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The success of precision oncology highly de-
pends upon the timely production of accurate re-
sults for gene variants associated with therapeutic
response. While some variants render tumor cells
sensitive to a therapeutic drug, other variants pro-
vide a mechanism of resistance to that same
therapeutic. Initially, laboratories were performing
clinical testing of tumor tissues simultaneously for
multiple variants in multiple genes using massively
parallel or next-generation sequencing (NGS). This
led to a variety of molecular profiling approaches
that benefited from advances in sequencing tech-
nology and data analysis pipelines. However, the
performance characteristics of current NGS as-
says tend to rely on both extrapolation and infer-
ence (1, 2). Currently, most clinical laboratories
use NGS assays to generate qualitative results
(i.e., variant detected or not detected), and clinical
reports contain nonstandardized and noncali-
brated values for parameters such as variant allele
fractions (3, 4, 5). Positive and negative controls for
NGS run in parallel with patient samples provide a
crude process control but do not capture the vari-
ation that each sample experiences as it passes

through the highly complex NGS test procedure
(6, 7). Further, limit of detection, analytical sensitiv-
ity, and specificity are usually determined empiric-
ally with a combination of previously characterized
specimens and synthetic nucleic acids that contain
a fraction of the entirety of variants being interro-
gated. Lastly, NGS cancer targets such as circulat-
ing tumor DNA (ctDNA) or RNA fusions lack
standardized reporting methods due to vyield
biases in NGS testing (8, 9). NGS cancer testing
would benefit from methods that better address
the analytical variability of NGS assays.

There is an opportunity to improve the quality
control and performance characteristics of NGS
assays by implementing spike-in internal stan-
dards (IS). Conceptually, the IS in NGS assays are
no different than the IS used in quantitative re-
verse transcription polymerase chain reaction as-
says (10) and LC-MS methods (11) and would
support the need for accuracy described in a re-
cent ctDNA Draft Food and Drug Administration
Guidance (12). The IS are simply added or
spiked-in to the patient specimens prior to the
running of the assay. Standardized Nucleic Acid
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Quantification for sequencing (SNAQ™-SEQ) is an
IS method that distinguishes the signal generated
by IS from the signal generated by the patient spe-
cimen or native template (NT) through the NGS se-
quencing of unique base changes engineered into
the IS. Since the IS copy number can be calibrated
to reference material specification by combining
results of several independent quantification
methods, the approach can be used to convert
the NGS variant calls into a standardized copy
number or abundance measurement. By selecting
an appropriate IS copy number, a direct, rather
than indirect, limit of detection can be calculated
for the specimen to which IS are added. In theory,
the use of IS can be applied to any NGS assay, but
there are 2 categories of NGS assays: (a) cell-free
DNA (cfDNA) or ctDNA NGS assays and (b) RNA
NGS assays for gene fusion detection, where IS
can be shown to be particularly meaningful.

INTERNAL STANDARDS IN CFDNA OR
CTDNA NGS ASSAYS

The development of cfDNA assays introduced
the potential for performing liquid biopsy assess-
ments of the cancer patient at the time of diagno-
sis and for monitoring purposes using a simple
blood draw as the specimen of choice. Once again,
the field of precision oncology was to benefit
from the technical advances made that would
allow for the detection of cfDNA in patient blood
but this time with a concern for the sensitivity,
accuracy, and precision of these sequencing-based
approaches.

The importance of using a liquid biopsy to help
monitor therapeutic outcome in solid tumors is
unprecedented and has major advantages over
the use of tissue biopsy. However, deep sequen-
cing approaches must be quality controlled in a
manner that produces high-quality and high-
confidence results for variants that will directly im-
pact patient care. SNAQ™-SEQ controls in NGS
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quality control can help monitor the testing pro-
cess in individual samples, which is necessary for
tumor molecular profiling from liquid biopsies,
where using variant allele frequency (VAF) to moni-
tor treatment response is sensitive up to a 2-log
variation in background cfDNA. Figure 1A depicts
the VAF and abundance results when a synthetic
cfDNA sample was created with a constant variant
input and a 10-fold range of normal cfDNA. As ex-
pected, the VAF ranged >10-fold due to the differ-
ent amounts of the normal background genomic
DNA. However, <25% CV of variant abundance
per ml plasma for each variant resulted from cal-
culations using the variant and IS sequence read
alanine transaminase counts.

The SNAQ™-SEQ IS provides a near digital
polymerase chain reaction-like accuracy to the
sequencing platform, standardizing liquid biop-
sies variant reporting to abundance per ml of
plasma.

INTERNAL STANDARDS IN RNA NGS
ASSAYS

Gene fusions and exon skipping variants are
relevant biomarkers in treatment decision algo-
rithms and can be detected using NGS ap-
proaches. RNA-based targeted NGS panels
present significant advantages, such as increased
analytical sensitivity; however, they are also chal-
lenging to standardize. Some of these challenges
derive from the relative lability of RNA compared
to DNA and the additional step of reverse tran-
scriptase complementary DNA synthesis. Current
approaches make use of housekeeping gene ex-
pression to measure the intactness of the RNA
being assayed and the efficiency of the reverse
transcription step. Importantly, they depend on
the assumption that the transcripts of gene
fusions behave in a manner similar to the tran-
scripts of housekeeping genes. Significantly,
these approaches are hampered by the wide
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Fig. 1. (A), Boxplots of cancer variants in a sample with differing normal cell free genomic DNA. 30 000
SNAQ-SEQIS (SNAQ-SEQ ONCO1LB; AccuGenomics) controls and 50 ng 5% ctDNA reference material (NT,
SeraCare), which provided a single level of mutation template input, were added in increasing amounts
(0 to 500 ng) of cfFDNA normal (SeraCare) into 2 mL of DNA negative plasma. The IS mixture was synthetic
DNA, fragmented to simulate cfDNA and distinguished from genomic DNA by unique nucleotide altera-
tions every 50 bp. Targeted libraries were prepared from cfDNA extracted using the MagMAX™ Cell-Free
Total Nucleic Acid Isolation Kit and the Oncomine™ Pan-Cancer Cell-Free assay reagents (Thermo Fisher
Scientific). The indicated COSMIC mutation (x-axis) variant allele fraction (left panel, y-axis) were ex-
tracted from the lon Reporter VCF. Each of the indicated COSMIC variants were associated with an IS
containing a unique near adjacent variant. The COSMIC variant concentrations (right panel, y-axis)
were calculated from the COSMIC variant alt count and associated IS alt count extracted from the
lon Reporter VCF using the formula NT variant alt count divided by adjacent IS variant alt count * 30
000 IS input copies divided by 2 mL plasma; (B), Thermo Fisher Omni Pan Cancer NGS Reads
Converted to Abundance Measurements. The SNAQ™-SEQ single-stranded RNA IS mixture (110 copies
each) was added to patient formalin-fixed, paraffin-embedded extraction prior to addition to column
purification. Three patient RNA specimens positive for either fusion in EML4::ALK (a), MET-Exon 14 skip-
ping (b), or IRF2BP2::NTRK1 (c) were sequenced using the Oncomine™ Comprehensive Assay v3 panel
(Thermo Fisher Scientific), with fusion reads extracted using a modified analysis workflow of lon
Reporter™ software (version 5.16). Read counts for EML4::ALK.E13A20, MET-Exon 14 skipping, and
TPM3::NTRK1.T7N10 fusions were normalized to 1 million total reads (y-axis) for both native (black
bars) and internal standard (hashed bar) and exported for analysis. Fusion abundance (copies per sam-
ple, grey bars) was calculated by NT_reads/IS_reads * IS_input_copies.

variation in the expression levels of housekeeping extraction process and other aspects of RNA
genes between different tumor tissues. In add- NGS assays.
ition, cell lines engineered to harbor gene fusions To demonstrate the use of ISin RNA NGS assays,

are often used in parallel to control for the RNA SNAQ™-SEQ ssRNA IS were designed for EML4::
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ALK, MET-Exon14 skipping, and TMP3:NTRK1 NTs;
these standards included unique base changes
flanking the fusion for bioinformatic separation.
The IS mixture, 110 copies each, was added to pa-
tient formalin-fixed, paraffin-embedded RNA sam-
ples positive for fusions prior to addition to
column purification, then sequenced using the
Oncomine Comprehensive Assay Vv3 panel
(Thermo Fisher Scientific), with fusion reads ex-
tracted using a modified analysis workflow of lon
Reporter software (version 5.16).

In these proof-of-concept experiments, we de-
termined that the limiting SNAQ™-SEQ IS fusions
were detected in each sample, demonstrating a
per sample capability of detecting at least 110 fu-
sion copies, i.e., a limit control (Fig. 1B). Further,
the semiquantitative NT fusion reads were con-
verted into absolute abundance.

The addition of SNAQ™-SEQ IS did not alter the
patient fusion read counts. We believe that stan-
dardized abundance measurements could elimin-
ate the less accurate read based thresholds,
allowing NGS platforms to use established report-
ing range analytic validation like other quantitative
RNA technologies. Since IS do not require a separ-
ate set of library preparation and sequencing re-
agents, the routine incorporation of IS in RNA
NGS assays would be cost effective compared to
conventional in parallel fusion controls which
require a separate lane of sequencing. The stand-
ardization that IS provides will also be advanta-
geous in the cross-validation of different RNA
based NGS assays. For example, the ability to ex-
plore what levels of MET- Exon 14 skipping are
relevant biologically will benefit from inter

laboratory standardized abundance measure-
ments. When combined with housekeeping gene
abundance, the normalized abundance results
will control for was added to patient formalin-
fixed, paraffin-embedded differential RNA degrad-
ation, extraction bias and sequencing bias.

As more clinical decision-making becomes de-
pendent on accurate NGS molecular profiling of
DNA and RNA, the introduction of robust quality
control measures becomes imperative. We intro-
duce a method, SNAQ™-SEQ IS, to alleviate
much of the variability in interpretation of VAFs,
especially when used in the liquid biopsy testing
of ctDNA/RNA. A major advantage of the
SNAQ™-SEQ technology is that it reduces the po-
tential for false-positive and false-negative re-
sults of any quantitative sequencing test for
genetic variants. Reduced false positives by using
established analytic methods to establish limits
of detection and reduced false negatives by en-
suring sensitivity performance on a per sample
basis are critical to liquid biopsy testing. The dis-
advantage of using an IS is that the IS must
“cover” each hotspot region, making it better sui-
ted for characterization of known actionable mu-
tations. However, the incorporation of synthetic
IS into each sample allows direct calculation of
molecules of the variants per ml of plasma for
any sample, on any panel, on any NGS platform.
These IS are an appropriate set of reference ma-
terials (standards) to allow for comparability
across multiple minimal residual disease assays
and studies and across a longitudinal timeline
to monitor disease progression or response to
therapy.

Nonstandard Abbreviations: NGS, next-generation sequencing; ctDNA, circulating tumor DNA; IS, internal standard;
SNAQ™-SEQ, Standardized Nucleic Acid Quantification for sequencing; NT, native template; cfNDA, cell-free DNA; VAF, variant

allele frequency.
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