CarcSeq Measurement of Rat Mammary Cancer Driver Mutations
and Relation to Spontaneous Mammary Neoplasia
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Abstract
The ability to deduce carcinogenic potential from sub-chronic, repeat dose
rodent studies would constitute a major advance in chemical safety
assessment and drug development. This study investigated an errorcorrected NGS method (CarcSeq) for quantifying cancer driver mutations
(CDMs) and deriving a metric of clonal expansion predictive of future
neoplastic potential. CarcSeq was designed to interrogate subsets of
amplicons encompassing hotspot CDMs applicable to a variety of cancers.
Previously, normal human breast DNA was analyzed by CarcSeq and
metrics based on mammary-specific CDMs were correlated with tissue
donor age, a surrogate of breast cancer risk. Here we report development of
parallel methodologies for rat. The utility of the rat CarcSeq method for
predicting neoplastic potential was investigated by analyzing mammary
tissue of 16-week-old untreated rats with known differences in spontaneous
mammary neoplasia (Fisher 344, Wistar Han and Sprague Dawley). Many
mutants (376-421) with mutant fractions ≥10-4 were quantified in each
strain, most were recurrent mutations and 42.5% of the non-synonymous
mutations have human homologs. Mutants in the mammary-specific target
of the most tumor-sensitive strain (Sprague Dawley) showed the greatest
non-synonymous/synonymous mutation ratio, indicative of positive
selection consistent with clonal expansion. For the mammary-specific
target (Hras, Pik3ca and Tp53 amplicons), median absolute deviation
correlated with percentages of rats that develop spontaneous mammary
neoplasia at 104 weeks (Pearson r = 1.0000, one-tailed P = 0.0010).
Therefore, this study produced evidence CarcSeq analysis of spontaneously
occurring CDMs can be used to derive an early metric of clonal expansion
relatable to long-term neoplastic outcome.

Materials and Methods
DNA was isolated from the entire mammary tissue of female, 16-week-old
Fischer 344, Wistar Han, and Sprague Dawley rats (n = 10 each). A highfidelity, first-round PCR amplified rat DNA encompassing homologues of
human hotspot CDMs in Hras (2), Pik3ca (2), Nfe2l2, Braf, Kras, Stk11,
Tp53 (3), Egfr (2), Apc, and Setbp1. The first-round PCR incorporated 9 bp
unique molecular identifier sequences (UMIs) into the 5’-ends of primers.
Amplicons from individual rats were combined and libraries were prepared
using the Illumina TruSeq ChIP Sample Preparation Kits (Illumina, San
Diego, CA), modified for the CarcSeq application as described in Harris et
al. (2020) Environ. Mol. Mutagen. 61, 872-889, which also describes the
analysis of homologous amplicons in normal human breast and lung.
Error-correction was conducted based on construction of single-strand
consensus sequences (SSCSs, read families with identical 18 bp UMIs), and
mutations were recovered from >100,000 SSCSs per amplicon. Data were
filtered by: 1) MFs were required to be represented by at least 3 mutant
family members, to avoid large sampling errors, 2) only MFs ≥10-4 were
considered, to eliminate the potential impact of early PCR errors, and 3) the
number of MFs recovered was normalized with respect to the sample with
the lowest number of SSCSs recovered and normalized numbers of mutants
were randomly down sampled.

Results and Discussion
Absolute deviation from an overall median MF captures clonal expansion of
mutants within the target as the greatest MFs. Clonal expansion of mutants
not in the target can also be captured as the smallest MFs, because
expansion of non-target mutations will diminish target MFs.

Human
CarcSeq panels were designed to detect cancer drivers specific to multiple
tumor types. MAD calculated for the entire panel vs the subset of known
mammary-specific amplicons was used to validate the CarcSeq results.
Important observations included: 1) ~20 MFs >10-4 were recovered per rat
sample, and 2) the most mammary-tumor-sensitive rat strain had the
greatest nonsynonymous to synonymous ratio (NS/S, ratio of amino acid
altering to silent mutations), providing evidence of a positive selective
advantage, i.e., clonal expansion.

Rat

Table 1. Rat mammary mutants and mutations recovered by CarcSeq.

Figure 4. Homologous, mammary-specific CarcSeq analyses of human
and rat show correlations between MAD and a cancer risk factor, age for
human and strain for female rat mammary neoplasms.

Conclusion
*
*NS/S ratio, non-synonymous to synonymous mutation ratio; an increase in NS/S

Introduction

ratio indicates enrichment in mutations having a positive selective advantage.

We hypothesized: 1) the CDMs prevalent in normal tissue can be sensitive,
tissue-specific reporters of early clonal expansion, 2) clonal expansion of
CDMs can be quantified as median absolute deviation (MAD) in cancer
driver mutant fraction (MF), and 3) clonal expansion will be an early
predictor of long-term tumor outcome. We previously developed an errorcorrected sequencing method, called CarcSeq, to quantify MFs in a panel of
amplicons encompassing human hotspot CDMs. We tested these
hypotheses by analyzing normal tissues of 16-week-old rats (Fischer 344,
Wistar Han, and Sprague Dawley), with known differences in the incidence
of spontaneous mammary tumors.

Deriving a metric of early clonal expansion from sub chronic repeat dose
rodent studies would improve carcinogenicity testing . Analyses of
prevalent spontaneous CDMs in normal tissues has potential as a test
article- and mechanism-agnostic approach.
CarcSeq panels for human, rat, and mouse were designed to include
hotspot CDMs, with subsets of mutations relevant to multiple tumor types.
The hotspot CDMs in normal rodent and human tissues that occur at levels
≥10-4 likely contribute significantly to a signal of early clonal expansion.
This study demonstrated a significant correlation between reported
incidence of mammary neoplasia for three strains of rat at two years with
MAD measured in mammary-specific amplicons of mammary DNA of 16week-old rats of three strains.
The most sensitive strain had the greatest ratio of amino acid altering to
neutral mutations, consistent with positive selection. Thus, CarcSeq
analysis of CDMs is a promising approach to quantify clonal expansion.
Overall, CarcSeq studies in human, rat and mouse support the idea that a
biomarker based on clonal expansion will be useful in predicting future
cancer risk and understanding the human relevance of sub chronic repeat
dose rodent studies.

Figure 1. Spontaneously-occurring CDMs are early, mechanism-agnostic
reporters of clonal expansion and may predict chronic tumor response.

Figure 2. Overview of methods used for error-corrected NGS in CarcSeq.
A) Standard versus optimized approaches for library preparation. B)
Amplicons are labeled with a 6 bp index sequence and UMIs to deconvolute samples and construct SSCSs for error correction, respectively.

Figure 3. Log10 MFs in Fischer 344 (A), Wistar Han (B) and Sprague
Dawley (C) mammary DNA. Only mammary-specific amplicons are shown.
Hotspots are visible. The horizontal lines denote the median of all MFs
detected in the 30 samples.
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