gly-
colytic phenotype.9 Our findings suggest that tumor
cells are possible to develop resistance to anthracy-
cline/taxane regimen through transforming their expres-
sion of metabolic pathways. Thus, application of glycolytic
inhibitors could become a potential treatment strategy to
adopt.
In conclusion, the HRD score may serve as a biomarker

to predict the efficacy of an adjuvant carboplatin-
containing regimen for TNBC. Upregulation of glycolysis
and hypoxia-related pathways was associated with inferior
prognosis of patients treated by adjuvant anthracy-
cline/taxane regimen. Whether metabolic alterations
participate in resistance needs to be further studied, and
relevant treatment strategies are worth exploring.
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F IGURE 3 Expression of transcriptomic pathways and survival analyses. (A) Hazard ratio of the gene sets in the PCb and CEF-T
cohorts. (B) Patients in the PCb group and the CEF-T group were ordered by a representative pathway concerning hypoxia and glycolysis.
(C) Survival analysis of the Reactome glycolysis GSVA score in our CEF-T cohort (left), PCb cohort (middle), and the METABRIC cohort
(right). Abbreviations: CEF-T, fluorouracil, epirubicin, and cyclophosphamide followed by docetaxel; GSVA, gene set variation analysis;
METABRIC, Molecular Taxonomy of Breast Cancer International Consortium; PCb, paclitaxel and carboplatin
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