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Abstract

Purpose—Little is known about the molecular signatures associated with specific metastatic sites 

in breast cancer. Using comprehensive multi-omic molecular profiling, we assessed whether 

alterations or activation of the PI3K–AKT–mTOR pathway is associated with specific sites of 

breast cancer metastasis.

Experimental Design—Next-generation sequencing–based whole-exome sequencing was 

coupled with reverse-phase protein microarray (RPPA) functional signaling network analysis to 

explore the PI3K–AKT–mTOR axis in 32 pretreated breast cancer metastases. RPPA-based 

signaling data were further validated in an independent cohort of 154 metastatic lesions from 

breast cancer and 101 unmatched primary breast tumors. The proportion of cases with PI3K–

AKT–mTOR genomic alterations or signaling network activation were compared between hepatic 

and nonhepatic lesions.

Results—PIK3CA mutation and activation of AKT (S473) and p70S6K (T389) were detected 

more frequently among liver metastases than nonhepatic lesions (P < 0.01, P = 0.056, and P = 

0.053, respectively). However, PIK3CA mutations alone were insufficient in predicting protein 

activation (P = 0.32 and P = 0.19 for activated AKT and p70S6K, respectively). RPPA analysis of 

an independent cohort of 154 tumors confirmed the relationship between pathway activation and 

hepatic metastasis [AKT (S473), mTOR (S2448), and 4EBP1 (S65); P < 0.01, P = 0.02, and P = 

0.01, respectively]. Similar results were also seen between liver metastases and primary breast 

tumors [AKT (S473) P < 0.01, mTOR (S2448) P < 0.01, 4EBP1 (S65) P = 0.01]. This signature 

was lost when primary tumors were compared with all metastatic sites combined.

Conclusions—Breast cancer patients with liver metastasis may represent a molecularly 

homogenized cohort with increased incidence of PIK3CA mutations and activation of the PI3K–

AKT–mT OR signaling network.

Introduction

Despite the introduction of more effective detection methods and therapeutic regimens, 

breast cancer still represents the second leading cause of female-specific cancer-related 

mortality, accounting for approximately 40,000 deaths every year (1). Breast cancer is a 

heterogeneous malignant phenotype originating in mammary tissues and is intrinsically 

subdivided into luminal hormone receptor–positive tumors, Her2-neu–positive tumors, and 

basal-like tumors (2). The development of distant metastases is the strongest negative 

prognostic factor associated with breast cancer mortality (1). Although breast cancer 

metastases are detected in approximately 5%–10% newly diagnosed cases, 25%–50% of 

patients affected by early-stage lesions or by locally advanced tumors may develop 

metachronous metastatic disease (3, 4).

Data from the Cancer Genome Atlas (TCGA) indicate that PI3K–AKT–mTOR signaling 

pathway mutations (PIK3CA, PTEN, PIK3R1, AKT1) commonly occur in breast cancer (5). 
PIK3CA is the second most commonly mutated gene in hormone receptor–positive breast 

cancer (5, 6). The inhibitor everolimus, a compound that specifically targets mTOR, a 

downstream member of the PI3K axis, is selected as an early therapeutic option for 

metastatic breast cancer patients presenting with well-defined molecular characteristics like 
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ER expression (7–9). The therapeutic efficacy of a number of AKT, PI3K, and mTOR 

inhibitors is under extremely active clinical investigation for the treatment of breast cancer 

and many other cancers.

The PI3K–AKT–mTOR signaling pathway is known for playing a major role in cancer 

progression as it represents a central node for regulating a number of cellular functions 

including cell growth and survival, motility, apoptosis, cell cycle, and various metabolic 

functions (10, 11). Signaling network analyses have indicated that this pathway is highly 

activated in liver metastases from colorectal cancer compared with matched primary tumors 

(12, 13). Deregulation of the PI3K–AKT–mTOR signaling axis has also emerged as a 

pivotal molecular mechanism in primary hepato- and cholangiocarcinomas, even though 

genomic alterations of the members of the PI3K pathway are relatively infrequent in this 

group of tumors (14–17). Although a large number of genomic and proteomic studies have 

demonstrated that at the molecular level metastatic lesions significantly differ from matched 

primary tumors (12, 18, 19), the impact of the microenvironment at different organ sites has 

been only partially explored. On the basis of these previous observations, we postulated that 

alterations of the PI3K–AKT-mTOR signaling network may be especially important for 

cancer cells to survive in the liver microenvironment and that this pathway may represent an 

organ-specific targetable signature for liver metastases in breast cancer.

Using a “multi-omic” approach, including NGS-based whole exome sequencing coupled 

with reverse-phase protein microarray (RPPA)-based functional phosphoprotein signaling 

network activation analysis, we assessed the frequency and role of the PI3K–AKT–mTOR 

signaling alterations in breast cancer hepatic metastases. Functional RPPA-based 

phosphoprotein signaling data were then used to validate the initial findings in an 

independent cohort of primary and metastatic breast cancers.

Materials and Methods

Patient populations

Breast cancer patients were prospectively enrolled in the Side Out 2 Trial, a clinical study 

wherein NGS/protein/phosphoprotein “multi-omic” profiling was used to identify 

therapeutic targets for patients with metastatic disease refractory to at least one line of 

standard therapy (20). The study protocol was approved by the local Institutional Review 

Board (IRB). Patients entered the trial voluntarily and provided informed consent before 

sample collection and treatment administration. At the time of enrollment, metastatic lesions 

were sampled under CT/US guidance or via surgical excision. For patients presenting with 

multiple metastatic lesions, only one lesion was biopsied. Samples were snap frozen within 

20 minutes of collection and shipped to the laboratories overnight in dry ice. Matched whole 

blood samples were collected along with the metastatic lesions for germ line subtraction of 

somatic sequencing data.

Formalin-fixed, paraffin-embedded (FFPE) tissues consisting of 154 breast cancer 

metastases and 101 primary breast tumors prospectively collected were used for validation. 

Tissues included in Study Set 2 were collected both under IRB-approved protocols (J.A. 

O’Shaughnessy, M. Cristofanilli, and B. Leyland-Jones) and used for patient treatment 
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decisions using a commercially available CAP/CLIA–approved test, TheraLink (TM; 

Theranostics Health, Inc.; ref. 21). This platform measures the activation level of 24 drug 

targets and downstream substrates. For the purpose of this work, only data concerning the 

AKT–mTOR pathway are reported.

All tissue samples were obtained by core needle biopsy and processed immediately into 

FFPE or snap frozen within 20 minutes of biopsy. Such operating principals are within the 

time limits previously shown to minimize the effects of cold ischemia on phosphorylation 

levels (22, 23).

Whole-exome sequencing and RNA-seq analysis

DNA/RNA extractions—Fresh tumor tissue biopsy specimens were evaluated 

histologically to assess tumor cellularity when available (Supplementary Table S1). DNA 

and total RNA was extracted from tumor biopsy specimens using Qiagen Allprep 

DNA/RNA/miRNA Universal Kit. Genomic germline DNA was extracted from patient 

blood samples using QIAamp DNA blood Mini Kit. Quality of DNA and RNA was assessed 

using Agilent 2200 TapeStation Instrument as per manufacturer protocol.

Library preparation and sequencing—Tumor and normal germline exome libraries 

were prepared from 200 ng of genomic DNA using Kapa Library Preparation Kit and 

Agilent SureSelectXT Human All Exon V5+ UTRs capture probes. Unstranded mRNA 

libraries were prepared with 1000 ng of tumor RNA (eRIN > 8) using Illumina TruSeq RNA 

Library Prep Kit V2. All sequencing libraries were quantified and quality assessed with the 

Qubit Fluorometer and Agilent 2200 TapeStation Instrument, respectively. Exome and RNA 

libraries were paired-end sequenced on the Illumina HiSeq 2500 platform using Rapid Mode 

with a 109 × 7 × 109 read length.

Sequencing data analysis—Raw sequencing reads were converted to .fastq files using 

bcl2fastq 1.8.4. A pipeline consisting of published software tools was used to analyze 

the .fastq data to generate a genetic profile to determine the presence of somatic single 

nucleotide variations (SNV), insertion/deletion events (INDELS), gene fusions, and 

differential expression for each tumor. Briefly, exome data were aligned to the human 

reference genome hs37d5 using Burrows-Wheeler Alignment (BWA v0.7.8) Tool (24). After 

alignment, the base quality scores were recalibrated and joint INDEL realignment was 

performed on the BAM files using GATK v3.1-1. Germline SNPs and INDELS were 

identified using GATK HaplotypeCaller in the constitutional samples (25). Final BAM files 

were then used to identify germline and somatic events. SNVs and INDELS were detected 

using three algorithms including, Strelka 1.0.13, MuTect 1.1.4, and Seurat (26–28). Filtering 

was performed on exome data to give greatest confidence to somatic coding variants that 

were called by two of the three mutation callers. Somatic copy number detection was based 

on a log2 comparison of normalized physical coverage (or clonal coverage) across tumor 

and normal whole exome sequencing data, where physical coverage was calculated by 

considering the entire region a paired-end fragment span. Normal and tumor physical 

coverage was then normalized, smoothed, and alltered for highly repetitive regions prior to 

calculating the log2 comparison. Loss of heterozygosity (LOH) was also deduced by 
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calculating alternate allele frequencies for SNPs. Briefly, B-allele frequencies (BAF) are 

allele fraction of nonreference reads in the tumor at heterozygote common polymorphic 

SNPs (minor allele frequency >5%) from 1,000 genomes in the patient’s germline (29). 

Only heterozygous SNPs were plotted and determined from that patient’s germline calls. 

The calculation alt/(ref + alt) where alt is B was used. This should be 50/50 unless LOH or 

allele imbalance has occurred at that site. The BAF were then plotted against map position to 

identify regions of LOH. Copy number analysis was also performed using the circular binary 

segmentation algorithm DNA copy within the BioConductor package (30).

RNA-seq data were aligned to GRCh37.74 using STAR 2.3.1 Aligner. Gene counts were 

done with HTSeq and FPKM values were generated using Cuffiinks 2.2.1. Differential gene 

expression of RNA-seq data was generated against a pooled normal breast RNA reference 

using Cuffdiff from the Cuffiinks 2.2.1 suite and the DESeq2 package.

Somatic SNVs, germline SNPs, genes related to copy number events, and differentially 

expressed genes were annotated using SnpEff 3.5 h (31).

Functional protein signaling network analysis of AKT–mTOR pathway by RPPA

Isolation of pure tumor cells via laser capture microdissection—Frozen samples 

were immediately processed into 8 μm cryosections and mounted on uncharged glass slides 

upon arrival. Mounted samples were stored at −80°C for at least 12–18 hours before further 

processing. Adequate sample preservation (e.g., absence of freeze–thaw artifacts) and 

presence of sufficient amount of tumor cells was verified by a certified pathologist (L.A. 

Liotta) on one or more hematoxylin and eosinstained slides.

To preserve protein phosphorylation during LCM: (i) cells were first fixed in 70% ethanol, 

(ii) protease inhibitors were added to the 70% ethanol, dH2O, hematoxylin, and Scott’s tap 

water, (iii) cells were isolated using an infrared laser and each stained slide was 

microdissected for less than 30 minutes. This protocol has previously been described as 

sufficient to preserve the phosphoproteome and neither the microdissection nor the tissue 

fixation process significantly impacts the data generated (32, 33).

Pure subpopulations of cancer cells were isolated from the surrounding microenvironment 

via direct visualization using an Arcturus PixCell II instrument or an Arcturus XT automated 

system. Microdissected cells were lysed in a 1:1 mixture of T-PER (Tissue Protein 

Extraction Reagent; Pierce) and 2× Tris-glycine SDS sample buffer (Invitrogen) containing 

5% 2-mercaptoethanol as previously described, and boiled for 8 minutes before printing 

arrays (34).

A similar protocol was followed for the isolation of the tumor cells from the FFPE samples 

included in the validation set. Differences between the two protocols include: (i) 

deparaffinization of the FFPE slides in xylene twice for 5 minutes followed by rehydration 

in 100%, 90%, and 70% ethanol, respectively; (ii) microdissected cells lysates were boiled 

for 60 minutes before printing arrays.
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Reverse-phase protein microarray preparation and immunostaining—Using a 

2470 Aushon arrayer outfitted with 185-μm pins, experimental samples were printed onto 

nitrocellulose covered slides (GRACE Bio-Labs; Sartorius Stedim Biotech) along with 

standard curves and internal controls. Samples, reference standards and internal controls 

were printed in three or four technical replicates on each slide. To verify that each sample 

was in the linear dynamic range of the assay, a BSA serial dilution curve was added to the 

array to estimate the protein concentration of each sample.

Immunostaining was performed on an automated DAKO system using a commercially 

available Catalyzed Signal Amplification (CSA) Kit (Dako). Samples included in the 

training set were probed using primary antibodies targeting AKT (S473) (Cell Signaling 

Technology, catalog no. 9871; dilution 1:100), and the mTOR downstream substrate p70S6K 

(T389) (Cell Signaling Technology, catalog no. 9205; dilution 1:100). The validation set was 

probed with AKT (S473) (Cell Signaling Technology, catalog no. 9871; dilution 1:100), 

mTOR (S2448) (Cell Signaling Technology, catalog no. 2971; dilution 1:100), and two 

downstream substrates: 4EBP1 (S65) (Cell Signaling Technology, catalog no. 9451; dilution 

1:100), and S6 Ribosomal Protein (S6RP) (S235/236; Cell Signaling Technology, catalog 

no. 4858; dilution 1:100). Each antibody was rigorously validated on a panel of cell lines 

and human samples using conventional Western blotting technique and tested on the arrays 

to assure the linear dynamic range of the analytes was captured (35).

Signal detection was achieved using a biotinylated goat antirabbit secondary antibody 

(1:7,500 and 1:5,000 for the discovery and validation set, respectively; Vector Laboratories) 

coupled with a biotinyl-tyramide–based amplification system (34). The IRDye 680RD 

Streptavidin (LI-COR Biosciences; dilution 1:50 in PBS supplemented with 1% BSA) or the 

Cy5 Strepatavidin (KPL; dilution 1:100 in PBS supplemented with 1% BSA) fluorescent 

detection systems were used for the discovery and validation set, respectively. Finally, to 

quantify the amount of protein in each sample, selected slides were stained with Sypro Ruby 

Protein Blot Stain (Molecular Probes) following manufacturer’s recommendation (34).

A laser scanner was used to acquire antibody and Sypro Ruby stained slides (TECAN or 

Genepix 4200 AL, Molecular Devices). Images were analyzed using the commercially 

available microarray software MicroVigene Version 5.1.0.0 (Vigenetech) or Genepix Pro 6.1 

(Molecular Devices). Final intensity values were generated after: (i) subtraction of 

background and unspecific binding generated by the secondary antibody; (ii) normalization 

to the corresponding amount of protein derived from the Sypro Ruby–stained slides; and (iii) 

average of the technical replicates. Experimental sample values were interpolated from the 

reference standards using standard linear interpolation techniques. Each patient value was 

compared to the reference population and scored on a categorical scale (above or below the 

cut-off point).

Calibration of the RPPA assay and cut-off point determination—To directly 

compare samples individually processed, standard curves were added to each microarray 

slide. In brief, standard curves were created using two commercially available cell lines 

containing different amounts of the analytes of interest. Because most of the analytes 

involved in the AKT–mTOR pathway are serine/threonine kinases, Jurkat cells stimulated 
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with Calyculin A, a specific phospho-serine/-threonine phosphatase inhibitor, were selected 

as the cell line with high expression of the analytes of interest (36). Untreated HeLa cells, on 

the other hand, were chosen because of the low/absent signal of the phosphoprotein 

measured. Standard curves were created by adding a decreasing amount of Jurkat cells 

treated with Calyculin A to a progressively increasing amount of untreated HeLa cells. 

Protein content across the two cell lines was matched before standard curves were 

constructed so that each point of the calibrator had equal protein concentration while the 

amount of the analytes of interest decreased progressively.

To test whether these standard curves covered the linear dynamic range of the analyte of 

interest, reference standards were tested on the RPPA platform along with large populations 

of microdissected human cancers. Reference populations, including samples that were 

similar to the one described in this article, were used to establish cut-off points that allow 

identification of patients with high activation of the analytes of interest (Fig. 1A). Using 

conventional linear interpolation models, sample read outs were transformed from absolute 

RPPA intensity values to relative units of the standard curve (Fig. 1B). Experimental 

samples matching the activation level of the top 25% to 40% of the reference population 

were classified as highly activated. For AKT (S473), the only protein measured by both 

institutions, the threshold above which AKT activation was classified as positive was set 

independently by the two laboratories for study set one (GMU) and study set two 

(Theranostics Health, Inc.) at the same level of the standard curve. Both laboratories shared 

the same internal standard curve for AKT (S473), which was printed on all RPPA slides. 

Cut-off points were set before the initiation of the trial and tested weekly along with internal 

controls for QC/QA. RPPA inter- and intra-assay reproducibility has been previously 

described (37, 38).

Data analysis—Molecular markers were classified as dichotomous variables. Genomic 

markers were classified as mutant/amplified versus wild-type. Signaling data were classified 

as activated (above the cut-off point) or nonactivated (below the cut-off point). Fisher exact 

test was performed to compare the molecular profile of: (i) liver metastases versus other 

metastatic sites; (ii) liver metastases versus primary tumors; and (iii) all metastatic sites 

versus primary tumors. Comparisons with P ≤ 0.05 were considered significant. Data were 

displayed using mosaic plots generated in JMP version 5.1 (SAS institute Inc.) and adapted 

for publication in Photoshop version 11.0.

Results

PIK3CA mutations are more prevalent in liver metastases compared to other metastatic 
sites

The role of the AKT–mTOR signaling pathway in promoting metastasis to different host 

organs was first evaluated across 32 metastatic breast cancer patients enrolled in the Side 

Out 2 trial. Metastatic lesions were classified as hepatic (n = 11) and others (n = 21), the 

latter including cutaneous (n = 10), lung (n = 4), lymph nodes (n = 4), and intra-abdominal 

lesions (n = 3). Of the 32 patients enrolled, 31 had sufficient tumor content for ER, PR, and 

Her2 determination. Patients were classified as ER+/Her2−(n = 19; 61.3%), ER/PR/Her2−(n 

Pierobon et al. Page 7

Clin Cancer Res. Author manuscript; available in PMC 2017 August 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



= 8; 25.8%), and ER/PR−/Her2+ (n = 4; 12.9%; Table 1). Subtype distribution did not differ 

between liver metastases and lesions developed at the other organ sites (P = 0.14).

PIK3CA mutations along with genomic alterations of other members of the AKT–mTOR 

pathway were first evaluated (Supplementary Fig. S1). Whole exome sequencing and RNA-

Seq data were available for 8 of the 11 liver metastases and 19 of the 21 nonhepatic lesions. 

PIK3CA somatic mutation frequency was significantly greater among liver metastases 

compared to the other metastatic sites (P = 0.01) with PIK3CA mutation being detected in 

5/8 liver metastases (62.5%) and 1/19 non-hepatic lesions (5.3%; Fig. 2A and 

Supplementary Table S2). Although four of the PIK3CA mutant liver metastases had 

mutations involving the helical and/or kinase domain, the PIK3CA mutation detected in the 

omental lesion was of unknown significance (Table 2). Therefore, the frequency of known 

activating mutations in PIK3CA among liver metastases was 50%. Among patients with 

liver metastases and PIK3CA mutation, one patient presented with a concomitant RPS6KB1 
and RPTOR amplification and a second patient with RPS6KB1 amplification only. 

Amplifications of RPS6KB1 and/or RPTOR were not detected in nonhepatic metastases.

Among PIK3CA wild-type liver metastases, PTEN gene deletion was detected in one 

patient. Within the PIK3CA wild-type non-hepatic metastases, two patients had an AKT2 
amplification and another two patients presented with a PTEN deletion. In these cases, the 

two PTEN deletions were a 56-base deletion and a deletion affecting the splice site, although 

both the wild-type and variant PTEN were expressed.

AKT–mTOR protein signaling network is highly activated in liver metastases from breast 
cancer compared with other metastatic sites

Because the proportion of patients with PIK3CA mutations was significantly higher in the 

liver metastases compared to the other metastatic sites, functional signaling analysis of the 

AKT–mTOR axis was further explored across different host organs. Phosphorylation of the 

PI3K downstream substrate AKT (S473) and of the well-known mTOR target p70S6K 

(T389) were used to directly and quantitatively measure the activation level of the AKT–

mTOR signaling network. We observed a trend, only marginally significant, of increased 

activation of AKT (S473) (P = 0.06) across metastatic sites. AKT (S473) was activated in 6 

of the 11 liver metastases (54.5%) and 4 of the 21 nonhepatic lesions (19.0%), respectively 

(Fig. 2B and Supplementary Table S2). Moreover, the frequency of activation of p70S6K 

(T389) was significantly higher (P = 0.05) in the liver metastases (63.6%) compared to the 

other organ sites (23.8%; Fig. 2C and Supplementary Table S2).

Finally, we explored whether PIK3CA mutation status alone was sufficient in predicting 

AKT and p70S6K activation. As expected, all three patients with a PIK3CA mutation 

involving the kinase domain had high activation of AKT (S473) and p70S6K (T389) (Table 

2). One patient with PIK3CA mutation of the helical domain and concomitant RPTOR and 

RPS6KB1 amplification presented with high activation of p70S6K (T389), but not of AKT 

(S473), suggesting that the activation of the AKT downstream substrate p70S6K (T389) in 

this specific patient may have been directly modulated by the amplification of RPTOR or 
RPS6KB1. The two patients with noncanonical derangement or mutation with unknown 

significance presented with low activation of both AKT (S473) and p70S6K (T389). 
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Nonetheless, overall concordance between PIK3CA mutation and AKT (S473) and p70S6K 

(T389) activation did not reach statistical significance (P = 0.32 and 0.19, respectively) 

indicating that PIK3CA status alone is not sufficient for identifying patients with activated 

AKT–mTOR signaling network (Supplementary Fig. S2). A recent study exploring the 

concordance between PIK3CA mutation and AKT–mTOR protein signaling activation in 

large breast cancer study sets have found little to no correlation (39), which provide 

evidence that these results are likely generalizable to larger study sets. When associations 

between AKT–mTOR protein activation and genomic alterations were evaluated by 

combining all genomic alterations affecting PIK3CA, AKT, and PTEN (e.g., any of the 3 

genomic alteration being positive), concordance between genomic alteration and protein 

activation was P = 0.01 and 0.25 for AKT (S473) and p70S6K (T389), respectively. 

Activation of AKT (S473) and p70S6K (T389) based on individual alterations of AKT and 

PTEN was not performed due to low frequency of these genomic events.

Independent validation confirms high activation of AKT–mTOR signaling axis in liver 
metastases from breast cancer

To validate further, the increased prevalence of AKT–mTOR signaling pathway activation in 

liver metastases, a second independent study set was used. The validation set included 154 

metastatic lesions of which 58 were hepatic and 96 originated at other organ sites. The extra-

hepatic lesions of the validation set included: 42 lymph nodes, 21 skin/chest wall, 22 brain, 

and 11 lung metastases. Because the distribution of the different breast cancer subtypes was 

not statistically different between liver metastases and other metastatic sites in the training 

set, ER/PR, and Her2 determination was not evaluated in the validation set.

In keeping with the results in the discovery set, AKT (S473) and mTOR (S2448) activation 

was significantly higher (P < 0.01) in liver metastases (60.3% and 70.7%, respectively) 

compared to the other metastatic sites (27.1% and 47.9%, respectively) (Fig. 3A and B and 

Supplementary Table S2). Activation of the mTOR downstream effector 4EBP1 (S65) was 

also significantly higher (P = 0.02) in the hepatic lesion (75.9%) compared to the other 

metastatic sites (56.2%; Fig. 3C and Supplementary Table S2). On the contrary, activation of 

S6RP (S235/236), an indirect read out of mTOR activity, was not significant across the 

different sites of metastases (Fig. 3D and Supplementary Table S2). Taken together, these 

data confirm that liver metastases have increased activation of the AKT–mTOR signaling 

pathway compared to metastases that develop at different organ sites.

The relationship between ER/Her2 expression and AKT activation, using both binary (+/−) 

and continuous H-score data, found no statistical relationship between the receptor 

expression and AKT (S473) in metastatic lesions (Supplementary Tables S3 and S4). These 

data indicate that, while AKT activation may correlate with ER status in the primary tumor, 

it does not appear to be related to underpinning ER status in secondary metastatic lesions.

AKT–mTOR signaling network is highly activated in liver metastases from breast cancer 
compared to primary breast tumors

To validate further the AKT–mTOR liver-specific signature, the activation levels of AKT 

(S473), mTOR (S2448), 4EBP1 (S65), and S6RP (S235/236) were compared between 
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hepatic lesions and unmatched primary breast tumors (n = 101). The proportion of patients 

with high activation of AKT (S473), mTOR (S2448), and 4EBP1 (S65) was significantly 

higher in liver metastases compared to primary breast tumors (P < 0.01, P < 0.01, and P = 

0.01, respectively). In particular, activation of AKT (S473), mTOR (S2448), and 4EBP1 

(S65) was seen in 60.3%, 70.7%, and 75.9% liver metastases compared to 29.7%, 46.5%, 

and 55.4% primary tumors respectively (Supplementary Table S2). When the analysis was 

repeated combining the liver metastasis with all other metastatic sites, none of the 

biomarkers reached statistical significance indicating that the activation of the AKT–mTOR 

axis is specific to the liver metastases only and not to breast cancer secondary lesions in 

general [AKT (S473) P = 0.11, mTOR (S2448) P = 0.13, 4EBP1 (S65) P = 0.19, and S6RP 

(S235/236) P = 0.44]. Finally, when primary tumors were compared to the other metastatic 

sites individually (lung, brain, lymph nodes, and chest wall/skin), none of the biomarkers 

reached statistical significance (P > 0.05).

Discussion

This is one of the first studies in which a combined genomic/phosphoproteomic or “multi-

omic” approach was used to explore the molecular landscape of metastatic lesions 

originating from primary breast cancer. The data presented here suggest that the activation of 

the AKT–mTOR pathway may represent an organ-specific drug target signature for liver 

metastases in breast cancer. Specifically, whole exome sequencing detected a significantly 

higher incidence of activating PIK3CA mutations in hepatic lesions compared to metastases 

developed at other organ sites. Alongside, functional proteomics/phosphoproteomic data 

collected from two independent study sets confirmed the increased functional activation of 

the AKT–mTOR signaling axis in liver metastases compared to primary tumors and other 

metastatic sites.

Because a universal definition of phosphorylation/pathway activation does not exist, the cut-

off points used in this study were set to capture the activation level of AKT and direct 

downstream kinase substrates like mTOR, p70S6K, 4EBP1, and S6RP. Reference population 

including hundreds of primary and metastatic breast cancers were analyzed internally along 

with standard curves and controls for comparisons across study sets. This approach allowed 

us to explore not only the activation state of individual proteins, but to undertake a pathway-

oriented type of approach. As a consequence, the concomitant increase in terms of AKT 

activation along with increased phosphorylation of its downstream substrates suggest that 

the AKT–mTOR axis is more globally activated in breast cancer cells within the hepatic 

parenchyma compared to metastatic lesions growing within different organ sites as well as 

primary tumors.

Because the AKT–mTOR pathway is a central player in sustaining cell survival, its role in 

tumor progression, including metastasis, and its value as a therapeutic target have all been 

amply scrutinized over the years, in many types of cancer (40–42). Previous studies have 

found that patient-matched metastatic lesions have increased activation of the AKT-mTOR 

pathway, as measured by phosphorylation of p70S6K, mTOR, and 4EBP1, compared to the 

primary cancer in women who received adjuvant endocrine therapy (43). Primary gastric 

tumors harboring a PIK3CA mutation have shown increased tendency for hematogenic 
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dissemination and high tropism for the hepatic parenchyma (44). Similarly, Li and 

colleagues have suggested that primary KRAS mutant colorectal cancers harboring a 

PIK3CA mutation may have a higher incidence of liver metastases suggesting that specific 

characteristics of the primary tumor related to the AKT–mTOR axis may favor the 

development of secondary lesions in the liver (45). High activation levels of the AKT–

mTOR pathway have also been described in primary hepatic lesions (14, 15, 46). Whether 

the hepatic microenvironment directly activates this signaling network or favors the growth 

of lesions that already have high activation of this signaling architecture needs to be further 

explored using matched primary and hepatic lesions collected from the same patient. 

Previous studies in colorectal cancer indicated that some protein pathway activation 

signatures of the primary tumor are retained and amplified in the metastatic 

microenvironment (e.g., “seed” signatures). Meanwhile, other signaling activation present in 

nearly every metastatic lesion appear to be unique to the metastatic microenvironment (12, 

13, 47).

Previous studies have indicated that ER+ tumors may be enriched for PIK3CA mutation, 

although this enrichment may not be directly associated with activation of AKT (48, 49). 

Although no association was found between ER/Her2 expression and AKT activation in this 

cohort of samples, subanalysis where ER/Her2 expression, AKT activation and site of 

metastases are concomitantly evaluated, was not conducted due to the relatively low number 

of patients in each comparison group. The hepatic signature here described needs to be 

further validated in a larger set of samples where patients are classified based on their 

molecular subtype. Nonetheless, to our knowledge this is one of the first studies for which 

molecular information was collected directly from the metastatic lesions, a type of lesion for 

which extensive tissue banks are not available. This approach allowed us to directly explore 

whether different host organs in which the metastatic lesions develop may favor the adaption 

of specific molecular alterations. By exploring the role of different organs this approach may 

shed new light on the biological mechanism underlying of metastatic progression and may 

lead to the development of organ specific therapeutic interventions.

Because of the relatively low sample size and mutation frequency for some of the gene 

members of the PI3K–AKT–mTOR axis (e.g., PTEN alterations, AKT2 amplification), this 

analysis did not allow us to statistically explore the impact at the signaling level of some key 

genomic alterations. Based on the rare appearance of these alterations, even when the 

pathway was functionally activated, our data suggest these alterations by themselves were 

not significant drivers of AKT–mTOR functional pathway activation.

When we analyzed the concordance of AKT–mTOR protein pathway activation with a 

PIK3CA–AKT gene “signature” wherein a genomic alteration in any one of the members 

constituted a positive event, we found a trend towards concordance with AKT activation. 

However, even in this instance there were 4 patients whose tumors had AKT–mTOR 

functional signaling activation in the absence of any PIK3CA–AKT genomic alteration. 

Previous analysis exploring PIK3CA and PTEN genomic alterations along with AKT–

mTOR protein activation/phosphorylation found little concordance between measurements 

(15, 39, 48, 50). When these alterations were evaluated in the context of response to 

endocrine therapy, only the phosphorylation levels of the AKT–mTOR signaling, but not the 
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underpinning genomic alterations in those proteins, were predictive of endocrine response 

(51).

Given the centrality of the AKT–mTOR signaling “hub” in the cellular biochemistry, 

activation of the pathway in the absence of any underpinning genomic alteration of PI3K–

AKT–mTOR genes should not be surprising. Cross-talk between AKT-mTOR signaling and 

many other pathways, secretion of soluble ligands that activate upstream drivers of AKT-

mTOR signaling (such as receptor tyrosine kinases like Her2, Her3, ALK, EGFR, IGFR, 

MET), or upstream pathway activation based on genomic alterations of those components, 

and establishment of feedback loops are all known mechanisms that can shape the signaling 

architecture of any tumor even in the absence of pathway-specific genomic alterations (40, 

52, 53). Finally, the interconnection between pathways can lead to the activation of mTOR 

downstream substrates in an mTOR-independent manner. For example, the integration of 

different signaling cascades may explain the lack of significance of activation of the S6RP in 

liver metastases, even though activation of the upstream proteins p70S6K and 4EPB1 was 

highly significant in this group of lesions (54).

The combination of high throughput genomic and functional proteomic/phosphoproteomic 

data generated in this study allowed us to comprehensively explore of the role of the AKT–

mTOR signaling pathway in the development of metastatic lesions at different organ sites 

and to identify a signature of a hepatic metastasis based on AKT–mTOR signaling 

activation. The introduction of molecularly rationalized treatments for metastatic disease 

based on molecular genotyping of the primary tumor and/or the metastatic lesion has created 

new opportunities for identifying targetable alterations underlying tumor growth and 

progression. Nonetheless, the identification of the true molecular drivers in any given 

patient’s tumor can be extremely challenging because genomic analysis often fails to 

identify actionable alterations due to low prevalence rates, or uncovers multiple genomic 

alterations within the same tumor making it impossible to know which, if any, of the 

alterations found is causally significant as a targetable event. However, the addition of 

functional, phosphoprotein-based, drug target activation mapping could provide key missing 

information to the identification and selection of a molecularly rationalized therapy regimen 

(55). In this context, the development of quantitative, standardized, CAP/CLIA-accredited 

platforms suitable for measuring the activation level of drug targets and downstream 

substrates, including RPPA-based analysis of specific phosphoprotein levels, are becoming 

invaluable for capturing the molecular landscape of malignant lesions (21, 56, 57).

By using our multi-omic approach, this study successfully measured functional protein 

activation, measured as phosphorylation, of the AKT–mTOR signaling network along with 

broad-scale NGS profiling of a large cohort of metastatic breast cancers. Because alterations 

of this signaling pathway appear to be predominant in the hepatic lesions, these data indicate 

that the AKT–mTOR pathway may represent an organ-specific drug target signature for liver 

metastases in breast cancer. The predictive or therapeutic value of these findings should be 

prospectively evaluated. These findings reinforce the growing evidence that not only are the 

metastatic lesions molecularly different from the primary tumor, but that molecular analysis 

of the specific affected organ site of the metastatic lesion may also be essential in the 
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accurate selection of targeted therapy for any given patient and a necessary component of the 

precision medicine ecosystem.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

Customization of treatment based on molecular profiling of a patient’s primary tumor has 

yielded promising results and has opened a new paradigm for treating patients with 

advanced disease. Nonetheless, the identification of the specific molecular drivers of any 

given patient’s tumor based solely on genomic alterations can be challenging without 

functional information. The addition of protein-based drug target activation mapping to 

genomic profiling of tumors may provide the functional synergy needed to more fully 

uncover the molecular landscape of cancer and optimal therapeutic selection. The 

identification of organ-specific targetable signatures based on multi-omic analysis, such 

as the activation of the PI3K–AKT–mTOR signaling network within liver metastases, 

may help both design more effective treatment for patients with metastatic breast cancer 

and identify patients that can be molecularly matched to a given therapy.
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Figure 1. 
Standardization of the RPPA platform for clinical use. Standard curves are printed along 

with experimental samples to explore the dynamic range of the phosphoproteins of interest 

and set cut-off points for the identification of patients with high activation of any given 

protein (A). Once standard curves are added to the arrays, the intensity value of each sample 

is interpolated from the linear dynamic range of the standard curve and reported in terms of 

relative units of the standard curve (B).
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Figure 2. 
Mosaic plots representing PIK3CA mutation incidence and activation of AKT (S473) and 

p70S6K (T389) for the 30 patients enrolled in the Side Out 2 trial. Proportion of positive 

patients is plotted along with the site of metastasis. P values were calculated using a Fisher 

exact test.
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Figure 3. 
Mosaic plots representing activation of AKT (S473) and downstream substrates mTOR 

(S2448), S6RP (S235/236), and 4EBP1 (S65) across 154 metastatic breast cancer. 

Proportion of positive patients is plotted along with the site of metastasis. P values were 

calculated using a Fisher exact test.
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Table 1

Molecular characteristics of the patients included in the discovery set

Case ID Metastatic site ER PR Her2

N02-03-003 Liver Pos Neg Not amplified

N02-03-011 Liver Neg Neg Not amplified

N02-03-012 Liver Pos Pos Not amplified

N02-03-010 Liver Pos Pos Not amplified

N02-03-017 Liver Pos Neg Not amplified

N02-03-018 Liver Pos Neg Not amplified

N02-03-020 Liver Pos Neg Not amplified

N02-02-023a Liver Neg Neg Not amplified

N02-02-036 Liver Pos Neg Not amplified

N02-03-037 Liver Pos Pos Not amplified

N02-03-043 Liver Pos Neg Not amplified

N02-03-001 Lung Neg Neg Not amplified

N02-01-005 Lung Pos Neg Not amplified

N02-04-014 Lung Pos Neg Not amplified

N02-03-039 Lung Neg Neg Amplified

N02-02-006 Lymph node Pos Neg Not amplified

N02-02-023* Lymph node Neg Neg Not amplified

N02-01-025 Lymph node Pos Neg Not amplified

N02-04-022 Lymph node NA NA NA

N02-02-021 Omentum Pos Neg Not amplified

N02-02-027 Omentum Pos Neg Not amplified

N02-04-009 Intra-abdominal mass Pos Pos Not amplified

N02-01-004 Chest wall/skin Neg Neg Amplified

N02-04-007b Chest wall/skin Pos Neg Not amplified

N02-04-008 Chest wall/skin Pos Pos Not amplified

N02-02-019 Chest wall/skin Neg Neg Amplified

N02-01-026 Chest wall/skin Neg Neg Amplified

N02-02-028 Chest wall/skin Pos Neg Not amplified

N02-02-029 Chest wall/skin Neg Neg Not amplifiedc

N02-03-032 Chest wall/skin Neg Neg Not amplified

N02-03-038 Chest wall/skin Neg Neg Not amplified

N02-02-041 Chest wall/skin Neg Neg Not amplified

NOTE: The site of metastasis along with ER, PR, and Her2 status are reported of each lesion.

a
A second biopsy was collected from the same patient after recurrence.

b
Metastatic lesion from a male breast tumor.

c
Data retrieved from whole exome sequencing analysis.
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