
Supplemental Methods 

Patient Samples 
For the NHS/HPFS CRC study, we collected paraffin-embedded tissue blocks from hospitals where 
participants underwent tumor resections(1).  Tissue microarray (TMA) was constructed as previously 
described(2). Analyses of tumor characteristics (protein expression by immunohistochemistry, IHC or 
DNA methylation and microsatellite instability (MSI) analyses) were described as follows: CCND1(3); 
CDX2(4); CHFR(5); FASN(6); HIC1(5); HIF1A(7); IGF2 differentially methylated region (DMR0) 
methylation(8); IGFBP3(5); MGMT promoter hypermethylation(9) and IHC(10); microsatellite instability 
(MSI)(11); MLH1(9); MSH2(12); PTGER2(13); PTGS2(14); SIRT1(15); VDR(16); WRN(5). 

Similarly to the NHS/HPFS CRC samples, a pathologist supervised the enrichment of tumor cells via 
manual micro-dissection for the BC/A series. The Illumina DASL® HumanRef8 v3 chips were used for a 
series of 9 archival tumor samples termed the ‘Autopsy’ set, which consists of samples from the 
following organs (year of embedding in parenthesis); liver (1972, 1981), lymph node (1981), lung (1981, 
1989, 1993), chest wall (1960), breast (1981), and spleen (1981). These samples were run in duplicate, 
with a duplicate negative control and a positive (internally regarded as positive based on previous 
success as determined by a high P95Grn and corresponding probe success) in triplicate.  A series of 
primary invasive lobular breast cancers and matched lymph node metastases were also run on the same 
chips. Of these 66 patient samples, a sub-series of 12 matched tumor and metastasis pairs were run in 
duplicate, with negative and positive controls run in triplicate. 

DASL Microarrays 
NHS/HPFS CRC samples were assayed using the Illumina DASL® HumanRef8 v3 (24K probes) microarray.  
Only tumor areas in tissue sections was manual dissected (excluding non-tumor areas) using tumor-
marked hematoxylin and eosin-stained tissue slides as a guide, and collected into a microtube.  RNA 
extraction, reverse transcription, and microarray assay by Illumina DASL® HumanRef v3 for the 
colorectal cancer samples were performed by the Genomic Analysis Program of the Broad Institute of 
Harvard and MIT (Cambridge, MA), as previously described according to manufacturer’s instructions(17-
19).  

The breast cancer/autopsy study employed the same array for 24 autopsy samples and 96 breast tumors 
and lymph node metastases, and then employed the most recent chip, the Illumina HT12 v4 (29K 
probes) for 48 primary breast tumors and lymph node metastases; cancer cell lines (from breast and 
prostate) and normal brain.  For experiments using the latest release Illumina HT12 v4 (29K probes) 
chips, a series of control samples were also tested, with all samples run in duplicate unless specified. We 
directly employed intact, high-quality MCF7 breast carcinoma cell line RNA (Agilent Bioanalyser RIN 
score of 10). In addition, high quality normal breast, prostate, brain and PC3 prostate cell line RNA 
(provided as a gift from Illumina) were run individually on the first chip and both intact and heat-
fragmented (incubation at 95°C for 30 min to artificially generate the fragmentation encountered in an 
FFPE sample) pools comprising normal prostate/PC3 and normal breast/MCF7 were run on the second 
chip. For the second chip we also paraffin embedded a pellet of MCF7 cells and processed for RNA 



extraction as we would for an archival block (RIN 2), and we heat-fragmented the intact MCF7 RNA as 
described (RIN 2.4). Four LN metastases samples were also run on chip one, with two primary breast 
tumors and three LN metastases samples (one of which was in triplicate) included on the second HT12 
v4 chip. An internal positive control sample was run in singular on the second chip.  Common probes 
from both platforms were selected prior to normalization to combine data between platforms.  RNA 
extraction was performed using the Roche High Pure FFPE kit according to manufacturer’s instructions 
and sample qualification was performed as previously described(20).  All steps for profiling of the BC/A 
samples were performed at The University of Queensland Centre for Clinical Research and the 
Queensland Institute for Medical Research, according to manufacturer’s instructions. 

Differential Expression Analysis 
Samples were randomly split into two equal groups.  Each group of samples was used to rank these 
genes for differential expression by BRAF mutation, CpG island methylator phenotype (CIMP), 
microsatellite instability, LINE-1 methylation, stage, and tumor location (see above).  These markers 
were either binary (BRAF, CIMP, MSI, location), quantitative (LINE-1), or categorical (stage).  In each 
case, genes were ranked by p-value from the F-test for the appropriate linear model. 

The concordance (fraction of genes in common) of the most differentially expressed genes from two 
samples, plotted against list size, is called a Concordance at the Top plot (CAT plot)(21).  We repeated 
this process for 100 random splits of the data to generate a distribution of concordances, plotted as a 
modification referred to as the "CAT boxplot". For each of the phenotypes considered, we compared 
samples of high, low, and combined quality.  For high-quality samples, we considered several pre-
processing methods (Figure 3): 

1. Standard log2 transformation of raw expression intensities followed by quantile normalization to 
the median pseudochip. 

2. Variance Stabilizing Transformation followed by Robust Spline Normalization(22) (lumi R 
package v2.2.1). 

3. Imputation of missing values: all undetected observations (p>0.01) were treated as missing and 
excluded from quantile normalization. Missing values were then imputed by the K-nearest-
neighbors method (impute R package v1.24.0).  

Investigation of gene transcript – molecular marker associations 
Molecular markers previously measured for these CRC tumors, including protein abundance, DNA 
methylation, mutation, and copy number, were obtained from the Channing Laboratory of the Brigham 
and Women’s Hospital and are available through the application process for Nurses’ Health Study / 
Health Professionals Follow-up Study data.  MethyLite assays for DNA methylation were binarized as 
high/low for values greater than or less than 4(9), and other markers were used as-is.  Correlation 
between molecular markers and associated transcript abundance was tested by two-sample Welch’s t-
test. 



Validation of published MSI gene signatures 
Using the CRC dataset, we applied the QC pipeline detailed above by initially removing 15 samples 
where no hybridization occurred, followed by an additional 194 samples falling below the QC IQR cutoff.  
Prior to normalization we removed 4,474 probes not detected in at least 10% of those samples passing 
QC (p<0.01).  Expression intensities in the remaining chips were log2-transformed and quantile 
normalized.  We assessed differential expression of the remaining probes with respect to MSI by two-
sample Welch’s t-test. 

Implementation and availability 
The sample quality control methods introduced in this paper are implemented by the ffpe R package, 
which will be made freely available with source code in Bioconductor (http://www.bioconductor.org).  
This package is compatible with expression objects defined by the affy and lumi Bioconductor packages 
for Affymetrix and Illumina microarrays, as well as with platform-independent matrices of expression 
intensities. 

  



Supplemental Figure S1: Immunohistochemistry for selected proteins. A.  CCND1 expression in colon 
cancer (original magnification 400x).  Tumor cells show strong expression (arrows) while stroma is 
negative for CCND1 expression (arrowheads). B.  SIRT1 expression in colon cancer (original magnification 
400x).  Tumor cells show strong expression (arrows) while stroma is negative or only weakly positive for 
CCND1 expression (arrowheads). 

Supplemental Figure S2: Pairwise scatterplots of technical variables for 1,003 DASL arrays from the 
NHS/HPFS study, including median value of Illumina control probes, sample age, RNA concentration, 
fraction of probes called present (p<0.05), and Interquartile Range (IQR).  

Supplemental Figure S3: Spatial distribution of sample-independent positive control probes 
(CY3_HYB) across the 12 96-well plates of the NHS/HPFS experiment.  Each row represents an 8-
sample chip, colors represent expression intensity on the log2 scale, and the white “x” marks indicate 
samples removed for quality control by the methods described in this paper.  Some low-quality samples 
are associated with failure of the sample-independent controls (for example on plate 8), but others are 
more likely due to sample properties (for example most of the failures on plate 1). 

Supplemental Figure S4: Spearman correlation of expression profiles of individual technical replicates 
to the median pseudochip decreases with Interquartile Range (IQR), particularly for samples with IQR 
less than 1.  In the BC/A experiment, for each probe, the median pseudochip was constructed within a 
group of replicates by calculating the median value of the expression of that probe across all replicate 
samples. For negative control probes (top left), IQR and Spearman correlation are uniformly low, 
although some samples approach correlation of 0.7, stressing that reproducible profiles alone are not an 
assurance of biological relevance. 

Supplemental Figure S5: CAT-boxplots for six covariates available in the NHS/HPFS study, showing 
reproducibility of ranked lists of differentially expressed between two independent samples by 
plotting fractional concordance of the top n genes in each list on the  y-axis, against n on the x-axis.  
The box represents the 25th to 75th percentile of concordance in 100 random splits of the data, and the 
dash inside the box represents the median concordance.  Genes were ranked for differential expression 
with respect to: (A) BRAF wild-type vs. mutation, (B) CIMP-high vs. CIMP-low, (C) quantitative LINE-1 
methylation (0-100%), (D) colonic vs. rectal tumors, (E) MSI-high vs. MSI-low, and (F) clinical stage (1-4).   

Supplemental Figure S6: Examples of two of the “best” (0.1% and 0.2% quantile) and “worst” (99.8% 
and 99.9% quantile) probes for reproducibility as assessed by Spearman correlation, Euclidian 
Distance, and Manhattan Distance.  Euclidian and Manhattan distance tends to favor probes with 
invariant measurements at the very upper limit of detection, suggesting probe intensity saturation.  By 
contrast, replicate probes with high Spearman correlation tend to be those which vary in a reproducible 
manner. 

Supplemental Figure S7: Reproducibility of individual probe intensity measurements.  For samples 
passing quality control in the BC/A experiment, Spearman correlation between technical replicates was 
calculated for each probe, as a function of four different measures of probe activity.  Each box indicates 
the 25th percentile, 75th percentile, and median Spearman correlation of replicate measurements for all 



probes with similar activity, with the levels of activity binned into equal segments for visualization.  
Activity level is represented by standard deviation, fraction detected, mean expression, and coefficient 
of variance.   

Supplemental Figure S8: Analysis of probe reproducibility measured by Euclidian distance, and 
relationships between different probe filtering criteria. Invariant probes (those with low standard 
deviation) tend to be the most reproducible by a Euclidian distance metric (top left panel).  These 
invariant probes include the lowest-intensity probes, corresponding to transcript sequences not found in 
the sample, and the highest-intensity probes at the saturation intensity (bottom left panel). Probes 
detected in a very low fraction of samples also tend to be invariant, as do a subset of those probes 
detected in more than 80% of samples, due to intensity saturation (top right panel), although intensity 
saturation is better discovered directly by probe intensity.  Probe mean expression is closely correlated 
with the fraction of samples in which the probe is detected (bottom right panel).  

Supplemental Figure S9: t-statistics using samples passing strict QC and permissive QC for the 
molecular markers considered in Supplemental Table 1.  Markers which were not significantly 
associated with mRNA transcript abundance by either QC method are shaded out in the grey box.  
Markers where the expected association was strengthened by strict QC are highlighted with a red line 
extending to the identity line representing no difference between strict and permissive QC.  

Supplemental Figure S10: validation of MSI-associated mRNA transcripts previously reported from 
fresh-frozen tissues(24).  Here a positive t-statistic means higher expression in MSI-H tumors compared 
to MSI-L tumors, and a magnitude of t greater than 1.96 corresponds approximately to p < 0.05 
(unadjusted).  In the large majority of cases, the expected association is strengthened by strict QC.  The 
occasional probes (7 of 59) where the rejected samples (poor samples only) show independent 
usefulness and ability to strengthen the expected association observed in higher-quality samples are 
further examined in Supplemental Figure S8. 

Supplemental Figure S11: Distribution of presence calls (fraction of samples in which a probe is called 
present, p<0.01) for all 24,526 probes on the DASL® assay, and for probes involved in validation of 
previously identified MSI-associated gene transcripts(24).  The large majority of probes used for 
validation (52 of 59 probes) showed a stronger association after strict QC, and the minority of probes 
that performed better with permissive QC were highly  expressed (present in 70-90% of samples, 
p<0.01).  
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