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« Massively parallel sequencing has resulted in major advancements in our
understanding of tumor biology
» new drivers of tumor progression, new therapeutic targets, and the development
of a molecular-based cancer taxonomy.
» many seminal studies drew from and were optimized for frozen tissues.

 The concept of precision medicine involves the application of these advances to
the clinical environment
» Challenge = diagnostic specimens are predominately formalin-fixed paraffin
embedded tissues (FFPE).
» molecular artifacts are known to be introduced by FFPE fixation.

* Goals of the TCGA FFPE Pilot
» to identify and optimize best practices for the extraction, characterization and
analysis of FFPE samples.
» to define the patterns of artifactual alterations induced by formalin fixation and
paraffin embedding (i.e. molecular signature of FFPE).
» bridge the gap to diagnostic material, and facilitate application of the emerging
cancer taxonomy to clinical testing environments.
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Co-isolation of Nucleic Acids from FFPE
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Co-isolation of Nucleic Acids from FFPE

TCGA Frozen
Co-isolation Protocol
Tumor Portion (25-30mg)
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Participants and Distribution

Number | Tissue Time in Age of FFPE % Tumor Number of RNA Integrity
Tumor Type of 10% Formalin Tissue Block ] % Necrosis Pooled
. . Nuclei . (RIN)
Patients (minutes) (years) Extractions
Colon Adenocarcinoma 10 961.7 +/- 636 2.86 +/- 0.7 74.46 +/- 11 4.82 +/-3 3.2+/-1 2.36 +/-0.2
Endometrial Carcinoma 4 703.5 +/- 651 2.64 +/-0.4 7153 +/- 8 2.8+/-4 3.5+/-2 2.43 +/-0.2
Lung Adenocarcinoma 12 780.25 +/- 562 2.97 +/- 0.6 72.64 +/- 6 5.36 +/- 5 3.17 +/-1 2.42 +/-0.1
Bladder Urothelial Carcinoma 3 432.33 +/- 170 2.72 +/- 0.2 89.18 +/- 5 249 +/-2 4 2.33+/-0.1
Kidney Renal Clear Cell Carcinoma 4 437 +/- 150 2.89 +/- 0.1 89.86 +/- 6 0.83+/-1 55+/-3 1.9+/-0.5
Breast Invasive Carcinoma 5 480.8 +/- 144 2.66 +/- 0.5 74.16 +/- 5 4,03 +/-6 4+/-2 2.32+/-0.2
Total/Average 38 716.92 2.84 76.32 4.07 3.63 2.33

Yield (ug)

Average Nucleic Acid Yield Per Extraction
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Participants and Distribution

FF (tumor and normal) and FFPE derived analytes were distributed for
characterization to the 5 genomic platforms listed below.

Platform Participant

Exome Sequencing
Broad SNP 6
USC Methylation
BCCA miRNA Seq
UNC mRNA Seq

1234567 8 91011121314151617 1819 2021 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38

Biospecimen overlap across platforms is indicated by the blue shading.

7 The Cancer Genome Atlas @



SNP6 Array Results

* 0 FFPE SNP arrays passed QC, in part due to highly over
segmented copy number profile

FFPE derived DNA gives rise to highly FFPE can validate the copy number
over segmented copy number profile. profile of FF, but segmentation artifacts
Segment counts across sample preparations result in a high false discovery rate
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Segmentation artifacts comprise the stand-alone utility
of determining SCNAs from FFPE through SNPG6 array
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Exome Sequencing Results

Overa}ll mutation spectrum i_n LUAD reveals Binning by allele fraction illustrates that s
shift towards C>T transitions in FFPE FFPE effect is limited to low allele fraction =
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Results support use of FFPE for exome sequencing, however additional tools are

needed to compensate for low allele fraction C>T SNV artifact.
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Presenter
Presentation Notes
Figure 3.  (Top Left) LEGO plot of single nucleotide variant transitions observed in lung adenocarcinomas (LUAD)
C>T transitions are enriched in FFPE

(Top Right) LUAD transitions binned by allele fraction (AF)
FFPE approximates the mutation signature of frozen tissues when AF is greater than 0.10
Enrichment in C>T transitions from FFPE is most evident when AF is less than 0.10

(Bottom Left and Right) LEGO plots of single nucleotide transitions in urothelial bladder carcinoma (BLCA)
Enrichment in C>T transition can be detected even in tumor types with higher C>T rates in frozen tissue

Overall results support use of FFPE for exome sequencing, however additional informatics filters are needed to compensate for the low allele fraction C>T SNV artifact.



MRNA Sequencing Results

Pairwise Pearson correlation of transcript
guantification between FF and FFPE
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Figure 5.  (Top Left) Pairwise Pearson Correlation of transcript levels between FF and FFPE specimens by tumor type
High concordance between FF and FFPE 
      (average >= 0.85)
Inset shows representative patient

(Top Right) Unsupervised clustering of top 3000 variably expressed transcripts
Primary driver of segregation is tissue type
Secondarily, samples from some studies (BLCA/UCEC) cluster by patient while others (LUAD/ COAD) cluster by preservation method

(Bottom Left) Hierarchical clustering of differentially expressed transcripts between FF and FFPE specimens
Identification of transcripts that correlated with FF or FFPE status independent of tissue type

(Bottom Right) Comparison of ONLY the significant differentially expressed transcripts between FF and FFPE in select patients
Differential expression between FF and FFPE varies in magnitude of detection, not type of transcript being measured
This may allow for the identification of analysis filters to correct for effect of FFPE


Overall results suggest high concordance in expression signatures between FF and FFPE tumor specimens, however additional bioinformatics steps may be required to adjust for differences in the level of expression detected in FFPE samples. 
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Figure 5.  (Top Left) Pairwise Pearson Correlation of transcript levels between FF and FFPE specimens by tumor type
High concordance between FF and FFPE 
      (average >= 0.85)
Inset shows representative patient

(Top Right) Unsupervised clustering of top 3000 variably expressed transcripts
Primary driver of segregation is tissue type
Secondarily, samples from some studies (BLCA/UCEC) cluster by patient while others (LUAD/ COAD) cluster by preservation method

(Bottom Left) Hierarchical clustering of differentially expressed transcripts between FF and FFPE specimens
Identification of transcripts that correlated with FF or FFPE status independent of tissue type

(Bottom Right) Comparison of ONLY the significant differentially expressed transcripts between FF and FFPE in select patients
Differential expression between FF and FFPE varies in magnitude of detection, not type of transcript being measured
This may allow for the identification of analysis filters to correct for effect of FFPE


Overall results suggest high concordance in expression signatures between FF and FFPE tumor specimens, however additional bioinformatics steps may be required to adjust for differences in the level of expression detected in FFPE samples. 


mMiRNA Sequencing Results
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Overall- FFPE has weak effect on miRNA characterization. Additional work is
needed to gain greater insight into the cause/effect of increased miRNA diversity. |
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Figure 6.  (Top Left and Right) Principal component analysis of FF and FFPE separation
The majority of variance detected between FF and FFPE is found in PC1 (expected to be associated with tumor type).
PCA does not separate FF from FFPE until PC5, suggesting that the effect of FFPE is weaker than other variables contributing to the molecular signature

(Bottom Left) Individual Clustering of FF and FFPE samples
Shown are only the miRNA that drive separation between clusters.
Note that while all significant expressed miRNA in FF are found in FFPE (yellow highlights), FFPE contains greater diversity in miRNA species.

(Bottom Right) Mapping cluster association between shared miRNA species
Clustering is largely conserved between preservation methods

Overall results suggest a weak effect of FFPE on miRNA characterization.  Additional work is needed to gain greater insight into the cause and effect of increased miRNA species diversity.
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Figure 4.  (Top Right) Independent unsupervised clustering of DNA Methylation results from FF or FFPE samples
When FF and FFPE results were compared to each other, correlation coefficients were all found to be equal to or greater than 0.95 (analysis not shown) 

(Bottom Left)  Unsupervised clustering of all FF and FFPE specimens
FF and FFPE cluster by patient almost 100% of the time

(Bottom Right) Methylation signature for an example promoter
MGMT promoter and coding region demonstrates highly consistent methylation signature between FF and FFPE samples across all patients

Overall results suggest excellent concordance in methylation signature obtained from FF and FFPE tumor specimens
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DNA Methylation Array Results
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Overall results suggest excellent concordance in methylation
signature obtained from FF and FFPE tumor specimens.

lllumina FFPE restoration protocol required The Cancer Genome Atlas &
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Figure 4.  (Top Right) Independent unsupervised clustering of DNA Methylation results from FF or FFPE samples
When FF and FFPE results were compared to each other, correlation coefficients were all found to be equal to or greater than 0.95 (analysis not shown) 

(Bottom Left)  Unsupervised clustering of all FF and FFPE specimens
FF and FFPE cluster by patient almost 100% of the time

(Bottom Right) Methylation signature for an example promoter
MGMT promoter and coding region demonstrates highly consistent methylation signature between FF and FFPE samples across all patients

Overall results suggest excellent concordance in methylation signature obtained from FF and FFPE tumor specimens



Conclusions and Future Plans

- Optimized a nucleic acid co-isolation method.

-  DNA and RNA extracted from FFPE can be employed for multlple
state of the art platforms.

- Characterization of the artifacts caused by formalin-fixation and
paraffin embedding:

15

SNP6 arrays: high false discovery rates due to over-segmented copy number.

Exomes: interpretable but with a low allele fraction (<0.10) C>T SNV artifact;
consistent with effects of de-amination caused by formalin fixation.

Methylation: minimally affected in FFPE samples.
- Illumina FFPE Restoration protocol required.

mRNA-Seq: good correlation between FF and FFPE samples, however a subset of
transcripts systematically vary between FF and FFPE.

- RiboZero chemistry proved to be most reliable.
miRNA-Seq: systematic increase in diversity of miRNA species from FFPE.

The Cancer Genome Atlas @



Conclusions and Future Plans

- Future efforts

— Analyze FFPE signature in the context of multi-center calling.

— Delineate the influence of tumor heterogeneity in the results of this study
(spatial separation exists between Frozen and FFPE portions).

— Deeper analysis of the differences between FF and FFPE to identify

potential bioinformatics mechanisms to correct of the artifacts caused by
formalin fixation and paraffin embedding.
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BLCA Exome Sequencing Results

FFPE signature in BLCA is more subtle, in part due to e
higher rate of C>T transitions in the frozen tissue XL
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As with LUAD, C>T transition signature of FFPE is also
detected at low allele fractions in BLCA
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Figure 3.  (Top Left) LEGO plot of single nucleotide variant transitions observed in lung adenocarcinomas (LUAD)
C>T transitions are enriched in FFPE

(Top Right) LUAD transitions binned by allele fraction (AF)
FFPE approximates the mutation signature of frozen tissues when AF is greater than 0.10
Enrichment in C>T transitions from FFPE is most evident when AF is less than 0.10

(Bottom Left and Right) LEGO plots of single nucleotide transitions in urothelial bladder carcinoma (BLCA)
Enrichment in C>T transition can be detected even in tumor types with higher C>T rates in frozen tissue

Overall results support use of FFPE for exome sequencing, however additional informatics filters are needed to compensate for the low allele fraction C>T SNV artifact.



BACK Up Slide

Mapping of mRNA Sequencing Reads

Relative coverage of exons, L TMRTE
introns, and intergenic regions
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Mapping of mMRNA Sequencing Reads
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