
 

Figure S1. Study design of the clinical study PA16-0507 for the longitudinal sampling of blood from patients with MBC. 

• 184 eligible MBC patients 

• 755 samples 

• 149 with at least 2 samples 



 

Figure S2. Distribution of CTC Counts (Wilcoxon signed-rank test with count set to 21). CTC counts of patients with MBC decrease with time on protocol. 
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Figure S3. (a) Frequency of CTC Count classification- Progression vs NO progression. (b) t-test with CTC count set to 21. Samples devoid of observable CTCs (0 

CTCs) were more frequent in patients with stable disease (lower yellow dashed line) compared to patients with progression. At later time points, survivorship 

bias likely influences the distribution presented. Note that each time point is shown as a percentage of samples, which places a larger weight on individual 

samples, as the number of patients with many repeat visits is rare. 



 

Figure S4. Progression-free survival across CTC cut-offs at baseline (a) and all time points combined (b). The rarefaction curve shows that at low CTC cutoffs, 

there was a small difference in PFS between patients with counts below the threshold (green) and those with counts above the threshold (red). However, as the 

CTC cutoff increased, PFS decreased, and the hazard ratio (HR) (blue) increased in patients with higher CTC counts. There was an inflection point in CTC-positive 

PFS at a cutoff of 5 or more CTCs, suggesting a threshold of 5 CTCs as the optimal cutoff to use. At baseline, the HR leveled off at the cutoff of ≥5 CTC; however, 

when considering all study time points, the HR continued to increase with higher cutoff values (Figure S4). Using OS had minimal utility in this analysis, as 

median OS was not reached for patients with CTC counts below the threshold. 



 

Figure S5. Multivariate Analysis including CTC counts- Multivariate analyses for PFS and OS at each timepoint including CTC Count ≥ 5, 

metastatic tumor tissue subtype, and age. Analyses where CTC count is independent prognostic factor are highlighted in blue. 



 

Figure S6. Dynamic change in CTC counts (PFS and OS). 



 

Figure S7. Progressors have higher expression than non-progressors on-therapy. 
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Table S1. Genes included in the study. 

 

Housekeeping Genes 

B2M:  Beta-2-Microglobulin (Beta Chain of MHC Class I Molecules) (qHsaCID0015347) 

GAPDH:  Glyceraldehyde 3-phosphate dehydrogenase (qHsaCED0038674) 

HPRT:  Hypoxanthine guanine phosphoribosyl transferase (qHsaCID0016375) 

PTPRC/CD45:  
Protein Tyrosine Phosphatase, Receptor Type C (white blood cell control) 

(qHsaCED0038908) 

GYPA:  Glycophorin A (a red blood cell control gene) (qHsaCID0010750) 

Epithelial-related genes  

CDH1:  Cadherin 1 (Epithelial (E)-Cadherin) (qHsaCID0015365) 

EGFR: Epidermal Growth Factor Receptor (qHsaCID0007564) 

EPCAM: Epithelial Cell Adhesion Molecule (qHsaCED0043827) 

KRT7: Keratin 7 (basic, low molecular weight cytokeratin) (qHsaCED0038533) 

KRT18:  Keratin 18 (acidic, low molecular weight cytokeratin) (qHsaCED0035037) 

MUC1:  Mucin 1 (Cell Surface Associated) (qHsaCED0019841) 

Mesenchymal and EMT-related genes 

AXL: AXL Tyrosine-protein kinase receptor (qHsaCID0008470) 

CDH2: Cadherin 2 (N-Cadherin) (qHsaCIP0029771) 

FN1: Fibronectin 1 (qHsaCID0012349) 

SNAI2: Snail Family Transcriptional Repressor 2 (SLUG) (qHsaCID0011342) 

ZEB2: Zinc Finger E-Box Binding Homeobox 2 (qCfaCEP0009109) 

Other cancer-related genes 

ALDH1A1: Aldehyde Dehydrogenase 1 Family Member A1 (qHsaCID0018574) 

BCL2: B-cell lymphoma 2 (qHsaCED0057245) 

CD274/PD-L1:  Programmed Cell Death 1 Ligand 1(qHsaCID0036468) 

ERBB2/HER2: 
Receptor Tyrosine Kinase 2 (Human Epidermal Growth Factor Receptor 2) 

(qHsaCED0045039) 

FGFR1: Fibroblast Growth Factor Receptor 1 (qHsaCED0042405) 

MET: 
Tyrosine-protein kinase Met/hepatocyte growth factor receptor (HGFR) 

(qHsaCED0002004) 



 

Figure S8. Select genes expressed higher in progressors (Wilcoxon rank-sum Test) 



 

Figure S9. Select gene expression is high in progressors- Change in gene expression from baseline 



 

Figure S10. Select genes decrease with time in non-progressors. 

 



 

 

Figure S11. ≥4 Positive genes are prognostic . 

a) 

b) 



Cox proportional hazard modeling was used to determine the effect of positive expression of individual genes on the time to first progression. As with the number 

of CTCs, PFS decreased with increasing numbers of positive CTC genes, but there was not a clear cut-point. The HR leveled off at ≥4 positive genes, and the 

number of samples with ≥5 positive genes started to drop dramatically, so a cutoff of ≥4 positive CTC genes was chosen for stratification. 

 

Figure S12. Mean Cumulative Function for progression events. 
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Figure S13. Genes are prognostic on-therapy in multivariate analysis. Multivariate analyses at each time point including metastatic tumor tissue subtype, CTC 

Count ≥ 5 and at detection of least 4 CTC genes.  Analyses where CTC count is independent prognostic factor are highlighted in blue and analyses where gene 

expression is independent prognostic factor are highlighted in red. . 



Table S2. Time Dependent Effects. Time Dependent Effects (PFS based on Prentice Williams and Peterson counting process model (PWP-CP). 

 

*If at least 4 of the following genes are positive (BCL2, CD274, CDH1, EPCAM, FGFR1, FN1, KRT18, MET, MUC1). 



Table S3. Mixed Effect Model on clinical benefit: Mixed effect model: With or without time effect was considered; subject covariance type of variance component 

(VC) structure, compound symmetry (CS) structure and AR(1) (first-order Autoregressive structure) structure were considered; a model with the smallest AIC 

was selected. 

Variable AIC 

Estimate of clini-

cal  

benefit=Yes vs. No 

P-value 

Significant criterion by 

Bonferroni-Holm correc-

tion 

Significant 

FN1 533.28 -0.15837 0.00001 0.05/(43-1+1)=0.00116 Yes 

MUC1 416.21 -0.13697 0.00052 0.05/(43-2+1)=0.00119 Yes 

Standardized EPCAM 2049.14 -0.56612 0.00064 0.05/(43-3+1)=0.00122 Yes 

Standardized KRT18 2259.14 -0.50897 0.00263 0.05/(43-4+1)=0.00125   

HPRT1 573.3 -0.15613 0.00448 0.05/(43-5+1)=0.00128   

Standardized FGFR1 2644.66 -0.60398 0.00688 0.05/(43-6+1)=0.00132   

Standardized CDH2 1339.03 0.53932 0.02304 0.05/(43-7+1)=0.00135   

Standardized MUC1 2517.85 -0.75359 0.0235 0.05/(43-8+1)=0.00139   

FGFR1 624.44 -0.10779 0.0338 0.05/(43-9+1)=0.00143   

Standardized ERBB2 1888.46 -0.2725 0.03949 0.05/(43-10+1)=0.00147   

KRT7 340.53 -0.08926 0.04016 0.05/(43-11+1)=0.00152   

BCL2 319.77 -0.12121 0.05142 0.05/(43-12+1)=0.00156   

Standardized KRT7 2160.64 -0.26587 0.0672 0.05/(43-13+1)=0.00161   

Standardized CDH1 1783.25 -0.19104 0.06982 0.05/(43-14+1)=0.00167   

CTC Count 3981.72 -1.3451 0.13178 0.05/(43-18+1)=0.00192  



 

Figure S14. ERBB2+ CTC are Prognostic in HER2- Met Tumors 



 

Figure S15. A case study of a metastatic Inflammatory Breast Cancer patient. The case study of a 55-year-old female with recurrent MBC (ER, PR: positive, HER2: 

negative) is shown (Figure S15). The patient enrolled with newly diagnosed metastatic disease, at which time 36 CTCs were counted in the blood sample. CTC 

counts remained high during therapy but dropped with second-line therapy and palliative radiation. A new liver metastatic site was diagnosed at 12 months 

concurrent with a rebound in CTC count to 145. Subsequently, the CTC count spiked to about 5000, and the patient died shortly thereafter.  . 



 

Figure S16. A case study of a metastatic Inflammatory Breast Cancer patient. A second case study shows a 61-year-old female with inflammatory breast cancer 

with recurrent metastasis presenting with 0 CTCs at baseline. Multiple treatment modalities were associated with dynamic changes in gene expression levels. Her 

CTC counts spiked a year later along with a surge in CTC-related gene expression before her death. 


