
npj | breast cancer Article
Published in partnership with the Breast Cancer Research Foundation

https://doi.org/10.1038/s41523-025-00802-2

Circulating genomic landscape following
cyclin-dependent kinase 4/6 inhibitors
exposure in HR+ /HER2−metastatic
breast cancer: a retrospective multi-
institutional Consortium analysis
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Eleonora Nicolo’1, Katherine Clifton3, Marko Velimirovic6, Surbhi Warrior7, Emily Podany3,
Eleni Andreopoulou1, Mara Serena Serafini1, Laura Munoz-Arcos1, Elisabetta Molteni1,8,
Marla Lipsyc-Sharf9, CaterinaGianni10, Nadia Bayou1,11, Charles S.Dai5, DianaGiannarelli12, Emilio Bria2,13,
Cynthia X. Ma3, Aditya Bardia5,9, Carolina Reduzzi1,15 & Massimo Cristofanilli1,15

Cyclin-dependent kinase 4/6 inhibitors (CDK4/6i) plus endocrine therapy (ET) are the mainstay of
treatment for hormone receptor positive, HER2 negative (HR+ /HER2−) metastatic breast cancer
(MBC). However, disease progression is inevitable and unveiling resistance mechanisms is crucial to
guide post-CDK4/6i therapeutic strategies. In this study, we retrospectively analyzed a real-world,
multi-institutional cohort of patients with HR+ /HER2- MBC characterized by circulating tumor DNA
(ctDNA) through next-generation sequencing (NGS) before starting second-line treatment. Among 93
patients previously treated with CDK4/6i, PIK3CA (37.6%), ESR1 (46.2%) and TP53 (31.2%) were the
most altered genes. Comparing with a CDK4/6i plus ET naïve control cohort, ESR1 (p < 0.001) was
significantly associated with first-line exposure. In multivariable analyses, PTEN alterations were
independently associated with shorter progression free survival (PFS) (p = 0.008) and overall survival
(OS) (p = 0.006), while TP53 (p = 0.031), CCDN1 (p = 0.003) and the ET second-line clinician’s choice
(p = 0.011) impacted the OS. Moreover, a low-mutant allele frequency was correlated to longer PFS
(p = 0.017) and OS (p = 0.038). These findings highlight the prognostic relevance of specificmolecular
alterations and support the role of genomic profiling in guiding second-line treatment decisions after
CDK4/6i therapy. Prospective validation is warranted to confirm the clinical utility of this approach in
HR+ /HER2−MBC.
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The therapeutic approach to hormone receptor-positive, human epi-
dermal growth factor receptor 2–negative (HR+ /HER2−) metastatic
breast cancer (MBC) has been revolutionized by the introduction of
cyclin-dependent kinase 4 and 6 inhibitors (CDK4/6i), which are now
considered the standard first-line treatment when combined with
endocrine therapy (ET), consisting of either an aromatase inhibitor (AI)
or Fulvestrant1–3. Despite these advances, prognosis after progression
on CDK4/6i and ET remains poor with progression-free survival (PFS)
of 2nd line and later line therapies ranging around 4–7 months (for
standard regimens such as chemotherapy, ET or everolimus combined
therapy)4–6. The limited efficacy of treatment used after progression on
CDK4/6i could stem from multigene acquired resistance and often
empiric treatment selection, due to a lack of objective knowledge of
individualmolecular resistance factors. In the era of precisionmedicine,
the identification of resistancemechanisms and the optimal therapeutic
approach after progression onCDK4/6i and ET still represent an unmet
clinical need. This is particularly important considering that patients
will be increasingly exposed to prior CDK4/6i, due to the recent tran-
sition of CDK4/6i in earlier disease setting as adjuvant therapy for high
and moderate-risk disease7,8.

Liquid biopsy has emerged as a promising tool to identify mole-
cular circulating biomarkers to guide treatment decisions. Previous
studies revealed genomic alterations in circulating tumor DNA
(ctDNA) such as ESR1, TP53, PIK3CA, FGFR1, and RB1 as the most
frequently detected alterations following CDK4/6i exposure9–12. Beyond
the detection of single genes mutations, ctDNA analysis allows for
estimation of the overallmutational burden through the variant/mutant
allele frequency (VAF/MAF). Martinez-Saez and colleagues long-
itudinally analyzed the changes in mean VAF during CDK4/6i treat-
ment, establishing its prognostic value for the mean of all time points
and not for the single values, although no correlations were done with
subsequent line outcomes12. Based on the latest guidelines, liquid biopsy
is recommended for identification of targetable alterations (somatic
alterations in ESR1 and PIK3CA/AKT/mTOR pathway) in the clinical
management of patients withMBC progressing on CDK4/6i+ ET13. To
further evaluate the potential of liquid biopsy to direct the management
of HR+ /HER2− MBC patients progressing on first line CDK4/6i +
ET, we performed this retrospective analysis aimed at investigating the
post-CDK4/6i ctDNA genomic landscape and evaluating the prog-
nostic significance of identified circulating biomarkers in the second-
line setting.

Results
Cohort characteristics and detected gene alterations
The study cohort included 93 patients with disease progression after first
line CDK4/6i in combination with either AI or fulvestrant. The main
histologywas ductal carcinoma (N = 59; 70.2%) and 30.1% (N = 28) hadde
novo metastatic disease. The main sites of metastases were bone (N = 75;
80.6%), liver (N = 34; 36.6%), and lung (N = 20; 21.5%) (Table 1). Most of
patients, 78.5% (N = 73), were treated with an ET-based second-line
therapy (named as ET subgroup), versus 21.5% (N = 20) with a non-ET-
based therapy (named no-ET subgroup). Among the 73 patients in the ET
subgroup, the main endocrine backbone was a selective estrogen receptor
modulators (SERM)/selective estrogen receptor degrader (SERD) (N = 47;
64.4%), followed by AI (N = 24; 32.9%). In the ET subgroup, 68.5%
(N = 50) of patients received a targeted therapy (TT) combinedwith ET, in
detail 37% (N = 27) a CDK4/6i beyond progression (BP), 16.4% (N = 12) a
mTOR inhibitor and 15.1% (N = 11) a PI3K inhibitor (Table 1). In the no-
ETsubgroup themain class of drugwas chemotherapy except for 2 patients
who received a TT alone. The genomic landscape of our population was
characterized by ESR1 single nucleotide variants (SNVs) (N=43; 46.2%),
PIK3CA SNVs (N=35; 37.6%), TP53 SNVs (N=29; 31.2%), FGFR1 copy
number variations (CNVs) (N=12; 12.9%), and CCND1 CNVs (N=10;
10.8%) as the most single gene alterations detected (Fig. 1a, Table S1–S3).
Moreover, the most frequently altered genes were involved in pathways

such as ER (N = 46; 49.5%), PI3K (N = 39; 41.9%), and p53 (N = 32; 34.4%)
(Table S4). To further investigate potential molecular correlates of treat-
ment selection and response, we explored the prevalence of mutations
across the different TT classes. As expected, all the patients receiving a
PI3K inhibitor harbored a PIK3CA SNV (N = 11; 100%). Moreover, a
higher incidence of CDH1 SNVs (N = 2; 18.2%) and EGFR SNVs (N = 2;
18.2%) was also noted in this group. Among patients treated with CDK4/
6i-based therapies, KRAS SNVs were more frequently detected (N = 4;
14.9%). No statistically significant enrichment of specific mutations was
observed in the subgroup that received mTOR inhibitors in combination
with ET as second-line therapy.

Table 1 | Clinical-pathological characteristics of the overall
population, the ET, and no-ET subgroups

Total
N = 93 (%)

ET
= 73 (%)

No-ET
N = 20 (%)

P value
(Fisher
exact test)

HISTOTYPE (N = 84)

IDC 59 (70.2) 50 (68.5) 9 (45.0) 0.020

ILC 18 (21.4) 12 (16.4) 6 (30.0)

MXD 7 (8.4) 3 (4.1) 4 (20.0)

Lung (N = 93)

No 73 (78.5) 56 (76.7) 17 (85) 0.55

Yes 20 (21.5) 17 (23.3) 3 (15.0)

Liver (N = 93)

No 59 (63.4) 52 (71.2) 7 (35) 0.004

Yes 34 (36.6) 21 (28.8) 13 (65)

Bone (N = 93)

No 18 (19.4) 15 (20.5) 3 (15) 0.75

Yes 75 (80.6) 58 (79.5) 17 (85)

Lymph node (N = 93)

No 66 (71.0) 53 (72.6) 13 (65) 0.58

Yes 27 (29.0) 20 (27.4) 7 (35)

Soft tissue (N = 93)

No 82 (88.2) 68 (93.2) 14 (60.0) 0.011

Yes 11 (11.8) 5 (6.8) 6 (30.0)

CNS (N = 93)

No 92 (98.9) 73 (100) 19 (95.0) 0.21

Yes 1 (1.1) 0 (0) 1 (5.0)

De novo (N = 93)

No 65 (69.9) 50 (68.5) 15 (75.0) 0.78

Yes 28 (30.1) 23 (31.5) 5 (25.0)

ET backbone
type (N = 91)

NA

No-ET 20 (21.5) 0 (0.0) 20 (100)

AI 24 (25.8) 24 (32.9) 0 (0)

SERM/SERD 47 (50.5) 47 (64.4) 0 (0)

Other 2 (2.2) 2 (2.7) 0 (0)

TT type (N = 52) NA

PI3Ki 12 (12.9) 11 (15.1) 1 (5)

mTORi 12 (12.9) 12 (16.4) 0 (0)

CDK4/6i 28 (30.1) 27 (37) 1 (5)

Chemotherapy
(N = 93)

18 (19) 0 18 (90) NA

Bold headings indicate main categories of clinical variables; bold p-values denote statistically
significant results (p < 0.05). AI aromatase inhibitors,CDK4/6iCDK4/6 inhibitor,CNS central nervus
system, ET endocrine therapy, IDC invasive ductal carcinoma, ILC invasive lobular carcinoma,
mTORimTOR inhibitor, MXDmixed histology, N number, NA not applicable.
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Comparison between post-CDK4/6i and CDK4/6i naïve cohorts’
genomic landscape
Analyzing the control cohort of 181HR+ /HER2-patientsnaïve forCDK4/
6i and ET in the metastatic setting, the top five detected alterations were
PIK3CA SNVs (N = 54; 29.8%), TP53 SNVs (N = 52; 28.7%), FGFR1CNVs
(N = 22; 12.2%), AKT1 SNVs (N = 14; 7.7%), and EGFR CNVs (N = 14;
7.7%) (Fig. 1b). The clinical and pathological characteristics of this cohort
are summarized inTable S5. The distribution of gene alterations in the latter
cohort was compared with the post-CDK4/6i cohort and showed a sig-
nificantly higher incidence of ESR1 SNVs (46.2% vs. 6.6%, p < 0.001), and
ERSNVspathwaymutations (49.5% vs. 15.5%,p < 0.001) in thepostCDK4/
6i cohort. The low detection rate (2.2%) of BRCA1 SNVs andCHEK2 SNVs
in both the cohorts limited any meaningful inference, despite statistical
significance. Additionally, our study confirmed a doubled incidence of RB1
SNVs (3.2%vs. 1.1%) followingCDK4/6i exposure, although this increasing
was not statistically significant (Table S6–8).After multivariable logistic
regression—excluding 18 patients known to have received endocrine

therapy in the (neo)adjuvant setting in the CDK4/6i naïve cohorts to avoid
bias—and after adjustment for sites ofmetastases and de novodisease,ESR1
SNVs (Odds ratio [OR], 14.46; 95% confidence interval [CI]: 6.35–32.91;
p < 0.001) and ER SNV pathway alterations (OR, 5.86; 95% CI: 3.10–11.07;
p < 0.001) remained significantly associated with first line exposure to
CDK4/6i plus ET combination therapy (Table S9).

Impact of the genomic landscape on post-CDK4/6i cohort
survival
The median PFS (mPFS) of the study cohort was 5.6 months (95%
CI:4.1–7.1) while the median overall surival (mOS) was 23.6 months (95%
CI: 20.2–32.3). According to the type of treatment, the mPFS was
5.7 months (95% CI: 4.3–7.2) and 4.0 months (95% CI: 2.3–5.7) in the ET-
combination and no-ET subgroups, respectively. We evaluated the prog-
nostic relationships between clinical, therapeutic, and ctDNA character-
istics. With multivariable analysis, SNVs annotated in PTEN (N = 5; 5.4%)
(Fig. 2a) showed a negative prognostic impact in terms of PFS (Hazard ratio

Fig. 1 | Landscape plot of detectable alteration in ctDNA samples in the post
CDK4/6i and CDK4/6i naive cohorts. a Post-CDK4/6i cohort. b CDK4/6i-naive
cohort. The incidence of single alterations (CNV, Fus, Del, Ins, FS, Spl, PTC, and
SNV) is represented on the left, with frequency ordered by the sumof all variants in a
particular gene. Themutant allele frequency (MAF) of eachmutation is shown in the
middle. Effect (GoF, LoF, SoF) and pathogenicity (Yes, No, Ukn, Inc) of all detected

alterations are displayed on the right. CDK4/6i cyclin-dependent kinase 4/6 inhi-
bitors, CNV copy-number variation, ctDNA circulating tumor DNA, Del deletion,
FS frameshift, Fus fusion, GoF gain of function, Inc inconclusive, Ins insertion, LoF
loss of function, MAF mutant allele frequency, mut mutated, PTC premature ter-
mination codon, SNV single-nucleotide variant, SoF switch of function, Spl splicing
variant, Ukn unknown, wt wild-type.
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[HR], 3.75; 95%CI: 1.42–9.95; p = 0.008) together with the presence of liver
metastasis (HR, 2.06; 95% CI: 1.23–3.44; p = 0.006) (Table 2, Fig. 3a, c).
Meanwhile, the OSmultivariable model confirmed a prognostic role of the
SNVs annotated in TP53 (N = 29; 31.2%) (Fig. 2b) (HR,1.92; 95% CI:
1.06–3.47; p = 0.031) and PTEN (HR, 6.99; 95% CI: 2.32–21.14; p = 0.001),
CCDN1 CNVs (N = 10; 10.8%) (HR, 3.30; 95% CI: 1.48–7.35; p = 0.003),
and of the ET second-line clinician’s choice (HR, 0.42; 95% CI: 0.21–0.82;
p = 0.011) (Table 2, Fig. 3b, d-f).Cell-cycle andPI3Kpathways, togetherwith
PIK3CA SNVs, were independently associated with OS only at univariable
analysis. In the ET subgroup, mPFS according to the type of second-line
treatment was 6.7 months (95% CI: 0–13.4) for CDK4/6i BP, 5.7 months
(95%CI: 2.1–9.3) for ET single agent, 5.4months (95%CI: 4.0–6.9) for PI3K
inhibitors, and 4.1 months (95% CI: 1.4–6.7) for mTOR inhibitors. No
statistically significant differences in PFS were observed among these
treatment groups. Exploring the prognostic impact of ctDNA alterations
within the entire ET subgroup (N = 73),PTENmutationswere confirmed as
a negative prognostic factor for both PFS (HR 3.01; 95% CI: 1.16–7.83; log-
rank test, p = 0.017) and OS (HR 5.83; 95% CI: 1.95–17.41; log-rank test,
p = 0.0003).Additionally, alterations in the cell cycle pathway (HR2.82; 95%
CI: 1.08–7.39; log-rank test, p = 0.027) and CCND1 amplification (HR 3.10;
95%CI: 1.42–6.72; log-rank test,p = 0.027)were also significantly associated
with shorter OS.

MAF and NOA analyses
In our study cohort, 75 of 93 patients (80.6%) had at least one detectable
alteration by Guardant360®, of whom 59 (63.4%) were in the ET subgroup.
Considering only patients with detectable alterations, the medianMAFwas
2.1% (interquartile range [IQR] 0.4%–43.7%) while the median number of
alterations (NOA) was 3 (IQR 2–5). The patients were classified according
to the median MAF (≤2.1% or >2.1%) and NOA (≤ 3 or >3). We observed
that the detection of a low-MAF (i.e. below themedian value)was correlated
to longer PFS (mPFS 5.7 vs. 4.2 months; HR, 1.92; 95% CI:1.11–3.34; log-
rank test, p = 0.017) and OS (mOS 28.6 months vs. 18 months; HR, 1.90;
95%CI: 1.02–3.54; log-rank test, p = 0.038) (Fig. 4a, b). No association of
MAF with survival outcomes was observed when narrowing the analysis
only to the ET subgroup. Patients with low-NOA (i.e., below the median
value) experienced higher OS both in the overall population (mOS 28.8 vs
16.4months;HR, 2.24; 95%CI: 1.26–3.98; log-rank test,p = 0.033) and in the
ET subgroup (mOS 34 vs 22 months; HR, 3.04; 95%CI: 1.52–6.08; log-rank

test, p = 0.037) (Fig. 4c, d). No prognostic impact of NOA was observed in
terms of PFS.

In the CDK4/6i naïve control cohort, 144 (79.6%) of 181 patients, had
at least 1 detectable alteration by Guardant360® test. The medianMAFwas
2.1% (IQR0.9%–3%),while themedianNOAwas 2.0 (IQR1-4).Comparing
the median value of MAF and NOA between the post-CDK4/6i and the
CDK4/6i naïve control cohorts, we found, as expected, a statistically sig-
nificantly higher incidence of NOA after the selective pressure driven by the
drugs exposure (p = 0.006), while no difference was observed in terms of
MAF (p = 0.23) (Fig S1).

Discussion
To our knowledge, our study represents the first real-world comprehensive
genomic analysis after receipt of CDK4/6i as first-line treatment of
HR+ /HER2-MBC.Weaimed to evaluate the prognostic impact of ctDNA
alterationswith regards to choice of subsequent therapy,mainly represented
by FDA-approved targeted therapies. Important to keep in mind that more
than half of the population received a TT as second line; in detail, 30.1% a
CDK4/6i BP while 12.9% of patients underwent an mTOR and PI3K
inhibitors, respectively.

The genomic landscape depicted in our cohort, was characterized by
PIK3CA, ESR1 and TP53 as the most frequently mutated genes both in the
ET and no-ET subgroups, consistent with the literature14. These genes are
historically associated with endocrine resistance and some of them are now
targetable with the introduction of new targeted therapies, as seen in trials
such as EMERALD, SOLAR-1, and CAPITELLO-29115–17.

By comparing the post-CDK4/6i cohort with a CDK4/6i-naïve control
group who underwent ctDNA testing prior to the initiation of first-line
therapy formetastatic disease, we aimed to elucidate the potential impact of
drugs exposure on the accumulation of specific mutations. In line with the
recent genomic tissue analysis by Rao and colleagues18, we observed a sig-
nificantly higher incidence of ESR1 mutations following CDK4/6i + ET
exposure, along with an increased NOA. This increased amount of altera-
tions might reflect the higher tumor mutational burden (TMB) reported in
their tissue-based study. However, the absence of a matched cohort and the
retrospective nature of our data highlight the need for further validation in
larger, prospective analyses.

The median PFS ( ~ 6 months) observed in our study cohort is con-
sistent with prospective and retrospective analyses performed in the post-

Fig. 2 | Lollipop plots for PTEN and TP53 genes in the post-CD4/6i cohort. The
grey bar represents the entire protein with the different aminoacid positions. The
colored boxes are specific functional domains. On top of the lollipops the most

frequent variants are annotated as the amino acid change at that specific site.
a mutations identified in PTEN gene; b mutations identified in TP53 gene.
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CDK4/6i setting4–6. We observed that PTEN alteration was the only sig-
nificant negative prognostic factor in term of PFS (together with the pre-
sence of liver metastases) in both the study cohort and in the ET-subgroup.
Preclinical studies support the mechanism of CDK4/6i resistance driven by
PTEN loss. These studies showed that PTEN loss leads to the delocalization
of p27 from the nucleus, resulting in increased activation of bothCDK4 and
CDK219,20.

Our results align with previously reported associations between PTEN
mutations—evaluated by tissue-based next generation sequencing (NGS)
prior to CDK4/6i treatment—and shorter PFS in a similar clinical context,
among a small population of HR+ /HER2−MBC patients (6 out of 36
cases)21. Moreover, preclinical and clinical models showed that PTEN-defi-
cient cells are resistant to PIK3CA inhibitors and more sensitive to AKT
inhibition19,22,23. These data, combined with the prognostic value of PTEN
showed inour analysis, not only support the combinationof capivasertibplus
fulvestrant aspost-CDK4/6i strategy22 but also suggest that its efficacymaybe
independent from AKT mutations due to the interplay with other altered
mechanisms such asPTEN loss. Recently a large realword study showed that
PTEN loss was detected at higher rates in tissue than liquid biopsy and this
shouldalso justify the low incidencedetected inourpopulation24. Sinceonly5
patients had these mutations, prospective and larger studies are needed to
further investigate the potential predictive role of PTEN.

The detection of TP53 and PTEN mutations and CCND1 ampli-
fication impacted theOS both in univariable andmultivariable analyses.
Although it has been reported that 30–50% of HR+ /HER2− CDK4/
6i-resistant breast tumors carry TP53 mutations20, the aggressive biol-
ogy of TP53-mutant tumors—as demonstrated in both arms of the
PALOMA-3 trial25—highlights the need to explore alternative ther-
apeutic strategies. The influence of TP53 mutations on CDK4/6i
resistance is still under investigation, although recent data have asso-
ciated TP53 loss-of-function variants with poorer clinical outcomes
across multiple treatment settings and CDK4/6i agents. Preclinical
analysis suggests that TP53 loss may lead to CDK4/6i resistance by
allowing CDK2 to phosphorylate p130, which disrupts the DREAM
complex and enables cell-cycle re-entry. Dual inhibition of CDK4/6 and
CDK2 may therefore be required to overcome this resistance
mechanism in HR+ breast cancer models26. In hematologic malig-
nancies, a functional interaction between CDK6 and TP53 has also been
reported27, supporting the hypothesis that CDK4/6 inhibitors may lose
efficacy in TP53-deficient tumors.

As known, CCND1 has been implicated in the hyperactivity of the
cyclin-D-CDK4/6 pathway28,29. Recently, preclinical data supported the
targetability of CCND1 in CDK4/6i resistant model by Polo-like kinase
1(PLK1) inhibitor30 underlining the need to discover new targets, changing

Table 2 | Multivariable Cox Regression analysis in term of PFS and OS

Univariable Multivariable
PFS

Clinical-genomic variables Hazard ratio (95%CI) p Hazard ratio (95%CI) p

Cell-cycle CNVs path (ampl/ not ampl) 1.38 (0.59–3.24) 0.45

PI3K SNV path (mut/WT) 1.51 (0.91–2.52) 0.11

TP53 SNVs (mut/ WT) 1.36 (0.80–2.30) 0.26

PTEN SNVs (mut/ WT) 2.71 (1.06–6.90) 0.04 3.75 (1.42–9.95) 0.008

PIK3CA SNVs(mut/ WT) 1.38 (0.82–2.33) 0.23

CCND1 CNVs (ampl/not ampl) 1.48 (0.59–3.74) 0.41

Detectable mutation (Yes/No) 1.76 (0.91–3.40) 0.09 --

De Novo (yes/no) 1.06 (0.62–1.80) 0.83

ET second line (yes/no) 0.65 (0.35–1.19) 0.16

Lung mets (yes/no) 1.59 (0.91–2.77) 0.10 --

Liver mets (yes/no) 1.82 (1.11–2.98) 0.017 2.06 (1.23–3.44) 0.006

Bone mets (yes/no) 1.45 (0.78–2.67) 0.24

Lymph-node mets (yes/no) 1.51 (0.88–2.59) 0.13

OS

Cell-cycle CNVs path (ampl/not ampl) 2.12 (0.98–4.55) 0.05 --

PI3K SNV path (mut/ WT) 1.89 (1.06–3.36) 0.03 --

TP53 SNVs (mut/WT) 1.77 (0.99–3.18) 0.05 1.92 (1.06–3.47) 0.031

PTEN SNVs (mut/WT) 4.19 (1.46–12.03) 0.008 6.99 (2.32–21.14) 0.001

PIK3CA SNVs(mut/WT) 2.03 (1.14–3.63) 0.016 --

CCND1 CNVs (ampl/not ampl) 3.10 (1.42–6.72) 0.004 3.30 (1.48–7.35) 0.003

Detectable mutation (Yes/No) 2.40 (0.95–6.06) 0.065 --

De Novo (yes/no) 1.06 (0.62–1.80) 0.83

ET second line (yes/no) 0.47 (0.24–0.90) 0.022 0.42 (0.21–0.82) 0.011

Lung mets(yes/no) 1.71 (0.88–3.31) 0.11

Liver mets (yes/no) 1.43 (0.81–2.52) 0.22

Bone mets (yes/no) 0.98 (0.49–1.97) 0.95

Lymph-node mets(yes/no) 1.08 (0.56–2.08) 0.83

Only variables with a p ≤ 0.10 at the univariable analysis were considered for the multivariable. p-value* were reported only if < 0.05 for the multivariable analysis. MAF and NOA were excluded from the
analysis because narrowed only to the patients with at least 1 detectable alteration.
Ampl amplified, CNVs copy number variations,MAFmutant allele frequency,metsmetastasis,mutmutated, NOA number of alterations,OS overall survival, path pathway, PFS progression free survival,
SNVs single nucleotide variants,WT wild type.
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Fig. 3 | Kaplan–Meier curves of statistically significant prognostic factors for PFS
and OS in the post-CDK4/6i cohort. a mPFS according to PTEN mutation status
(33.0 vs 6.0 months, p = 0.028). bmOS according to PTEN mutation status (6.0 vs
28.6 months, p = 0.0036). c mPFS according to presence of liver metastases (3.1 vs
7.4 months, p = 0.017). d mOS according to TP53 mutation status (17.2 vs

29.8 months, p = 0.052). e mOS according to CCND1 amplification status (13.0 vs
28.8 months, p = 0.0026). fmOS according to second-line endocrine therapy (ET)
choice (28.4 vs 15.2 months, p = 0.022). ampl amplification, ET endocrine therapy,
mOS median overall survival, mPFS median progression-free survival, mutmutation,
mets metastases, OS overall survival, PFS progression-free survival, wt wild-type.
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the negative prognostic significance of these alterations into positive pre-
dictive factors.

Going beyond the single genomicmutations,MAFmay be a surrogate
of the mutation clonality and a tool for assessing tumor heterogeneity31. In
our analysis we confirmed the MAF as a robust prognostic factor for both
PFS and OS. This finding could potentially be explained by its correlation
with tumor burden, as previously demonstrated32,33.

In our study cohort, 78% of patients received an ET-based second line
treatment with a significantly positive impact on the OS. In 68.5% of cases,
ETwas administered in combinationwith aTT and in 37%of cases patients
received a CDK4/6i BP. This data supports the hypothesis that ctDNA
profiling could guide therapeutic decisions by uncovering endocrine sen-
sitivity and identifying the most effective targeted agents to overcome
resistance mechanisms. Additionally, ctDNA profiling may help identify
more aggressive disease phenotypes that could benefit from a chemother-
apeutic approach.

The large clinical use of CDK4/6i BP might have impacted the ET
prognostic value, as demonstrated in a previous analysis conducted in the
same consortium population in terms of PFS34. The phase II MANTAIN
trial tested ribociclib BP+ ET resulting in a PFS but not OS advantage.
Intriguingly, a subgroup analysis from theMAINTAIN study showed a lack
of benefit in the ESR1mutated population, and 50% of these patients had a
concomitant CCDN1 and/or FGFR1 amplification (in our study among the
most prevalent alterations)35. The PACE trial failed to demonstrate a

survival benefit from the palbociclib BP + fulvestrant combination,
although the preliminary ctDNA analysis highlighted an impact of the
mutational status on outcome36. Recently, the postMONARCHtrial was the
first phase III to show the benefit of continuing CDK4/6i BP switching the
ET backbone, for HR+ /HER2 patients not selected for biomarkers status.
At 6months, the rateof PFSwas 50% for the association ofAbemaciclib plus
Fulvestrant, with the advantage maintained across major genomic sub-
groups, including patients with ESR1 or PIK3CAmutations at baseline37.

Our study has several limitations. Firstly, the retrospective design
introduces potential selection bias. Additionally, the lack of data on expo-
sure tofirst lineCDK4/6i prevented stratification of the populationbased on
this factor. The relatively small sample size of the study cohort, along with
the heterogeneity in genomic alterations detected and types of treatments
received, limits our ability to establish a robust prognostic interplay among
these factors. Finally, the broad and dated period of enrollment limited any
hypothesis generation regarding the role of new agents such as antibody-
drug conjugates.

In conclusion, our study depicted the genomic landscape of a cohort of
MBCpatients who had disease progression after receiving CDK4/6i as first-
line treatment. The detected alterations were significantly different from
those detected in treatment naïve patients. This may impact future treat-
ment strategies most of all with the upcoming of CDK4/6i in the adjuvant
setting7,8. The introduction of Abemaciclib in the adjuvant therapeutic
algorithm for node positive - high risk patients and the extension of

Fig. 4 | Kaplain-Meier curves of MAF and NOA impact on the post-CDK4/6
inhibitor cohort.A low-MAFwas correlated to an improvedPFS (a) andOS (b) in all
post-CDK4/6i cohort. A low-NOA was correlated to an improved OS in the all-study

cohort (c) and inET- subgroup (d).The valueofMAFandNOAwas categorized in low
and high based on the median value. ET endocrine therapy,MAFmutant allele fre-
quency,NOAnumber of alterations,OSoverall survival,PFS progression-free survival.
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Ribociclib also for high risk node negative population, open the important
question of how to treat in case of early relapse these patients, and our
finding supports the needing of a genomic reassessment of the disease
coupled with a personalized therapeutic genomic-based approach.

Our findings, which confirm the prognostic significance of ctDNA
alterations, suggest that the post-CDK4/6i treatment choices could poten-
tially be guided by identifying alterations through ctDNA. Nonetheless,
furtherprospective studies arewarranted to validate the clinical utility of this
approach in the management of patients with HR+ /HER2- MBC.

Methods
Study population and design
Weretrospectively analyzed amulti-institutional cohort of 909patientswith
HR+ /HER2- MBC who underwent NGS-based plasma ctDNA testing
from January 2015 to May 2023, in real-world clinical practice, at four
academic centers inUnited States:Weill CornellMedicine (NewYork,NY),
Northwestern University (Chicago, IL), Massachusetts General Hospital
(Boston, MA), andWashington University in St Louis (St Louis, MO). The
data sharing and analysis were approved by the institutional review boards
(IRBs) of the three sites: Washington University School of Medicine (St.
Louis, MO; IRB#202101147), Northwestern University (Chicago, IL;
IRB#STU00214133), and Massachusetts General Hospital (Boston, MA;
IRB#2013P000848). Weill Cornell Medicine data were collected under an
independent IRB- approved protocol (New York, NY; IRB#1812019858).
The requirement for informed consent was waived by the IRBs for this de-
identified analysis. The studywas conducted in accordancewith the statutes
set by the Health Insurance Portability and Accountability Act and the
Declaration of Helsinki.

We limited the study cohort to 93 HR+ /HER2- metastatic patients
who received CDK4/6i in the first line setting and were candidate for a
second-line therapy as determined by the treating physician’s choice and
had an available baseline ctDNA analysis before starting a second line
treatment.Wealso included a control cohort of 181HR+ /HER2−patients
who were treatment-naïve for metastatic disease (referred to as the CDK4/
6i-naïve cohort), with baseline ctDNA analysis performed prior to the
initiation of first-line therapy as part of routine clinical practice, in order to
compare ctDNA features between the two groups.

ctDNA sample collection and analysis
Tenmilliliters (mL) of peripheral blood were collected into two Streck Cell-
Free DNA blood collection tubes (BCTs) (Streck, Inc., La Vista, NE), at the
timepoints previously described: before starting second-line therapy for the
study cohort and before starting a first line of therapy formetastatic disease,
for the control cohort. ctDNA profiling was performed using the com-
mercially available Guardant360® (Guardant Health, Inc. Redwood City,
CA,USA), a qualitative NGS-based in vitro diagnostic device that uses
targeted high throughput hybridization-based capture technology for
detection of SNVs, insertions and deletions (indels), CNVs and fusions of
both synonymous and non-synonymous alteration in up to 74 genes38–40.
Based on OncoKB database, mutations were annotated according to their
effect (loss of function, gain of function) and pathogenicity39. Only muta-
tions categorized as pathogenic were considered for the analysis. Pathway
classification was based on previously defined profiles generated on the
Cancer Genome Atlas database (i.e., RTK, RAS, RAF, MEK, NRF2, ER,
WNT, MYC, P53, cell cycle, Notch, PI3K)41. The MAF was reported and
analyzed based on the highest frequency across all mutated gene detected in
the blood samples (overall MAF).

Statistical analysis
Clinical and pathologic variables were reported using descriptive analyses.
Categorical variables were reported as frequency distributions, whereas
continuous variables were described through median and interquartile
ranges (IQRs). Chi-square or Fisher’s exact test were employed to analyze
differences in distribution across subgroup, according to sample size.
Associations between clinical characteristics and genomics alteration were

explored throughmultivariable logistic regression, inclusive of OR and 95%
CI computation.

Regarding the survival outcomes, PFSwas defined as the time from the
baseline (before starting 2nd line) ctDNAblood draw to progression or death
from any cause, whichever came first, while OS was defined as the time
from the baseline ctDNA blood draw to death from any cause. Patients
without an end-point event at the last follow-up visit were censored. Dif-
ferences in survival were tested using log-rank test and univariable and
multivariableCox regressionwith 95%CI and representedbyKaplan-Meier
estimator curves. Correction for ctDNA features, main clinical character-
istics, and type of treatment was applied to the multivariable model after
univariable testing; only variables with a p ≤ 0.10 at the univariable analysis
were considered. Only SNVs and CNVs with at least a 5% prevalence were
included in the prognostic analyses. Statistical analysis was conducted using
IBM-SPSS v. 27.0 and R v.4.1.2 software.

Data availability
De-identified data of the 358 patients will be available upon reasonable
request of the authors as the data are currently shared under a data use
agreement among the principal investigators of the four institutions with
multiple ongoing analyses and manuscripts.
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