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Primer design, workup, and assessment on cell lines DNA 

A set of primer-probe combinations utilizing TaqMan MGB probes (Applied 

biosystems) were designed against HER2, TUFMP1 (pericentromeric on 

chromosomal region 17q11.1), and UBBP4 (pericentromeric on chromosomal region 

17p11.1), EFTUD2 (chromosomal region 17q21.31) with at least 5 pairs per gene 

using Primer 3plus (www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi). We 

avoided known SNPs (HapMap release 27) and regions of normal copy number 

variation (http://projects.tcag.ca/variation/ GRCh 37 Feb 2009).  

 

For each gene the performance of each probe was initially assessed by PCR using 

AmpliTaq Gold (Applied Biosystems) on CAL51 cell lines DNA, a diploid breast 

cancer cell line, to identify the primer sets with most efficient amplification and a 

single band by agarose gel electrophoresis (Data not shown). Subsequently the 

optimal concentrations of HER2 and reference primer-probe combinations were 

determined empirically by real-time PCR with TaqMan gene expression mastermix 

(Applied biosystems). Once optimized a single digital PCR plate was performed 

using DNA extracted from the indicated cell lines. The following probes were used for 

TUFMP1 in the cell line assessment (TUFF: GAAGCCTTTCCTGCTGACTG, TUFR: 

CCTAGGAGCTCACGCTTGTC, TUF probe VIC- CACCATGGTGACAGGTATGC). 

 

Processing of plasma to plasma DNA 



Following informed consent, blood samples were taken into Cell Preservation Tubes 

(CPT tubes, BD Biosciences). Samples were processed within 2 hours, centrifuged 

at 1600rcf for 20min, and plasma was aspirated and stored at -80°C. Plasma DNA 

was extracted using the QIAamp MinElute virus spin kit (Qiagen) according to 

manufacturer instructions with the following modifications; 3ug tRNA (Invitrogen), 

125μl Proteinase and 1ml lysis buffer were added to each 1ml sample of plasma. 

Following 1h incubation at 55°C, 1250μl of 100% ethanol was added for each 1ml 

plasma sample of plasma, and each sample was filtered through a MinElute column 

in aliquots until the sample was exhausted. DNA was eluted in 50ul DEPC treated 

water and stored at -20°C.  

 

Quantification of DNA 

For initial 384 well plate assessment LINE1 real time quantitative PCR was used to 

quantify eluted DNA, relative to CAL51 DNA standard, using SYBR green (Quantitec 

Master Mix, Qiagen) with primers for LINE1 (F-TGGCACATATACACCATGGAA, R-

TGAGAATGATGGTTTCCAATTTC)(1), on a 7900HT Fast-Real-Time PCR system 

(Applied biosystems) with 56 °C annealing temperature. The data was analyzed 

using SDS 2.2.1 software, with a CAL51 DNA standard curve.  

 

384 well plate digital PCR 

Digital PCR was performed in 384 well format, with 360 well for sample assessment 

and 24 wells of negative control prepared without the addition of sample DNA. 

Although the intent was to reject plates with positive wells in the negative control, this 

never occurred in practice. PCR reactions were prepared with Taqman gene 

expression mastermix (Applied Biosystem), HER2 primers (HER2F: 

ACAACCAAGTGAGGCAGGTC, HER2R:GTATTGTTCAGCGGGTCTCC, HER2 

MGB probe: FAM-CCCAGCTCTTTGAGGACAAC) at a final concentration of 15.7nM 



primers and 4.3nM probes, UBBP4 primers (UBBP4F: 

GGAAGGCGGAAAAGAGGTAG, UBBP4R:CAAAACCGAACCCACAAGAC, UBBP4 

MBG probe: VIC-TGGCTTCTGGAAACCCTAAA) at a final concentration of 22.5nM 

primers and 6.25nM probes, and DNA diluted to 10pg per well as assessed by LINE1 

PCR. PCR reactions, 3μl per well, were run on a G-Storm thermal cycler incubating 

the plates at 95 °C for 5 min followed by 50 cycles of 95°C for 15 sec, 60 °C for 60 

sec. Plates were read on a 7900HT Fast-Real-Time PCR system (Applied 

Biosystems) and analyzed by allelic discrimination using SDS 2.2.1 software for 

automated assessment of the number of wells positive for HER2, UBBP4, both or 

neither. 

 

Droplet digital PCR 

Digital PCR was performed on a QX100 droplet PCR system (Bio-Rad) with  HER2 

primers (HER2F: ACAACCAAGTGAGGCAGGTC, HER2R: 

GTATTGTTCAGCGGGTCTCC, HER2 MGB probe: FAM-

CCCAGCTCTTTGAGGACAAC) at a final concentration of 45nM primers and 12.5nM 

probes, EFTUD2 primers (EFTUD2F: GGTCTTGCCAGACACCAAAG, EFTUD2R: 
TGAGAGGACACACGCAAAAC, EFTUD2 MBG probe: VIC-

GGACATCCTTTGGCTTTTGA) at a final concentration of 45nM primers and 12.5nM 

probes. PCR reactions were prepared with 10ul master mix in a total volume of 20ul, 

and partitioned into ~14,000 droplets per sample in a QX100 droplet generator 

according to manufacturer’s instructions. DNA was diluted to aim for 1 in 20-40 

droplets containing target DNA. Emulsified PCR reactions were run on a 96 well 

plate on a G-Storm G-Storm GS4 thermal cycler incubating the plates at 95 °C for 10 

min followed by 40 cycles of 95°C for 15 sec, 60 °C for 60 sec, followed by 10 min 

incubation at 98 °C. Plates were read on a Bio-Rad QX100 droplet reader using 

QuantaSoft v1.2.10.0 software from Bio-Rad  to assess the number of droplets 



positive for HER2, EFTUD2, both or neither.. At least two negative control wells with 

no DNA were included in every run. 

 

Digital PCR analysis development cohort 

We assessed the HER2: reference probe copy number ratio (or TUFMP1) for 

analysis in the development cohort. The concentration of HER2 DNA (copies of 

HER2 DNA per droplet) is estimated from the Poisson distribution. Number of HER2 

copies per droplet MHER2 = -ln (1-(nHER2/n)), where nHER2=number of droplets positive 

for HER2-FAM probe and n=total number of droplets. Similarly, number of reference 

probe copies per droplet MEFTUD2 = -ln (1-(nEFTUD2/n)), where nEFTUD2=number of 

droplets positive for UBBP4-VIC probe. The HER2:EFTUD2 copy number ratio = 

MHER2 / MEFTUD2 

 

For HER2 : UBBP4 a single 384 well digital PCR assay was initially run per sample, 

and then subsequently repeated on plasma samples with HER2 : UBBP4 copy 

number ratio in the range 1.15-1.4 until 500 positive wells were achieved, to more 

accurately define the threshold for HER2 amplification. The HER2:EFTUD2 droplet 

digital PCR assay was defined to achieve at least 400 wells positive for EFTUD2 in 

all cases. 

 

Digital PCR analysis of validation cohort with Sequential Probability Ratio Test  

The validation cohort was evaluated using the Sequential Probability Ratio Test 

(SPRT) with a threshold likelihood ratio of 8, as previously reported with 

modifications(2, 3). 

 

For the SPRT test only informative droplets were analyzed, those droplets positive 

for either HER2 alone or EFTUD2 (or UBBP4) alone. The proportion of informative 

droplets positive for the HER2 is calculated PHER2 = NHER2/N where NHER2 is the 



number of droplets positive for HER2 alone, and NEFTUD2 is the number of droplets 

positive for EFTUD2 alone, and N=(NHER2+NEFTUD2) the number of informative 

droplets. 

 

The boundaries of the SPRT test are calculated as  

Upper = ((ln 8)/N-ln d)/ln g 

Lower = ((ln1/8)/N-ln d)/ln g 

where 

d = (1-q1)/(1-q0) 

g = q1(1-q0)/q0(1-q1) 

and 

q1 = the proportion of informative droplets positive for HER2 if alternative hypothesis 

is accepted (plasma sample is from a patient with HER2 amplification).  

q0 = the proportion of informative droplets positive for HER2 if null hypothesis is 

accepted (plasma sample is from a patient without HER2 amplification). 

 

q1 is calculated from HER2/EFTUD2 copy number ratio (TAMP=1.3) for assigning a 

sample as HER2 positive sample, and varies according to MEFTUD2.  

q1 = (XAMP – XAMPnEFTUD2/n) / (XAMP + nEFTUD2/n - 2XAMPnEFTUD2/n) 

where XAMP=1-exp(-TAMPMEFTUD2) the expected proportion of informative droplets 

positive for HER2 at the threshold ratio TAMP.  

 

q0 is similarly calculated from HER2/EFTUD2 copy number ratio (TNONAMP=1.2) for 

assigning a sample as HER2 positive negative, and also varies according to MEFTUD2.  

q0 = (XNONAMP – XNONAMPnEFTUD2/n) / (XNONAMP + nEFTUD2/n - 2XNONAMPnEFTUD2/n), where 

XNONAMP=1-exp(-TNONAMPMEFTUD2) 

where XNONAMP=1-exp(-TNONAMPMEFTUD2) 

 



Using these equations for any given N, the upper and lower boundaries of the SPRT 

curve are calculated. If PHER2 is greater than the upper boundary then the test result 

is HER2 positive. If PHER2 is less than the lower boundary then the test result is HER2 

negative. If PHER2 lies between the two boundaries, then further round(s) of digital 

PCR are required until a sample is above, or below, the boundaries.  

 

The SPRT uses a likelihood ratio of 8, which corresponds roughly to two sided 95% 

confidence for differentiating between ratios of 1.30 and 1.20(2). With these 

parameters a sample with an actual HER2:EFTUD2 ratio of, for example, 1.15 would 

have a very high probability (>99.9%) of being correctly called as negative, and 

likewise a sample with an actual ratio of 1.35 would have a very high probability of 

being correctly called as positive. 

 

Statistical analysis 

All other statistical analysis was two sided and performed with GraphPad Prism 

version 5.0 or Microsoft Excel. 

 



Supplementary Table 1. Clinicopathological characteristics of patients 

analysed in 384 well PCR with UBBP4 control probe. 

 All patients Development Test set 
    Set   
n 77 44 46 
       
Median Age 61 (33-83) 59.5 (35-80) 61 (33-83) 
       
Pathology       
  IDC 70 40 42 
  ILC   5 3 2 
  Other 2 1 1 
       
Histological Grade       
  1 2 1 1 
  2 31 14 19 
  3 36 24 22 
unknown 8 5 4 
       
ER positive 55 33 29 
       
HER2 positive 17 9 10 
       
HER2 testing site       
  Primary 35 19 20 
  Recurrent 42 25 26 
       
Sites metastatic disease       
 visceral 57 35 29 
 non visceral 20 9 17 
       
Adjuvant Chemotherapy 49 27 28 
       
Adjuvant Endocrine 44 26 24 
       
No prior metastatic chemo       

0 30 12 25 
1 20 14 9 
2 17 13 5 
3 6 3 4 

>=4 2 1 2 
       
Prior HER2 directed therapy 16 8 10 

 

IDC – invasive ductal carcinoma, ILC invasive lobular carcinoma. No prior metastatic 

chemo – Number of prior courses of chemotherapy in the metastatic setting 

 

 



Supplementary Table 2. Re-assessment of HER2 status by DDISH in situ 

hybridization in cases with plasma DNA digital PCR discordance 

 

 

HER2 status was re-assessed on the original archival biopsy (from a M- metastatic 

or P-primary site) using the INFORM HER2 Dual ISH DNA Probe Cocktail (Ventana). 

Case 2027 was found to be non-amplified on re-testing and therefore the plasma 

DNA digital PCR test was potentially correctly negative. 

 



Supplementary Figure 1. Digital PCR assay for HER2 on 384 well microplates 

 

A. Plasma is separated within 2 hours of venepuncture and stored at -80°C before 

extraction of free circulating DNA. 

B. DNA concentration is quantified by LINE1 element quantitative PCR. 

C. Digital PCR is carried out in microplates with a FAM labeled HER2 probe and VIC 

labeled UBBP4 (reference) probe with DNA diluted so that on average a well 

contains a single copy of template. By chance, some wells containing no copies, and 

some one or more. After single molecule PCR, and quantification, the concentration 

of DNA in sample can be quantified from the number of wells positive using the 

Poisson distribution. 

D. Validation cohort: Analysis of digital PCR with Sequential Probability Ratio Test 

(SPRT) using informative wells, those wells positive for HER2 or UBBP4 alone, and 

not those positive for both or neither. The SPRT assesses whether the proportion of 

informative wells positive for HER2, informative wells ratio, is elevated as data 

accumulates. SPRT defines two boundaries, with a ratio above the upper boundary 

being considered HER2 positive and below the lower boundary considered HER2 

negative. A ratio between the two boundaries is considered as unassigned, and the 

sample is subjected to further rounds of digital PCR until the result is above or below 

the boundaries. 

 

Supplementary Figure 2. Example Digital PCR analysis in 384 well plate 

Example of allelic discrimination plots from (left) a patient with a HER2 non-amplified 

tumour and (right) an amplified tumour.  

 

Supplementary Figure 3. Digital PCR analysis by droplet digital PCR. 

Example droplet digital PCR plots from (left) a patient with a HER2 non-amplified 

tumour and (right) an amplified tumour.  



 

Supplementary Figure 4. HER2 : EFTUD2 copy number ratio in validation 

cohort 

 

Assessment of HER2 : EFTUD2 copy number ratio in the independent validation 

cohort of 58 breast cancers. Dotted line indicates 1.25 threshold.  

 

Supplementary Figure 5. Bio-informatic comparison of different reference 

probes. 

 

Analysis of microarray CGH data from 311 primary breast cancers (4). For each 

cancer the ERBB2 (HER2) to reference copy number ratio was calculated for the 

corresponding reference genes.  

Top. Comparison of ERBB2 : EFTUD2, ERBB2 : RNase P (RPPH1), and ERBB2 : 

TERT copy number ratios in HER2 amplified and non-amplified cancers. The 

variance of ERBB2 : reference copy number ratios in HER2 non-amplified cancers 

for the EFTUD2 probe is substantially reduced compared to the other reference 

probes. 

Bottom. In the 246 HER2 non-amplified cancers ERBB2 and EFTUD2 copy number 

show are highly correlated, with poor correlation between ERBB2 and RNase P 

(RPPH1) or TERT. In chromosomally unstable cancers, EFTUD2 is predicted to 

generate more stable copy number ratios in non-amplified cancers, as low level gain 

or loss of ERBB2 is shared by EFTUD2. 

 

Supplementary figure 6. Comparison between EFTUD2 and UBBP4 reference 

probes on patient plasma samples.  

 



Comparison of HER2:UBBP4 and HER2:EFTUD2 copy number ratios from the same 

patient plasma samples, examining the nine cases with false positive elevation of the 

HER2:UBBP4 plasma DNA digital PCR assay in the HER2:UBBP4 validation data 

set (cases with HER2 negative cancers with a positive HER2:UBBP4 plasma DNA 

digital PCR assay as in Figure 1C). Of the nine cancers with an apparent false 

positive HER2:UBBP4 ratio, eight cancers have an negative HER2:EFTUD2 ratio, 

and are therefore called as correctly negative with EFTUD2 as the reference probe. 

This suggests that in these eight cases the elevation of the HER2:UBBP4 ratio may 

be due to loss of UBBP4 in the cancer, and therefore a true false positive result, with 

assessment of EFTUD2 being more robust. In one case the ratio was very 

substantially elevated with both reference probes, possibly signifying acquired HER2 

amplification as discussed in the main text. 

A. Comparison of copy number ratios for the two reference probes, with dashed lines 

indicating the 1.25 threshold. 

B. Data plotted in part A, with ratio and 95% confidence intervals assessed from the 

Poisson distribution.  
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