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The phosphatidylinositol-3-kinase (PI3K)/AKT/mammalian target of rapa-

mycin (mTOR) pathway is frequently activated in HER2-negative breast

cancer and may play a role in taxane resistance. The phase IB/II TAKTIC

trial (NCT01980277) has shown that combining a dual AKT and p70 ribo-

somal protein S6 kinase (p70S6K) inhibitor (LY2780301) taken orally with

weekly paclitaxel in HER2-negative advanced breast cancer is feasible, with

preliminary evidence of efficacy. We wanted to explore whether circulating

tumor DNA (ctDNA) may be a surrogate marker of treatment efficacy in

this setting. Serial plasma samples were collected and cell-free DNA was

sequenced using low-coverage whole-genome sequencing, and analysis was

completed with droplet digital polymerase chain reaction (PCR) for some

patients with driver mutations. Baseline tumor fraction (TF) and TF after

7 weeks on treatment were compared to progression-free survival (PFS)

and the overall response rate. We also explored circulating copy number

alterations associated with treatment failure. Of the 51 patients enrolled in

the TAKTIC trial, at least one plasma sample was available for 44 cases

(96 timepoints). All patients with tumor TP53, PI3KCA, or AKT1 muta-

tions harbored at least one of these alterations in plasma. TF at inclusion

was correlated with PFS (6m-PFS was 92% for ctDNAneg patients vs

68% for ctDNApos cases; hazard ratio [HR] = 3.45, 95% confidence inter-

val [CI] [1.34–8.90], P = 0.007). ctDNA status at week 7 was not correlated

with prognosis. Even though most circulating copy number alterations

were conserved at disease progression, some genomic regions of interest

were altered in post-progression samples. In conclusion, ctDNA detection
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at baseline was associated with shorter PFS in patients included in the

TAKTIC trial. Plasma-based copy number analysis may help to identify

alterations involved in resistance to treatment.

1. Introduction

Metastatic breast cancer (MBC) is the second cause of

death by cancer in women in Western countries [1].

Despite recent advances, treatment for MBC is still

palliative and the 5-year survival rate for MBC

remains low (26%) [2]. The phosphatidylinositol-3-

kinase (PI3K)/AKT/mammalian target of rapamycin

(mTOR)-pathway is frequently activated in HER2-

negative breast cancer [3]. It is associated with breast

carcinogenesis, endocrine receptors positivity, survival,

and resistance to endocrine therapies [4,5]. Moreover,

it may play a role in resistance to chemotherapy,

including taxanes that are among the main cytotoxic

drugs used for MBC [6].

To date, alpelisib is the only treatment targeting

PI3K that has been described to improve MBC sur-

vival in combination with endocrine therapy [7]. Its

efficacy is restricted to PI3KCA mutated tumors.

Other compounds targeting this pathway are under

development, including AKT inhibitors [8].

LY2780301, a dual inhibitor of p70 S6 kinase and

AKT, has been shown to be safe as monotherapy [9],

as well as in association with gemcitabine in patients

with advanced solid tumors harboring PI3K/AKT/

mTOR pathway alterations [10]. In the latter trial, the

response rate was low, with only two patients (5% of

the whole population) achieving a partial response.

Nevertheless, the TAKTIC phase IB/II trial has

recently reported a promising objective response rate

(ORR) of 64% in combination with chemotherapy in

HER2-negative MBC [11]. Other AKT inhibitors have

been explored to treat breast cancer. The ipatasertib-

paclitaxel combination failed to improve the pathologi-

cal response rate after neoadjuvant therapy for early

triple-negative breast cancer (TNBC), but led to better

survival in metastatic TNBC [12,13]. Capivasertib did

not improve progression-free survival (PFS) nor in the

overall population, neither in PIK3CA-mutated tumors

when combined with paclitaxel in HER2-negative,

estrogen receptor-positive MBC [8]. However, it

improves PFS in association with paclitaxel in meta-

static TNBC and with fulvestrant in estrogen receptor

(ER)-positive tumors [14,15]. In these trials, discrepant

results have been observed concerning P3K/AKT/

mTOR pathway alterations ability to predict AKT

inhibitors efficacy [8,14,15].

Molecular alterations identification using circulating

tumor DNA (ctDNA) can be used to monitor treat-

ment efficacy. This has been proven for many tumor

localizations such as breast, colon, or lung cancers.

For breast cancer, it has been shown that ctDNA evo-

lution rates are more sensitive to detect disease modifi-

cations than the currently used serum markers such as

Ca15-3 [16,17]. Similar results had been published for

lung [18] and colorectal cancers [19]. CtDNA is also

routinely used as a predictive marker for some sub-

populations such as EGFR-mutated lung cancer for

which EGFR inhibitors can be administered based on

plasma analysis [20]. Concerning MBC, the US Food

and Drug Administration approved both alpelisib and

a companion diagnostic test (therascreen PIK3CA

RGQ PCR Kit, Qiagen, Chatsworth, CA, USA) to

detect PIK3CA mutations in tumor and/or plasma

samples. Plasma analyses of the SOLAR1 trial indeed

showed that alpelisib efficacy can be predicted by the

PIK3CA mutation status in plasma [21].

The aim of this work was to assess the predictive

value of ctDNA monitoring for patients receiving

LY2780301-paclitaxel for HER2-negative MBC. Our

primary objectives were to correlate prognosis with the

ctDNA status at inclusion and to assess the predictive

value of ctDNA after 7 weeks on treatment. Using

low-coverage whole-genome sequencing at both base-

line and progression, we also aimed to detect emerging

alterations involved in resistance to treatment.

2. Materials and methods

2.1. Patients’ selection and study design

All patients analyzed in this work were included in the

TAKTIC-IPC 2012-008 study (N°EUDRACT 2013-

000585-12, NCT01980277) and gave their consent for

participating to ancillary studies. TAKTIC was a two-

step trial. The phase IB aimed to determine the recom-

mended phase II dose (RP2D) of LY2780301 in com-

bination with paclitaxel for patients with locally

advanced or metastatic HER2-negative breast cancer.

Phase II focused on patients in the first-line setting

and aimed to estimate the best ORR of this combina-

tion in the overall population and in patients with acti-

vation of the PI3K/AKT/S6 pathway. Details of
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inclusion criteria, treatment regimen, and clinical

results can be found elsewhere [11]. Details of tumor

genomic analysis can also be found in the article

related to the main clinical endpoints of the TAKTIC

trial. This post-hoc prespecified ancillary study was

focused on ctDNA analysis of prospectively collected

samples with annotated clinical data.

2.2. Plasma samples collection and cell-free DNA

extraction

Peripheral blood was collected in four 5 mL EDTA tubes

at inclusion or cycle 1 day 1 (C1 D1), at C3 D1 (i.e., after

7 weeks of treatment), and at end of treatment (with a

maximum of 18 months after treatment initiation).

Plasma was separated within 2 h after venipuncture and

stored at –80 °C. Cell-free DNA (cfDNA) was isolated

from plasma using the Maxwell (Promega, Madison, WI,

USA) and Maxwell RSC circulating cell-free DNA

Plasma Kit (Promega) and quantified by the Qubit fluo-

rometer (QuBit HS dsDNA kit; Thermo Fisher Scientific,

Waltham, MA, USA), according to the manufacturers’

instructions. Cell-free DNA was then stored at –20 °C
before further analyses.

2.3. Low-coverage whole-genome sequencing

We explored copy number abnormalities using low-

coverage whole-genome sequencing analysis (LC-WGS).

Libraries were constructed using a commercially avail-

able Diagenode kit (MicroPlex Library Preparation Kit

v2, Diagenode, Li�ege, Belgium) in accordance with the

manufacturer’s instructions. The cfDNA input was 5 ng

per library preparation. The quality and quantity of each

library were evaluated by the Agilent 2200 TapeStation

System (Agilent HS D1000 Assay Kit; Agilent, Santa

Clara, CA, USA) and the Qubit Fluorometer (Qubit

dsDNA BRAssay Kit; Thermo Fisher Scientific), respec-

tively. Each library was then reduced to four nanomolar

before being pooled in equimolar amounts (12 libraries

per mix). All library mixes were sequenced on a Next-

Seq500 Next Generation Sequencer (NGS) from Illumina

(San Diego, CA, USA) with an average depth of cover-

age of 0.49, generating readings of 2*75 base pairs (bp).

We then determined the cfDNA fraction from tumor

cells (TF, tumor fraction) for each timepoint. Reads were

aligned with the human reference genome (hg19) using

BWA software (v. 0.7.15-r1140). Alignment was then pro-

cessed to remove the duplicate sequences with the PICARD

software (v. 2.9.2). A wig file containing the number of

reads for regular intervals of 50 000 bp was generated

with the READCOUNTER software. Finally, TF evaluation

was obtained using the ICHORCNA software (v. 0.3.2,

Broad Institute, Cambridge, MA, USA). All LC-WGS

experiments were performed in simplicate.

For each sample, the genomic profile was estab-

lished. To identify recurrent copy number alterations,

we used the Genomic Identification of Significant Tar-

gets in Cancer (GISTIC) 2.0 algorithm [22], calculated

by multiple random iterations, with an amplification/

deletion threshold >0.1, confidence level 0.90, and a

corrected threshold probability q < 0.25. We computed

the percentage of concordance between baseline and

progression for each significant region. Gained regions

were consistent if gained in both samples (copy num-

ber ≥3), and lost regions were consistent if lost in both

samples (copy number ≤1). Recurrent altered regions

in progression samples were identified by exploring the

number of discrepancies between baseline and progres-

sion, and P-values were computed with a bootstrap

procedure.

2.4. Single nucleotide mutations analyses

Cell-free DNA was also assessed by digital droplet

polymerase chain reaction (ddPCR) (Bio-Rad QX200,

Hercules, CA, USA) according to the manufacturer’s

instructions. Somatic tumor mutations had been

explored using panel-based sequencing on tumor sam-

ples collected at inclusion as previously described

[11,23]. We selected cases with mutations identified in

PI3KCA hotspots (p.R88Q, p.E542K, p.E545K,

p.H1047L, and p.H1047R), AKT1 hotspot (p.E17K),

and TP53. Selected mutations were used for ctDNA

monitoring using ddPCR. Each timepoint was ana-

lyzed at least in duplicate. Reactions were assembled

with 10 µL Bio-Rad ddPCR supermix for probes,

2 µL mutation assay (1 µL each for the mutated and

wildtype sequence) and 9 µL DNA and water volume.

The reaction was partitioned into a maximum of

20 000 droplets on a Bio-Rad AutoDG. The generated

droplets were transferred to a 96-well PCR plate. After

thermal-cycling (95 °C 10 min [1 cycle], 94 °C 30 s

[ramp rate 2 °C�s–1, 40 cycles], 60 °C 1 min [ramp rate

2 °C�s–1, 40 cycles], 98 °C 10 min [1 cycle], and 4 °C
hold), the 96-well PCR plate was loaded on a Bio-Rad

QX200 droplet reader and ddPCR data were analyzed

with QUANTASOFT analysis software (v. 1.7.4, Bio-Rad,

Hercules, CA, USA). The results were reported as per-

centage or fractional abundance of target mutant

DNA alleles to total (mutant plus wildtype) DNA alle-

les. Data from multiple wells were combined for

mutant allele fraction (MAF) analysis and a minimum

of two droplets positive for the mutant allele was

required to call a positive timepoint, as previously rec-

ommended [24].
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2.5. Statistical analyses

Patient characteristics were summarized by frequency

counts and percentages for categorical variables and

medians and ranges for continuous variables.

Response to LY2780301 paclitaxel combination was

assessed according to RECIST 1.1 criteria [25]. The 6-

month ORR was defined as at least one partial or

complete response measured within the first 6 months

after treatment initiation. The 6-month clinical benefit

rate was defined as at least one partial or complete

response at 6 months after initiation of treatment or

disease stabilization during the first 6 months of treat-

ment. Circulating tumor DNA status at baseline was

defined as positive if TF > 0 and negative if TF = 0.

Correlation of response to treatment with ctDNA sta-

tus at baseline (ctDNA positive vs no detection),

ctDNA status after 7 weeks on treatment (TF

decreased to 0 or remained stable to 0 vs TF remained

>0 or became >0) and PI3K/AKT/PTEN pathway

alteration in baseline plasma (PI3KAKT+ vs

PI3KAKT–) was assessed using Fisher’s Exact Test.

The same statistical test was used for comparisons

with categorical clinicopathological features and the

rank-Wilcoxon’s test for continuous features.

Progression-free survival (PFS) was defined as the

delay between the measurement of interest variable

(C1D1 for baseline TF status and PI3K/AKT/PTEN

pathway alteration in baseline plasma; ctDNA status

at week 7 [or C3D1]) and disease progression or death

from any cause. Patients lost to follow-up or without

any event were censored at the date of last contact.

PFS probabilities were estimated using the Kaplan–
Meier method and subgroups were compared by the

log-rank test. Multivariable Cox proportional hazards

regression was used to evaluate potential prognostic

factor significance. Hazard ratios (HRs) with their

95% confidence interval (95% CI) were provided and

the null assumption (HR = 1) was assessed using the

Wald’s test. The statistical analyses were carried out

using SAS v. 9.4 (SAS Institute, Cary, NC, USA) with

a nominal level of statistical significance (two-tailed)

set to 0.05. and R (v. 3.5.1; http://www.cran.r-project.

org/). This study was conducted in compliance with

the Reporting recommendations for tumor marker

prognostic studies (REMARK) criteria [26], see

Table S1. NGS, aCGH, and LC-WGS sequencing data

are available in Tables S2–S4.

2.6. Ethics considerations

As required by the French regulation, the study proto-

col was approved by both an Ethics Committee

(Comit�e de Protection des Personnes Sud M�editerran�ee

I) and the French Agency Health authority (ANSM)

and was registered as required (N°EUDRACT 2013-

000585-12, NCT01980277). Patients were enrolled after

signature on a written informed consent. All proce-

dures were done in accordance with the 2008 Helsinki

Declaration.

3. Results

3.1. Circulating tumor DNA detection and

correlation with outcome

Patients enrolled in the TAKTIC trial were included in

five French cancer centers between January 2014 and

June 2017. For patients enrolled in the phase II part,

median follow-up was 11.4 months (95% CI, 7.9–17).
Six-month ORR was 63.9% (90% CI, 48.8–76.8) in

the overall phase II population, and 55% (90% CI,

35–73.7) in patients with activation of the PI3K/AKT/

S6 pathway. Median PFS was 10.6 months (95% CI,

7.6–17.1) and the 6-month clinical benefit rate was

80.6% (95% CI, 63.4–91.2). Clinical characteristics are
summarized in the related clinical article [11]. Charac-

teristics of the population (44 patients) analyzed in this

ancillary study were comparable to that of the clinical

cohort (Table 1).

Among these 44 patients with at least one plasma

sample (including a C1 D1 sample) available with cell-

free DNA of adequate quantity/quality, 12 had been

treated in the phase IB part and 32 in the phase II

part (Fig. 1). The median cell-free DNA concentration

was 9.75 ng�mL–1 at baseline (range 2.2–579.6). It was
similar at C3D1 (8.57 ng�mL–1; P = 0.68, Wilcoxon

test baseline vs C3D1), but tended to be higher at pro-

gression (16.34 ng�mL–1; P = 0.07, Wilcoxon test

C3D1 vs progression).

Out of all patients with plasma available, 17 har-

bored tumor mutations involving PIK3CA hotspots,

AKT1 hotspots, or TP53. Ten displayed a tumor

PIK3CA hotspot mutation. Five PIK3CA wildtype

cases had a TP53 mutation that could be used for

ctDNA monitoring. Two of them also displayed AKT1

E17K mutations and two others were PIK3CA wild-

type/TP53 wildtype/AKT1 mutated. At least one of

these mutations was identified in plasma for all but

two patients with cell-free DNA available at baseline.

In cases with PIK3CA, AKT1, or TP53 mutations,

plasma MAF assessed by ddPCR and TF from LC-

WGS were correlated (R = 0.68, P = 0.002). When

mutations were detected both in plasma and tumor,

plasma MAF (defined by ddPCR) was correlated with
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tumor MAF assessed by tumor sequencing (R = 0.75,

P = 0.03).

As ddPCR analyses were not available in all cases,

and in order to be consistent through the whole set,

we considered as ctDNA-positive all samples with

TF > 0 according to LC-WGS. Twenty-seven of the

40 patients (67.5%) with baseline plasma samples

available had TF > 0. Four more patients with TF = 0

had positive ddPCR assays (Table S5). Clinical and

pathological features of patients with positive ctDNA

at baseline were similar to those of ctDNA-negative

cases (Table S6).

Ct-DNA status at baseline was not predictive of

response to paclitaxel-LY2780301. Eighteen of 26

(69.2%) ctDNA-positive patients experienced an objec-

tive response under treatment vs 7 of 13 (53.8%)

ctDNA-negative cases, (P = 0.48). ORR data were

missing for one ctDNA-positive patient. Similar results

were observed concerning the clinical benefit rate: 69%

vs 77% (P = 0.72). However, baseline ctDNA

detection was associated with PFS. The 6-month PFS

rate was 92% (95% CI, 57–99) for ctDNA-negative

patients vs 68% (95% CI, 46–83) for ctDNA-positive

patients (HR = 3.45; 95% CI [1.39–8.56], Fig. 2). Sim-

ilar results were observed by adding ddPCR results to

cases with baseline TF = 0 (data not shown). Multi-

variate analysis including hormone receptors expres-

sion status, number of metastatic sites, the presence

of visceral metastasis, and baseline ctDNA status

showed that baseline ctDNA status was an indepen-

dent prognostic marker (Table 2). Adding baseline

cfDNA levels to this analysis showed that cfDNA

was not prognostic in our cohort without modifying

the ctDNA value (data not shown).

Circulating tumor DNA negative status after

7 weeks on treatment was observed for 10 patients:

41.5% of cases with both baseline and C3D1 samples

available and ctDNA-positive status at baseline.

CtDNA-negative status at C3D1 was not associated

with response to treatment. Patients who were ctDNA-

negative at C3D1 had an ORR of 55.6% compared to

73.3% for patients who were still or became ctDNA-

positive (P = 0.47). This parameter was also not corre-

lated with clinical benefit (P = 1) or with PFS

(P = 0.65, Fig. S1). Limiting ctDNA kinetics assess-

ment (week 7 vs baseline) to patients with ctDNA

detected at inclusion led to similar results concerning

response to treatment: P = 1 for 6m-ORR and 6m-

CBR. CtDNA clearance was not a significant prognos-

tic marker in this small subset (N = 23, P = 0.23;

HR = 1.74 [0.71–4.31]). Additional plasma analysis

showed that plasma TF was rising at the time of

tumor progression, with a positive predictive value of

86% (Fig. 3).

3.2. Qualitative ctDNA assessment by low-

coverage whole-genome sequencing

3.2.1. Genomic profiles identified by LC-WGS

Analysis of copy number alteration profiles of baseline

LC-WGS samples identified several regions with gain/

amplification or loss/deletion (Fig. S2). We observed

amplification of the 10q11 region including MAPK8

and the 8q11-q24 region including MYC, CCNE2,

CCN3, and E2F5, all involved in cell cycle and prolif-

eration. Regions of chromosomes 1q (VANGL2), 17q

(MAP2K6, BIRC5, CCL2, PRKCA, BRIP1), and 7p

(HOXA1, HOXA5) were also frequently amplified

(Table S7). Major tumor suppressor gene losses were

also observed, including FOXP1 (3p13), RB1 (13q14),

and TP53 (17p13). Plasma genomic profiles were close

Table 1. Clinical and molecular characteristics of patients included

in the clinical and ancillary cohorts of the TAKTIC trial. Data are

expressed as N (%) unless otherwise specified.

Clinical cohort Ancillary cohort

Number of patients 48 44

Median age (years, range) 51 [29–75] 52.50 [34–75]

Hormone receptor (HR) status

Negative 3 (6.4) 3 (6.8)

Positive 44 (91.7) 40 (93.2)

Missing data 1 1

Disease stage at inclusion

Metastatic 48 (100.0) 44 (100.0)

Metastatic sites

Visceral 43 (89.6) 40 (90.9)

Nonvisceral 5 (10.4) 4 (9.1)

Number of metastatic sites

< 3 24 (50.0) 23 (52.3)

≥ 3 24 (50.0) 21 (47.7)

Activation of the PI3K/AKT pathway

PI3KAKT+ 22 (53.7) 18 (48.7)

PIKAKT– 19 (46.3) 19 (51.3)

Missing data 7 7

PI3KCA mutation (NGS and/or Sanger)

Yes 12 (29.3) 11 (29.7)

No 29 (70.7) 26 (70.3)

Missing data 7 7

AKT1 mutation (NGS and/or Sanger)

Yes 5 (12.2) 4 (10.5)

No 36 (87.8) 33 (89.5)

Missing data 7 7

Absence of PTEN expression by IHC or PTEN loss by array-CGH

No 36 (85.7) 33 (86.8)

Yes 6 (14.3) 5 (13.2)

Missing data 6 6
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to their tumor counterparts. CNA profiles of cases

with positive TF at baseline clustered with the corre-

sponding tumors (Fig. 4). The correlation coefficient

(R = 0.61) suggests a correlation between plasma and

tumor CNA profiles, but should be interpreted with

caution due to the limited sample size of this subset.

Fig. 1. Study flow diagram detailing the patients included in this ancillary analysis and the number of samples evaluated at each timepoint.

Fig. 2. Kaplan–Meier curves for progression-free survival (PFS) according to baseline circulating tumor fraction (TF). Patients with TF > 0

(red line) display a worse PFS than patients with TF = 0 (blue line). Wald test P-value.
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3.2.2. PI3K/AKT/mTOR pathway alterations can be

assessed by LC-WGS

As the TAKTIC trial explored the efficacy of an

AKT/S6-inhibitor, we focused LC-WGS analyses on

genes involved in the PI3K/AKT/mTOR pathway.

Nine patients had PTEN loss in plasma at baseline. Of

them, we retrieved all five patients classified as PTEN-

negative in tumor (by IHC or aCGH). Two were clas-

sified as PTEN-positive in tumor tissue, suggesting

that MBC from these patients may be heterogeneous

and/or PTEN loss could be subclonal. Baseline tumor

status was not available for two cases.

Thirty-one of 40 (77.5%) cases with baseline plasma

sample available displayed circulating copy number alter-

ations of genes involved in the PI3K/AKT/mTOR path-

way. Regions altered in at least 15 cases involved

PIK3R2 and STK11 (19p13), PIK3C2B (1q32), AKT3

(1q44), TSC1 (9q34), RPS6KB1 (17q23), and AKT1

(14q32). Fifteen cases displayedAKT1 gain/amplification

in plasma, 22 STK11 loss, 9 PIK3CA gain, and 7 mTOR

or RPS6KB1 gain. Of note, there was a good correlation

between plasma and tumor genomic profiles when focus-

ing on genes involved in the PI3K/AKT/mTOR pathway

(Fig. S3). The highest correlations were found for

PIK3CA (100% accuracy), PIK3R1 (85% accuracy),

PTEN, FBXW7, PIK3C2B, and PIK3CB (77% accu-

racy); see Fig. S4. Amajority of genes classified as discor-

dant between tumor and plasma had circulating CNAs

not observed in tumor (57% vs 43%).

Detection of at least one PI3K/AKT/PTEN pathway

alteration in baseline plasma sample was not correlated

with response to treatment when assessed alone

(P = 0.70) or in combination with tumor status (PIK3CA

or AKT1 mutations or PTEN deletion, P = 1). PFS was

also not significantly associated with plasma PI3K/AKT/

PTEN pathway status (HR = 0.48, 95%CI [0.18–1.27]).

3.3. LC-WGS can identify CNAs emerging at the

time of tumor progression

To explore CNAs potentially associated with sec-

ondary resistance to paclitaxel-LY2780301 treatment,

we compared the CNA profiles of plasma samples at

inclusion and at progression for patients with both

samples available (N = 15) using the GISTIC tool.

Main alterations identified at inclusion were also

detected at progression. Seventy-five percent of CNAs

identified at baseline were still observed at progression

(Fig. S5). Losses were significantly more frequently

conserved than gains (median = 83.3% vs 71.4%,

P = 0.0077, Wilcoxon test).

Among the alterations more common in post-

progression samples, we identified losses of 3p21 and

3p13 regions including SETD2 and FOXP1 and gains

of the 1q41 (TGFB2), 1q42 (MAP3K21/MLK4), 2q11

(MAP4K4), 10q11 (RET), and 10q22 (CDH23) regions

(Table S8).

Table 2. Cox regression multivariate analysis for progression-free

survival.

Variables Contrast

Hazard ratio

[95% CI] P-value

Hormone receptors

expression

Neg vs Pos 3.50 [0.90–13.60] 0.07

Number of

metastatic sites

≥3 vs <3 1.13 [0.50–2.53] 0.77

Visceral metastases Yes vs No 1.63 [0.48–5.53] 0.44

Baseline TF in plasma >0 vs 0 3.45 [1.34–8.90] 0.01

Variable significanly associatedwith progression-free survival is in bold

0
20

40
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80
10

0

Time point

Tu
m
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 fr
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n 
(%

)

Baseline C3D1 EOT

Fig. 3. Tumor fraction dynamics under treatment. Data for patients

with at least baseline and End of Treatment (EoT) ctDNA samples

available are represented (N = 19). Blue: responders to paclitaxel-

LY2780301 according to RECIST 1.1 criteria; red: nonresponders to

paclitaxel-LY2780301. Triangles represent cases with tumor

progression at time of EoT visit; circles represent cases without

tumor progression at time of EoT visit.
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4. Discussion

AKT inhibitors are promising drugs for MBC treatment

with several ongoing or recently completed clinical trials

but no approval to date. Plasma low-coverage whole-

genome sequencing of plasma samples from the TAK-

TIC phase I/II trial shows that ctDNA quantitative

assessment is not predictive of response rate with

LY2780301/paclitaxel, but was predictive of PFS.

Even though the LOTUS trial showed a clinical bene-

fit of AKT inhibition in patients with TNBC [13,27], a

recently published randomized phase II trial failed to

show a benefit from another AKT inhibitor for ER-

positive cases [8]. This lack of efficacy may be due to

our inability to identify specific predictive features. In

the BEECH trial, the capivasertib/paclitaxel combina-

tion was not more efficient in PIK3CA-mutated tumors

than in the whole population. Two hypotheses may be

explored to improve our ability to identify the right can-

didates for these therapies. The first is to extend the

molecular assessment to other alterations. For example,

we can add other PI3K/AKT/mTOR pathway alter-

ations such as AKT mutation, PTEN deletion, or func-

tional assays. However, analysis of PI3KCA/AKT1/
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Fig. 4. Correlation of baseline tumor and plasma CNA profiles in patients with tumor fraction >0. Analysis was performed using discrete

values. Each row/line represents a baseline tumor sample (analyzed with aCGH) or a baseline plasma sample (analyzed with LC-WGS).

Positive correlations are displayed in blue and negative correlations in red, with 1 (dark blue) as the highest correlation. Circles size and color

intensity are proportional to the correlation coefficient.
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PTEN tumor alterations in patients included in the

TAKTIC trial did not show any difference concerning

the response to paclitaxel-LY2780301 [11]. Another way

may be to improve the sensitivity to be sure to detect all

positive cases for a specific alteration. Genotype modifi-

cation through disease evolution and disease hetero-

geneity may indeed limit the predictive value of single-

tissue biopsies. Comprehensive assessment of tumor-

associated alterations may be reached by using ctDNA

[28–31]. Unfortunately, quantitative assessment of

ctDNA levels (tumor fraction) by LC-WGS in the pre-

sent cohort did not achieve this goal.

Nevertheless, exploring specific alterations of genes

involved in the biological pathways of interest may

overcome this limitation. Regarding the PI3K/AKT

pathway, despite only 49% of the patients included in

the TAKTIC trial harboring PI3K/AKT alterations in

tumor, this rate rose to 78% when plasma alterations

were taken into account. This further emphasizes that

MBC is heterogeneous and that single-core biopsies

are not sufficient to identify all subclonal molecular

alterations, as has been described in breast cancer and

other tumor types [32–35].
The ability of circulating alterations to predict out-

come has already been explored concerning PI3K and

AKT inhibitors. In the BELLE-2 and SOLAR-1 trials,

buparlisib and alpelisib (both PI3K inhibitors) efficacy

was correlated with detection of circulating PI3KCA

mutations [21,36]. Whereas capivasertib-paclitaxel com-

bination failed to improve PFS in ER+/HER2- MBC,

early ctDNA decrease under treatment was associated

with survival [37]. However, this prognostic value was

also observed in patients receiving paclitaxel/placebo,

and was thus not specific of capivasertib efficacy. Ipata-

sertib is another AKT inhibitor known to improve sur-

vival in triple-negative MBC [13]. In that trial, baseline

ctDNA was correlated with prognosis (PFS) in both

treatment arms [38]. This is therefore consistent with

our study showing that ctDNA is correlated with sur-

vival, but no clear evidence exists to confirm that it can

specifically predict AKT inhibitors efficacy. From a

quantitative point of view, we observed that ctDNA

levels were concomitant with disease progression in

most patients included in the TAKTIC trial. This sug-

gests that ctDNA assessment may be used as a surro-

gate of tumor progression and be complementary to

radiological evaluations in MBC [39], as reported in the

early setting to anticipate the disease recurrence [40,41].

In some hormone-receptors-positive MBC, ESR1 muta-

tion detection antedates tumor progression and may be

a useful biomarker to adapt endocrine therapy [42–44].
Beyond prognosis, we identified CNAs associated

with disease progression under paclitaxel-LY2780301.

SETD2 is frequently mutated or deleted in various

cancers [45]. Deletions have been reported in clear-cell

renal cancer [46], colorectal cancer [47], leukemia [48],

sarcoma [49], and lung adenocarcinoma [50]. Alter-

ations of the histone methyltransferase SETD2 are also

correlated with prognosis in renal cell cancer and may

be involved in resistance to chemotherapy in breast

cancer, as was observed with paclitaxel in our study

[51,52]. FOXP1 losses are more common in progressive

samples in our set. FOXP1 deletion is involved in

prostate cancer and neuroblastoma proliferation and is

associated with prognosis [53,54]. AKT/mTOR inhibi-

tion in breast cancer cell lines leads to decreased

FOXP1 expression [55]. Treatment with LY2780301

may have induced FOXP1 loss in the present study.

The TGFB2 copy number is higher in post-progression

samples. TGFB signaling is involved in epithelial-

mesenchymal transition (EMT), cell motility, tumor

angiogenesis, and metastasis. In TNBC, high TGFB2

expression is associated with poor prognosis and

TGFB inhibition in BC cell lines may decrease tumor

invasion [56,57]. This suggests that addition of TFGB

inhibitors should be explored to overcome resistance

to LY2780301/paclitaxel. Mitogen-activated protein

kinases (MAPK), here MAP3K2 and MAP4K4/

MLK4, are also involved in EMT and promote cell

proliferation and invasion, as well as resistance to

endocrine therapy. Moreover, MAPK interaction with

the PI3K/AKT pathway leads to chemoresistance [58].

A combination of PI3K/AKT and MAPK inhibitors

may by promising to reverse treatment failure [59].

For example, MLK4 expression is correlated with

tumor invasion and migration [60]. The higher MLK4

copy number observed in post-progression plasma

samples in our study may be involved in resistance to

the LY2780301/paclitaxel combination.

This work has limitations. First, the fact that the

TAKTIC trial was a single-arm study limits its capac-

ity to differentiate the prognostic value of ctDNA to

its ability to predict treatment efficacy. Controlled

studies involving a comparative arm with paclitaxel

alone would be of interest. However, its multicenter

prospective design strengthens the value of the obser-

vations we made. Of note, LC-WGS did not predict

ORR, suggesting that circulating genomic alterations

may be more related to the development of therapeutic

resistance than with initial treatment sensitivity. Sec-

ond, the medium sample size (44 patients with plasma

samples available) and the heterogeneity regarding the

number of plasma samples available at each timepoint

could have reduced the statistical validity of our

results. Early ctDNA clearance after treatment initia-

tion has been described to be associated with outcome
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[37,38,61]. We did not observe a correlation between

ctDNA negative status after 7 weeks under treatment

and response to treatment. Some weaknesses of this

work may explain this discrepancy. First, LC-WGS

sensitivity decreases for tumor fraction below 3%.

Combination of LC-WGS to more sensitive technolo-

gies, such as ddPCR, could enhance ctDNA detection

rates. However, ddPCR requires previous identification

of molecular alterations on tumor biopsies. Extending

ddPCR to cases with PI3KCA and AKT hotspot muta-

tions or TP53 mutations did not improve sensitivity in

our set. Second, our population was heterogeneous,

with some ER-negative tumors (7%) and with a mix

of patients receiving paclitaxel-AKTi combination as

the first-line treatment (phase II part) and patients

who received prior treatment for their metastatic dis-

ease (phase I part). We chose to combine both subsets

due to the small sample size and because we did not

observe any imbalance between cohorts according to

other clinical and pathological features. Third, simulta-

neous tracking of several alterations (such as cell-free

DNA methylation profiles) would have been of interest

to improve the ctDNA clinical value [34,62,63]. Devel-

opment of technologies not dependent on a priori

knowledge of previously identified alterations can

indeed help to explore alterations linked to tumor

heterogeneity. The use of LC-WGS was a choice to

explore one aspect of this heterogeneity with a nonex-

pensive technology requiring a limited amount of cell-

free DNA, as less than 20 ng of total cell-free DNA

was isolated in half of the baseline sample [64]. How-

ever, using a higher amount of cell-free DNA may

have increased LC-WGS sensitivity. Finally, adding

additional timepoints during treatment period would

have allowed exploring the ctDNA ability to antedate

tumor progression and to propose an early change of

therapeutic to “ctDNA-progressive” patients. Never-

theless, additional sample collection was not pre-

planned in the original clinical study.

5. Conclusions

CtDNA status at treatment initiation was correlated

with PFS under LY2780301/paclitaxel in the TAKTIC

trial. Low-coverage whole-genome sequencing identified

putative genomic alterations involved in resistance to

treatment, suggesting potential therapeutic targets that

might be ultimately used to tailor subsequent therapies.

Acknowledgements

We thank the Institut Paoli-Calmettes Biobank (the IPC/

CRCM/UMR 1068 Tumour Bank, that operates under

authorization #AC-2007-33 granted by the French Min-

istry of Research (Minist�ere de la Recherche et de

l’Enseignement Sup�erieur) for samples storage and extrac-

tion of tumor DNAs. This study was conducted under the

sponsorship of the Institut Paoli-Calmettes and was

funded by the French National Cancer Institute (INCa,

grant number INCa-ARC_6440), the Caritative Fonda-

tion ARC (Association pour la Recherche sur le Cancer),

and CIC (CICp 1409). LY2780301 was provided by Lilly

(Indianapolis, IN). The funding source was not involved

in the study design, in the collection, analysis, and inter-

pretation of data, in the writing of the report or in the deci-

sion to submit the article for publication.

Conflict of interest

A.G. declares nonfinancial support from Novartis.

R.S. declares research grants from EISAI and Astra-

Zeneca; advisory board for Roche, GSK, and Novar-

tis; nonfinancial support (travel, accommodation and

meeting registration fees) was from Pfizer, Roche,

GSK, BMS, and AstraZeneca. The other authors

declare no conflicts of interest.

Author contributions

RS, CV, and AG designed the study. SG, NC, and JA

performed ctDNA experiments. ArG performed all

bioinformatics analyses. RS, NI, FD, MC, CL, CV,

FB, and AG enrolled patients and collected clinical

data. JP was responsible for clinical trial management.

PS and ArG performed all statistical analyses. All

authors contributed to data interpretation, article writ-

ing, and approval of the submitted version.

Peer review

The peer review history for this article is available at

https://publons.com/publon/10.1002/1878-0261.13188.

Data accessibility

All data generated or analyzed during this study are

included in this published article (Supplementary data

files).

References

1 Siegel RL, Miller KD, Jemal A. Cancer statistics, 2020.

CA Cancer J Clin. 2020;70:7–30. https://doi.org/10.3322/
caac.21590

2 Miller KD, Nogueira L, Mariotto AB, Rowland JH,

Yabroff KR, Alfano CM, et al. Cancer treatment and

2066 Molecular Oncology 16 (2022) 2057–2070 ª 2022 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

ctDNA predicts AKT inhibitor efficacy in breast cancer R. Sabatier et al.

 18780261, 2022, 10, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1878-0261.13188 by U

niversité D
e T

oulouse 3, W
iley O

nline L
ibrary on [13/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://publons.com/publon/10.1002/1878-0261.13188
https://doi.org/10.3322/caac.21590
https://doi.org/10.3322/caac.21590


survivorship statistics, 2019. CA Cancer J Clin.

2019;69:363–85. https://doi.org/10.3322/caac.21565
3 Miller TW, Rexer BN, Garrett JT, Arteaga CL.

Mutations in the phosphatidylinositol 3-kinase pathway:

role in tumor progression and therapeutic implications

in breast cancer. Breast Cancer Res. 2011;13:224.

https://doi.org/10.1186/bcr3039

4 Kalinsky K, Jacks LM, Heguy A, Patil S, Drobnjak M,

Bhanot UK, et al. PIK3CA mutation associates with

improved outcome in breast cancer. Clin Cancer Res.

2009;15:5049–59. https://doi.org/10.1158/1078-0432.
CCR-09-0632

5 Miller TW, Hennessy BT, Gonz�alez-Angulo AM, Fox

EM, Mills GB, Chen H, et al. Hyperactivation of

phosphatidylinositol-3 kinase promotes escape from

hormone dependence in estrogen receptor-positive

human breast cancer. J Clin Invest. 2010;120:2406–13.
https://doi.org/10.1172/JCI41680

6 Robert NJ, Di�eras V, Glaspy J, Brufsky AM,

Bondarenko I, Lipatov ON, et al. RIBBON-1:

randomized, double-blind, placebo-controlled, phase

III trial of chemotherapy with or without

bevacizumab for first-line treatment of human

epidermal growth factor receptor 2-negative, locally

recurrent or metastatic breast cancer. J Clin Oncol.

2011;29:1252–60. https://doi.org/10.1200/JCO.2010.28.

0982

7 Andr�e F, Ciruelos E, Rubovszky G, Campone M, Loibl

S, Rugo HS, et al. Alpelisib for PIK3CA-mutated,

hormone receptor-positive advanced breast cancer. N

Engl J Med. 2019;380:1929–40. https://doi.org/10.1056/
NEJMoa1813904

8 Turner NC, Alarc�on E, Armstrong AC, Philco M,

L�opez Chuken YA, Sablin M-P, et al. BEECH: a dose-

finding run-in followed by a randomised phase 2 study

assessing the efficacy of AKT inhibitor capivasertib

(AZD5363) combined with paclitaxel in patients with

oestrogen receptor-positive advanced or metastatic

breast cancer, and in a PIK3CA mutant sub-

population. Ann Oncol. 2019;30:774–80. https://doi.org/
10.1093/annonc/mdz086

9 Azaro A, Rodon J, Calles A, Bra~na I, Hidalgo M,

Lopez-Casas PP, et al. A first-in-human phase I trial of

LY2780301, a dual p70 S6 kinase and Akt Inhibitor, in

patients with advanced or metastatic cancer. Invest New

Drugs. 2015;33:710–9. https://doi.org/10.1007/s10637-
015-0241-7

10 Angevin E, Cassier PA, Italiano A, Gonc�alves A,

Gazzah A, Terret C, et al. Safety, tolerability and

antitumour activity of LY2780301 (p70S6K/AKT

inhibitor) in combination with gemcitabine in

molecularly selected patients with advanced or

metastatic cancer: a phase IB dose escalation study. Eur

J Cancer. 2017;83:194–202. https://doi.org/10.1016/j.
ejca.2017.06.036

11 Vicier C, Sfumato P, Isambert N, Dalenc F, Robert M,

Levy C, et al. TAKTIC: a prospective, multicentre,

uncontrolled, phase IB/II study of LY2780301, a

p70S6K/AKT inhibitor, in combination with weekly

paclitaxel in HER2-negative advanced breast cancer

patients. Eur J Cancer. 2021;159:205–14. https://doi.org/
10.1016/j.ejca.2021.09.040

12 Oliveira M, Saura C, Nuciforo P, Calvo I, Andersen J,

Passos-Coelho JL, et al. FAIRLANE, a double-blind

placebo-controlled randomized phase II trial of

neoadjuvant ipatasertib plus paclitaxel for early triple-

negative breast cancer. Ann Oncol. 2019;30:1289–97.
https://doi.org/10.1093/annonc/mdz177

13 Kim S-B, Dent R, Im S-A, Espi�e M, Blau S, Tan AR,

et al. Ipatasertib plus paclitaxel versus placebo plus

paclitaxel as first-line therapy for metastatic triple-

negative breast cancer (LOTUS): a multicentre,

randomised, double-blind, placebo-controlled, phase 2

trial. Lancet Oncol. 2017;18:1360–72. https://doi.org/10.
1016/S1470-2045(17)30450-3

14 Schmid P, Abraham J, Chan S, Wheatley D, Brunt

AM, Nemsadze G, et al. Capivasertib plus paclitaxel

versus placebo plus paclitaxel as first-line therapy for

metastatic triple-negative breast cancer: the PAKT trial.

J Clin Oncol. 2020;38:423–33. https://doi.org/10.1200/
JCO.19.00368

15 Jones RH, Casbard A, Carucci M, Cox C, Butler R,

Alchami F, et al. Fulvestrant plus capivasertib versus

placebo after relapse or progression on an aromatase

inhibitor in metastatic, oestrogen receptor-positive

breast cancer (FAKTION): a multicentre, randomised,

controlled, phase 2 trial. Lancet Oncol. 2020;21:345–57.
https://doi.org/10.1016/S1470-2045(19)30817-4

16 Dawson S-J, Tsui DWY, Murtaza M, Biggs H, Rueda

OM, Chin S-F, et al. Analysis of circulating tumor

DNA to monitor metastatic breast cancer. N Engl J

Med. 2013;368:1199–209. https://doi.org/10.1056/
NEJMoa1213261

17 Murtaza M, Dawson S-J, Tsui DWY, Gale D, Forshew

T, Piskorz AM, et al. Non-invasive analysis of acquired

resistance to cancer therapy by sequencing of plasma

DNA. Nature. 2013;497:108–12. https://doi.org/10.1038/
nature12065

18 Newman AM, Bratman SV, To J, Wynne JF, Eclov

NCW, Modlin LA, et al. An ultrasensitive method for

quantitating circulating tumor DNA with broad patient

coverage. Nat Med. 2014;20:548–54. https://doi.org/10.
1038/nm.3519

19 Thierry AR, Mouliere F, El Messaoudi S, Mollevi C,

Lopez-Crapez E, Rolet F, et al. Clinical validation of

the detection of KRAS and BRAF mutations from

circulating tumor DNA. Nat Med. 2014;20:430–5.
https://doi.org/10.1038/nm.3511

20 Schwaederle M, Husain H, Fanta PT, Piccioni DE,

Kesari S, Schwab RB, et al. Detection rate of

2067Molecular Oncology 16 (2022) 2057–2070 ª 2022 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

R. Sabatier et al. ctDNA predicts AKT inhibitor efficacy in breast cancer

 18780261, 2022, 10, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1878-0261.13188 by U

niversité D
e T

oulouse 3, W
iley O

nline L
ibrary on [13/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.3322/caac.21565
https://doi.org/10.1186/bcr3039
https://doi.org/10.1158/1078-0432.CCR-09-0632
https://doi.org/10.1158/1078-0432.CCR-09-0632
https://doi.org/10.1172/JCI41680
https://doi.org/10.1200/JCO.2010.28.0982
https://doi.org/10.1200/JCO.2010.28.0982
https://doi.org/10.1056/NEJMoa1813904
https://doi.org/10.1056/NEJMoa1813904
https://doi.org/10.1093/annonc/mdz086
https://doi.org/10.1093/annonc/mdz086
https://doi.org/10.1007/s10637-015-0241-7
https://doi.org/10.1007/s10637-015-0241-7
https://doi.org/10.1016/j.ejca.2017.06.036
https://doi.org/10.1016/j.ejca.2017.06.036
https://doi.org/10.1016/j.ejca.2021.09.040
https://doi.org/10.1016/j.ejca.2021.09.040
https://doi.org/10.1093/annonc/mdz177
https://doi.org/10.1016/S1470-2045(17)30450-3
https://doi.org/10.1016/S1470-2045(17)30450-3
https://doi.org/10.1200/JCO.19.00368
https://doi.org/10.1200/JCO.19.00368
https://doi.org/10.1016/S1470-2045(19)30817-4
https://doi.org/10.1056/NEJMoa1213261
https://doi.org/10.1056/NEJMoa1213261
https://doi.org/10.1038/nature12065
https://doi.org/10.1038/nature12065
https://doi.org/10.1038/nm.3519
https://doi.org/10.1038/nm.3519
https://doi.org/10.1038/nm.3511


actionable mutations in diverse cancers using a biopsy-

free (blood) circulating tumor cell DNA assay.

Oncotarget. 2016;7:9707–17. https://doi.org/10.18632/
oncotarget.7110

21 Juric D, Ciruelos E, Rubovszky G, Campone M, Loibl

S, Rugo H, et al. Abstract GS3-08: Alpelisib +
fulvestrant for advanced breast cancer: subgroup

analyses from the phase III SOLAR-1 trial. General

Session Abstracts, American Association for Cancer

Research. Cancer Res. 2019;79:GS3-08. https://doi.org/

10.1158/1538-7445.SABCS18-GS3-08.

22 Beroukhim R, Getz G, Nghiemphu L, Barretina J,

Hsueh T, Linhart D, et al. Assessing the significance of

chromosomal aberrations in cancer: methodology and

application to glioma. Proc Natl Acad Sci USA.

2007;104:20007–12. https://doi.org/10.1073/pnas.
0710052104

23 Bertucci F, Gonc�alves A, Guille A, Adela€ıde J, Garnier

S, Carbuccia N, et al. Prospective high-throughput

genome profiling of advanced cancers: results of the

PERMED-01 clinical trial. Genome Med. 2021;13:87.

https://doi.org/10.1186/s13073-021-00897-9

24 Garcia-Murillas I, Schiavon G, Weigelt B, Ng C,

Hrebien S, Cutts RJ, et al. Mutation tracking in

circulating tumor DNA predicts relapse in early breast

cancer. Sci Transl Med. 2015;7:302ra133. https://doi.

org/10.1126/scitranslmed.aab0021

25 Schwartz LH, Liti�ere S, de Vries E, Ford R, Gwyther

S, Mandrekar S, et al. RECIST 1.1 – update and

clarification: from the RECIST committee. Eur J

Cancer. 2016;62:132–7. https://doi.org/10.1016/j.ejca.
2016.03.081

26 McShane LM, Hayes DF. Publication of tumor marker

research results: the necessity for complete and

transparent reporting. J Clin Oncol. 2012;30:4223–32.
https://doi.org/10.1200/JCO.2012.42.6858

27 Dent R, Oliveira M, Isakoff SJ, Im S-A, Espi�e M, Blau

S, et al. Final results of the double-blind placebo-

controlled randomized phase 2 LOTUS trial of first-line

ipatasertib plus paclitaxel for inoperable locally

advanced/metastatic triple-negative breast cancer.

Breast Cancer Res Treat. 2021;189:377–86. https://doi.
org/10.1007/s10549-021-06143-5

28 Franczak C, Filhine-Tresarrieu P, Gilson P, Merlin J-L,

Au L, Harl�e A. Technical considerations for circulating

tumor DNA detection in oncology. Expert Rev Mol

Diagn. 2019;19:121–35. https://doi.org/10.1080/
14737159.2019.1568873

29 Phallen J, Sausen M, Adleff V, Leal A, Hruban C,

White J, et al. Direct detection of early-stage cancers

using circulating tumor DNA. Sci Transl Med. 2017;9:

eaan2415. https://doi.org/10.1126/scitranslmed.aan2415

30 Baird RD, van Rossum AG, Oliveira M, Beelen KJ,

Gao M, Schrier M, et al. POSEIDON phase 1b results:

safety, efficacy and ctDNA response of taselisib

combined with tamoxifen in hormone receptor positive

metastatic breast cancer patients. Clin Cancer Res.

2019;25:6598–605. https://doi.org/10.1158/1078-0432.
CCR-19-0508

31 Alix-Panabi�eres C, Pantel K. Liquid biopsy: from

discovery to clinical application. Cancer Discov.

2021;11:858–73. https://doi.org/10.1158/2159-8290.CD-

20-1311

32 Schwarz RF, Ng CKY, Cooke SL, Newman S, Temple

J, Piskorz AM, et al. Spatial and temporal

heterogeneity in high-grade serous ovarian cancer: a

phylogenetic analysis. PLoS Med. 2015;12:e1001789.

https://doi.org/10.1371/journal.pmed.1001789

33 Murtaza M, Dawson S-J, Pogrebniak K, Rueda OM,

Provenzano E, Grant J, et al. Multifocal clonal

evolution characterized using circulating tumour DNA

in a case of metastatic breast cancer. Nat Commun.

2015;6:8760. https://doi.org/10.1038/ncomms9760

34 Jamal-Hanjani M, Wilson GA, Horswell S, Mitter R,

Sakarya O, Constantin T, et al. Detection of ubiquitous

and heterogeneous mutations in cell-free DNA from

patients with early-stage non-small-cell lung cancer. Ann

Oncol. 2016;27:862–7. https://doi.org/10.1093/annonc/
mdw037

35 Kingston B, Cutts RJ, Bye H, Beaney M, Walsh-

Crestani G, Hrebien S, et al. Genomic profile of

advanced breast cancer in circulating tumour DNA.

Nat Commun. 2021;12:2423. https://doi.org/10.1038/

s41467-021-22605-2

36 Baselga J, Im S-A, Iwata H, Cort�es J, De Laurentiis M,

Jiang Z, et al. Buparlisib plus fulvestrant versus placebo

plus fulvestrant in postmenopausal, hormone receptor-

positive, HER2-negative, advanced breast cancer

(BELLE-2): a randomised, double-blind, placebo-

controlled, phase 3 trial. Lancet Oncol. 2017;18:904–16.
https://doi.org/10.1016/S1470-2045(17)30376-5

37 Hrebien S, Citi V, Garcia-Murillas I, Cutts R, Fenwick

K, Kozarewa I, et al. Early ctDNA dynamics as a

surrogate for progression free survival in advanced

breast cancer in the BEECH trial. Ann Oncol.

2019;30:945–52. https://doi.org/10.1093/annonc/mdz085

38 Wongchenko MJ, Kim S-B, Saura C, Oliveira M,

Lipson D, Kennedy M, et al. Circulating tumor DNA

and biomarker analyses from the LOTUS randomized

trial of first-line ipatasertib and paclitaxel for metastatic

triple-negative breast cancer. JCO Precis Oncol.

2020;4:1012–24. https://doi.org/10.1200/PO.19.00396

39 Velimirovic M, Juric D, Niemierko A, Spring L, Vidula

N, Wander SA, et al. Rising circulating tumor DNA as

a molecular biomarker of early disease progression in

metastatic breast cancer. JCO Precis Oncol.

2020;4:1246–62. https://doi.org/10.1200/PO.20.00117.

40 Garcia-Murillas I, Chopra N, Comino-M�endez I,

Beaney M, Tovey H, Cutts RJ, et al. Assessment of

molecular relapse detection in early-stage breast cancer.

2068 Molecular Oncology 16 (2022) 2057–2070 ª 2022 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

ctDNA predicts AKT inhibitor efficacy in breast cancer R. Sabatier et al.

 18780261, 2022, 10, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1878-0261.13188 by U

niversité D
e T

oulouse 3, W
iley O

nline L
ibrary on [13/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.18632/oncotarget.7110
https://doi.org/10.18632/oncotarget.7110
https://doi.org/10.1158/1538-7445.SABCS18-GS3-08
https://doi.org/10.1158/1538-7445.SABCS18-GS3-08
https://doi.org/10.1073/pnas.0710052104
https://doi.org/10.1073/pnas.0710052104
https://doi.org/10.1186/s13073-021-00897-9
https://doi.org/10.1126/scitranslmed.aab0021
https://doi.org/10.1126/scitranslmed.aab0021
https://doi.org/10.1016/j.ejca.2016.03.081
https://doi.org/10.1016/j.ejca.2016.03.081
https://doi.org/10.1200/JCO.2012.42.6858
https://doi.org/10.1007/s10549-021-06143-5
https://doi.org/10.1007/s10549-021-06143-5
https://doi.org/10.1080/14737159.2019.1568873
https://doi.org/10.1080/14737159.2019.1568873
https://doi.org/10.1126/scitranslmed.aan2415
https://doi.org/10.1158/1078-0432.CCR-19-0508
https://doi.org/10.1158/1078-0432.CCR-19-0508
https://doi.org/10.1158/2159-8290.CD-20-1311
https://doi.org/10.1158/2159-8290.CD-20-1311
https://doi.org/10.1371/journal.pmed.1001789
https://doi.org/10.1038/ncomms9760
https://doi.org/10.1093/annonc/mdw037
https://doi.org/10.1093/annonc/mdw037
https://doi.org/10.1038/s41467-021-22605-2
https://doi.org/10.1038/s41467-021-22605-2
https://doi.org/10.1016/S1470-2045(17)30376-5
https://doi.org/10.1093/annonc/mdz085
https://doi.org/10.1200/PO.19.00396
https://doi.org/10.1200/PO.20.00117


JAMA Oncol. 2019;5:1473. https://doi.org/10.1001/

jamaoncol.2019.1838

41 Coombes RC, Page K, Salari R, Hastings RK,

Armstrong A, Ahmed S, et al. Personalized detection of

circulating tumor DNA antedates breast cancer

metastatic recurrence. Clin Cancer Res. 2019;25:4255–
63. https://doi.org/10.1158/1078-0432.CCR-18-3663

42 Fribbens C, Garcia Murillas I, Beaney M, Hrebien S,

O’Leary B, Kilburn L, et al. Tracking evolution of

aromatase inhibitor resistance with circulating tumour

DNA analysis in metastatic breast cancer. Ann Oncol.

2018;29:145–53. https://doi.org/10.1093/annonc/mdx483

43 Clatot F, Perdrix A, Beaussire L, Lequesne J, L�evy C,

Emile G, et al. Risk of early progression according to

circulating ESR1 mutation, CA-15.3 and cfDNA

increases under first-line anti-aromatase treatment in

metastatic breast cancer. Breast Cancer Res. 2020;22:56.

https://doi.org/10.1186/s13058-020-01290-x

44 Bidard F-C, Hardy-Bessard A-C, Bachelot T, Pierga J-Y,

Clatot F &Andre F et al. Fulvestrant-palbociclib vs

continuing aromatase inhibitor-palbociclib upon

detection of circulating ESR1mutation in HR+HER2-

metastatic breast cancer patients: results of PADA-1, a

UCBG-GINECO randomized phase 3 trial. San Antonio

Breast Cancer Symposium 2021; abstract GS3-05.

45 Chen R, Zhao W-Q, Fang C, Yang X, Ji M. Histone

methyltransferase SETD2: a potential tumor suppressor

in solid cancers. J Cancer. 2020;11:3349–56. https://doi.
org/10.7150/jca.38391

46 Krill-Burger JM, Lyons MA, Kelly LA, Sciulli CM,

Petrosko P, Chandran UR, et al. Renal cell neoplasms

contain shared tumor type-specific copy number

variations. Am J Pathol. 2012;180:2427–39. https://doi.
org/10.1016/j.ajpath.2012.01.044

47 Yuan H, Li NI, Fu DA, Ren J, Hui J, Peng J, et al.

Histone methyltransferase SETD2 modulates alternative

splicing to inhibit intestinal tumorigenesis. J Clin Invest.

2017;127:3375–91. https://doi.org/10.1172/JCI94292
48 Parker H, Rose-Zerilli MJJ, Larrayoz M, Clifford R,

Edelmann J, Blakemore S, et al. Genomic disruption of

the histone methyltransferase SETD2 in chronic

lymphocytic leukaemia. Leukemia. 2016;30:2179–86.
https://doi.org/10.1038/leu.2016.134

49 Jiang C, He C, Wu Z, Li F, Xiao J. Histone

methyltransferase SETD2 regulates osteosarcoma cell

growth and chemosensitivity by suppressing Wnt/b-
catenin signaling. Biochem Biophys Res Commun.

2018;502:382–8. https://doi.org/10.1016/j.bbrc.2018.05.
176

50 Zhou Y, Zheng X, Xu B, Deng H, Chen L, Jiang J.

Histone methyltransferase SETD2 inhibits tumor

growth via suppressing CXCL1-mediated activation of

cell cycle in lung adenocarcinoma. Aging (Albany NY).

2020;12:25189–206. https://doi.org/10.18632/aging.
104120

51 Morcillo-Garcia S, Noblejas-Lopez MDM, Nieto-

Jimenez C, Perez-Pe~na J, Nuncia-Cantarero M, Gy}orffy

B, et al. Genetic mutational status of genes regulating

epigenetics: role of the histone methyltransferase

KMT2D in triple negative breast tumors. PLoS One.

2019;14:e0209134. https://doi.org/10.1371/journal.pone.

0209134

52 Chen Z, Sun T, Yang Z, Zheng Y, Yu R, Wu X, et al.

Monitoring treatment efficacy and resistance in breast

cancer patients via circulating tumor DNA genomic

profiling. Mol Genet Genomic Med. 2020;8:e1079.

https://doi.org/10.1002/mgg3.1079

53 Hieronymus H, Iaquinta PJ, Wongvipat J, Gopalan A,

Murali R, Mao N, et al. Deletion of 3p13-14 locus

spanning FOXP1 to SHQ1 cooperates with PTEN loss

in prostate oncogenesis. Nat Commun. 2017;8:1081.

https://doi.org/10.1038/s41467-017-01198-9

54 Ackermann S, Kocak H, Hero B, Ehemann V, Kahlert

Y, Oberthuer A, et al. FOXP1 inhibits cell growth and

attenuates tumorigenicity of neuroblastoma. BMC

Cancer. 2014;14:840. https://doi.org/10.1186/1471-2407-

14-840

55 Halacli SO, Dogan AL. FOXP1 regulation via the

PI3K/Akt/p70S6K signaling pathway in breast cancer

cells. Oncol Lett. 2015;9:1482–8. https://doi.org/10.3892/
ol.2015.2885

56 Kim S, Lee J, Jeon M, Nam SJ, Lee JE. Elevated TGF-

b1 and -b2 expression accelerates the epithelial to

mesenchymal transition in triple-negative breast cancer

cells. Cytokine. 2015;75:151–8. https://doi.org/10.1016/j.
cyto.2015.05.020

57 Kim S, Han J, Jeon M, You D, Lee J, Kim HJ, et al.

Silibinin inhibits triple negative breast cancer cell

motility by suppressing TGF-b2 expression. Tumour

Biol. 2016;37:11397–407. https://doi.org/10.1007/s13277-
016-5000-7

58 Jabbarzadeh Kaboli P, Salimian F, Aghapour S, Xiang

S, Zhao Q, Li M, et al. Akt-targeted therapy as a

promising strategy to overcome drug resistance in

breast cancer – a comprehensive review from

chemotherapy to immunotherapy. Pharmacol Res.

2020;156:104806. https://doi.org/10.1016/j.phrs.2020.

104806

59 Mirzoeva OK, Das D, Heiser LM, Bhattacharya S,

Siwak D, Gendelman R, et al. Basal subtype and

MAPK/ERK kinase (MEK)-phosphoinositide 3-kinase

feedback signaling determine susceptibility of breast

cancer cells to MEK inhibition. Cancer Res.

2009;69:565–72. https://doi.org/10.1158/0008-5472.
CAN-08-3389

60 Marusiak AA, Prelowska MK, Mehlich D, Lazniewski

M, Kaminska K, Gorczynski A, et al. Upregulation of

MLK4 promotes migratory and invasive potential of

breast cancer cells. Oncogene. 2019;38:2860–75. https://
doi.org/10.1038/s41388-018-0618-0

2069Molecular Oncology 16 (2022) 2057–2070 ª 2022 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

R. Sabatier et al. ctDNA predicts AKT inhibitor efficacy in breast cancer

 18780261, 2022, 10, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1878-0261.13188 by U

niversité D
e T

oulouse 3, W
iley O

nline L
ibrary on [13/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1001/jamaoncol.2019.1838
https://doi.org/10.1001/jamaoncol.2019.1838
https://doi.org/10.1158/1078-0432.CCR-18-3663
https://doi.org/10.1093/annonc/mdx483
https://doi.org/10.1186/s13058-020-01290-x
https://doi.org/10.7150/jca.38391
https://doi.org/10.7150/jca.38391
https://doi.org/10.1016/j.ajpath.2012.01.044
https://doi.org/10.1016/j.ajpath.2012.01.044
https://doi.org/10.1172/JCI94292
https://doi.org/10.1038/leu.2016.134
https://doi.org/10.1016/j.bbrc.2018.05.176
https://doi.org/10.1016/j.bbrc.2018.05.176
https://doi.org/10.18632/aging.104120
https://doi.org/10.18632/aging.104120
https://doi.org/10.1371/journal.pone.0209134
https://doi.org/10.1371/journal.pone.0209134
https://doi.org/10.1002/mgg3.1079
https://doi.org/10.1038/s41467-017-01198-9
https://doi.org/10.1186/1471-2407-14-840
https://doi.org/10.1186/1471-2407-14-840
https://doi.org/10.3892/ol.2015.2885
https://doi.org/10.3892/ol.2015.2885
https://doi.org/10.1016/j.cyto.2015.05.020
https://doi.org/10.1016/j.cyto.2015.05.020
https://doi.org/10.1007/s13277-016-5000-7
https://doi.org/10.1007/s13277-016-5000-7
https://doi.org/10.1016/j.phrs.2020.104806
https://doi.org/10.1016/j.phrs.2020.104806
https://doi.org/10.1158/0008-5472.CAN-08-3389
https://doi.org/10.1158/0008-5472.CAN-08-3389
https://doi.org/10.1038/s41388-018-0618-0
https://doi.org/10.1038/s41388-018-0618-0


61 O’Leary B, Hrebien S, Morden JP, Beaney M,

Fribbens C, Huang X, et al. Early circulating

tumor DNA dynamics and clonal selection with

palbociclib and fulvestrant for breast cancer. Nat

Commun. 2018;9:896. https://doi.org/10.1038/s41467-

018-03215-x

62 Abbosh C, Birkbak NJ, Wilson GA, Jamal-Hanjani M,

Constantin T, Salari R, et al. Phylogenetic ctDNA

analysis depicts early-stage lung cancer evolution.

Nature. 2017;545:446–51. https://doi.org/10.1038/
nature22364

63 Turner NC, Kingston B, Kilburn LS, Kernaghan S,

Wardley AM, Macpherson IR, et al. Circulating

tumour DNA analysis to direct therapy in advanced

breast cancer (plasmaMATCH): a multicentre,

multicohort, phase 2a, platform trial. Lancet Oncol.

2020;21:1296–308. https://doi.org/10.1016/S1470-2045
(20)30444-7

64 Kader T, Goode DL, Wong SQ, Connaughton J,

Rowley SM, Devereux L, et al. Copy number analysis

by low coverage whole genome sequencing using ultra

low-input DNA from formalin-fixed paraffin embedded

tumor tissue. Genome Med. 2016;8:121. https://doi.org/

10.1186/s13073-016-0375-z

Supporting information

Additional supporting information may be found

online in the Supporting Information section at the end

of the article.
Fig. S1. Kaplan–Meier curves for progression-free sur-

vival (PFS) according to circulating tumor fraction

(TF) at week 7 (C3D1).

Fig. S2. Frequency plot of copy number alterations

identified in baseline plasma samples. Frequencies of

gains and losses are plotted as a function of chromo-

some location. Vertical lines represent chromosome

boundaries. Positive and negative values indicate fre-

quencies (Log-scale) of tumors showing copy number

increase (red) and decrease (green).

Fig. S3. Correlation of tumor and baseline plasma

CNA involving genes of the PI3K/mTOR/AKT path-

way in patients with tumor fraction > 0. Analysis was

performed using discrete values. Each row/line repre-

sents a baseline tumor sample (analyzed with aCGH)

or a baseline plasma sample (analyzed with LC-WGS).

Positive correlations are displayed in blue and negative

correlations in red, with 1 (dark blue) as the highest

correlation. Circles size and color intensity are propor-

tional to the correlation coefficient.

Fig. S4. Comparison of copy number alterations (tu-

mor vs plasma) in genes of the PI3K/AKT pathway in

patients with both tumor and plasma samples available

at baseline and with tumor fraction > 0 at baseline.

Each bar represents one gene and is dichotomized

between cases with both tumor and plasma samples

altered (blue) and cases with discrepant gene status

(red).

Fig. S5. Genomic identification of significant targets in

cancer (GISTIC) copy number alterations profiles in

plasma at baseline (top) and progression (bottom).

Frequencies of gains and losses are plotted as a func-

tion of chromosome location. Vertical lines represent

chromosome boundaries. Positive and negative values

indicate GISTIC score of tumors showing copy num-

ber increase (red) and decrease (green). Blue dotted

lines represent thresholds for significance (P < 0.05).

Table S1. REMARK checklist.

Table S2. Tumor NGS data.

Table S3. Tumor aCGH data.

Table S4. Plasma low-coverage – WGS data.

Table S5. Details of plasma samples available and

ctDNA assessment results.

Table S6. Demographics according to baseline ctDNA

status.

Table S7. GISTIC analysis of baseline plasma copy

number alteration profiles.

Table S8. GISTIC comparison of baseline and pro-

gression plasma copy number alteration profiles.
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