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Optimizing a gene panel for enhanced detection of hotspot mutations in en-
dometrial cancer using SiMSen-seq

ELMA EKLUND

Department of Life Sciences, Chalmers University of Technology

Abstract

Endometrial cancer is the sixth most common cancer among women globally, with over
420,000 cases reported in 2022. Current diagnostic techniques lack sufficient specificity or
sensitivity, emphasizing the need for new methods to improve early detection and clinical
outcomes. One promising approach is analysis of circulating tumor DNA (ctDNA) in
liquid biopsies. This project aimed to optimize a gene panel intended for ct DNA-based
mutation detection in endometrial cancer using SiMSen-seq, a next generation sequencing
method. The project focused on enhancing the performance and coverage of the panel
through complementary assay design and incorporation of additional target sites.

We designed and validated six new assays targeting mutations in five of the most fre-
quently mutated genes in endometrial cancer (ARID1A, CHD/, PIK3CA, PIK3R1 and
PTEN) for potential incorporation into the panel. Validation was performed primarily
using real-time quantitative PCR and automated electrophoresis, and confirmed compat-
ibility of the new assays with the existing multiplexes, with little observed interference.
Based on mutation data from the Catalogue of Somatic Mutations in Cancer, a hypo-
thetical detection coverage was calculated. Estimated, the updated panel would detect
an additional 2.6% of mutation-positive endometrial tissue samples, increasing the total
coverage to 70.4%. Future efforts should focus on validation using sequencing to confirm
individual assay performance and diagnostic utility.

Keywords: gene panel, PCR, endometrial cancer, multiplexing, liquid biopsy, SiMSen-
seq
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List of Acronyms

bp Base pair

Cq Quantification cycle

cfDNA Cell-free DNA

ctDNA Circulating tumor DNA

DNA Deoxyribonucleic acid

dNTP Deoxynucleotide triphosphates

EC Endometrial cancer

MP Multiplex

NGS Next Generation Sequencing

NTC No template control

PCR Polymerase Chain Reaction

PTC Positive template control

qPCR Quantitative Polymerase Chain Reaction
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UMI Unique Molecular Identifier

GENES
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ARID1A AT-rich interaction domain 1A
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1

Introduction

Endometrial cancer (EC) is a gynecologic malignancy that arises from the inner lining of
the uterus, the endometrium. It is the sixth most common cancer in women, with over
420,000 cases reported globally in 2022 [1], and incidence rising mainly due to an aging
population and increasing rates of obesity [2]. Prognosis is highly dependent on the stage
at diagnosis. The 5-year survival rate drops drastically from almost 92% at stage I, when
the malignancy is confined to the uterine corpus and ovary, to about 15% at stage IV,
when the cancer has metastasized [3]. The vast majority of women diagnosed with EC
are over the age of 50, with postmenopausal bleeding being the most common symptom,
occurring in approximately 90% of cases. As a result, a majority of patients are discovered
at an early stage, with about 67% of cases diagnosed when the disease is still localized [4]
[2]. In contrast, among women presenting with postmenopausal bleeding the likelihood
of an EC diagnosis, regardless of tumor stage, is about 9%, emphasizing the need for
diagnostic specificity [4].

Initial diagnosis of suspected EC typically involves transvaginal ultrasound (TVUS), a
minimally invasive method that assess the risk of EC by measuring endometrial thickness
in women with postmenopausal bleeding [5]. However, TVUS have limited specificity
due to endometrial fluctuations in healthy individuals [6]. Because of this, many patients
require confirmatory endometrial sampling, which is more invasive and can cause anxiety
and physical discomfort [7] [8]. This, in combination with the absence of simple diag-
nostic methods for targeted screening of EC, calls for new techniques providing sufficient
diagnostic accuracy and sensitivity to enable earlier diagnosis and improve treatment out-
comes.

One approach that has recently gotten a lot of attention in oncology, is the detection
of circulating tumor DNA (ctDNA) as a biomarker in liquid biopsies. This minimally
invasive approach holds great potential for early detection [9] and disease monitoring [10]
of cancer. Compared to tissue biopsies, liquid biopsies offer a more comprehensive picture
of tumor heterogeneity, as tissue samples will only represent a small part of the tumor
[11]. Mutations in EC have been successfully detected in ctDNA extracted from fluids
from routine Papanicolaou tests [12]. Although it is not yet reliable enough for clinical
diagnostics, these finding show the potential of ct DNA-based detection in liquid biopsies
for EC detection.

Detecting ctDNA poses a significant challenge due to its low abundance relative to to-
tal cell-free DNA (c¢fDNA). Hence, highly sensitive and specific detection methods are
required to distinguish ¢ctDNA from background cfDNA effectively [13]. One method
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1. Introduction

addressing this issue is simple, multiplexed, PCR-based barcoding of DNA using sequenc-
ing (SiMSen-seq). SiMSen-seq is a next generation sequencing (NGS) method capable
of detecting genetic variants at frequencies below 0.1% [14], making it highly effective
for detection of rare DNA molecules. Thus, this makes SiMSen-seq a suitable method
for cancer detection in liquid biopsies, and subsequently an appropriate method for this
project.

Using SiMSen-seq, a gene panel targeting hotspot mutations in EC, known as the EC-
panel, was previously developed by the Sundfeldt’s group [15]. The current panel consists
of two multiplexes, or sub-panels, harboring a combined 69 assays targeting sites in 17
commonly mutated genes, such as TP53, ARID1A, PTEN, and PIK3CA. Whether the ul-
timate application of the panel will be as a diagnostic tool for clinical use or primarily for
research purposes is yet to be determined. This project focuses on improving the accuracy
and performance of the panel through refinement of existing assays and the addition of
new target sites to enhance panel coverage, with the goal of refining it for comprehensive
EC detection.

1.1 Aim and limitations

This project aimed to optimize a gene panel developed by Sundfeldt’s group, with the
goal of improving its diagnostic and/or research utility for EC. The panel targets hotspot
mutations commonly found in EC and currently comprises 69 single assays with varying
levels of performance. The optimization process focused on enhancing panel performance
by improving assay sensitivity and specificity through complementary assay design, as
well as design and validation of new assays to expand panel coverage by targeting addi-
tional mutations of interest.

Due to time constraints, the panel was not tested on clinical samples, only control DNA.
This may have led to biased results, as reactions where intact control DNA is used typically
performs better. Additionally, sequencing was not included for this same reason, which
limited the ability to fully evaluate individual assay and panel performance.



2

Theory

2.1 Circulating tumor DNA in liquid biopsy

A liquid biopsy refers to the analysis of bodily fluids such as urine, blood or saliva, for the
detection of biomarkers indicative of disease. A promising biomarker that has recently
gotten a lot of attention due to its potential for non-invasive cancer diagnostics, early
detection, relapse monitoring, and treatment decisions, is cell-free DNA (cfDNA). cfDNA
is fragmented DNA that has been released into the extracellular environment through
physiological and pathological mechanisms including apoptosis, necrosis, and active se-
cretion by cells [11]. The majority of ¢fDNA is the size of about 166 base pairs (bp),
which is believed to originate from the mechanism of apoptotic cleavage, where DNA gets
degraded by caspases that cleave between nucleosomes [16].

In individuals with cancer, a fraction of the cfDNA originates from tumor cells and is
referred to as circulating tumor DNA (ctDNA). Unique cancer-specific mutations can be
targeted in the ¢fDNA and used to track tumor progression or detect remaining cancer
after treatment [13]. However, a primary challenge in ctDNA analysis is that ctDNA
typically is in much lower abundance relative to ¢fDNA. The proportion of ctDNA can
vary greatly depending on tumor type, disease stage, and also between different bodily
fluids, with sightings of less than 0.1% up to almost 90% of total ¢fDNA in plasma. A
person with further progressed cancer often have increased rates compared to healthy
individuals, although this is not always the case [17][16]. Therefore, detection of cancer-
associated genetic alterations, and the distinction of the ctDNA from the background
cfDNA is a challenge which requires highly sensitive and specific detection techniques.

2.2 SiMSen-seq

SiMSen-seq is a next generation sequencing (NGS) method capable of detecting genetic
variants at frequencies below 0.1% [14], making it highly effective for detecting ctDNA in
liquid biopsies. As opposed to existing barcode methods, SiIMSen-seq features a simple and
short library construction protocol that allows for low DNA input. The primary source of
background in NGS are errors introduced by DNA polymerases during library construction
or sequencing. SiMSen-seq addresses this by using Unique Molecular Identifiers (UMIs),
barcodes that enables distinction between true genetic variations and polymerase-induced
errors (see Figure 2.1). The barcode is protected by a hairpin-loop which remains closed
during the initial amplification step, preventing the formation of non-specific products.
Subsequently, as the temperature increases, the loop opens, allowing for binding of the

5



2. Theory

adaptor primers to the barcoded products.

Barcode Sequence

I_LH—‘—\
e — e ——
e — — — %
TRUE MUTATION RANDOM ERRORS

Figure 2.1: A simplification of how the SiMSen-seq method uses barcodes to identify true genetic variations
from errors introduced by polymerases during amplification. Genetic alterations are represented by
CrOSses.

The SiMSen-seq workflow includes target assay design and validation followed by addi-
tion of barcode sequences, containing the hairpin structure, to the target assay primers.
Barcoded assays are then individually validated by making a test library. A first round of
barcoding PCR is performed, from which the resulting products are subjected to a second
round of adaptor PCR with Illumina sequencing adaptor primers. This is first done with
real-time adaptor PCR, and based on results, the last step is performed which is adap-
tor PCR with high fidelity polymerase. After validation of individual assays, multiplex
combinations are tested, followed by library construction and sequencing. The resulting
SiMSen-seq data is processed in the UmiErrorCorrect custom software pipeline [18] where
the UMI count for each assay can be determined, reflecting their individual performance.

2.3 Quantitative PCR

The PCR technique enables amplification of nucleic acids using a mixture of DNA tem-
plate, oligonucleotide primers flanking the template, ANTP, and DNA polymerase. The
reaction undergoes thermal cycles of denaturation (separation of double-stranded DNA),
annealing (binding of primers to single-stranded DNA), and elongation (DNA synthesis
by polymerase), which are repeated until sufficient amplification is achieved [19]. At op-
timal performance, amplification results in a doubling of DNA per cycle.

Real-time quantitative PCR (qPCR) builds on conventional PCR by incorporating flu-
orescent probes that bind to the DNA product, enabling real-time monitoring of the
amplification by detecting fluorescence emitted from the probe after each cycle [20]. This
project used SYBR Green I, which binds to double-stranded DNA [19]

From the qPCR, a fluorescence vs. cycle plot is generated, exemplified in Fig. 2.2
where the quantification cycle (Cq) value is determined at the cycle at which fluorescence
surpasses a predefined threshold. Thus, a lower Cq, i.e. a curve appearing earlier in the
graph, equals more product, and vice versa. A standard curve is created by measuring a
dilution series of DNA and plotting the corresponding Cq values against the logarithm of

6



2. Theory

the DNA concentrations. The slope of the standard curve can then be used to calculate
PCR efficiency using Equation 2.1.

Ef ficiency = (10*53010e —1)-100 (2.1)

In addition, when doing qPCR, melting curve analysis is performed. The melting curve
represents the denaturation of the double stranded DNA and can be assessed to detect
undesired primer-dimers, and other secondary structures, that may have formed during
the reaction.

o Amplification

Q

c

@

3]

o

=Y IS (S Threshola

: 1

w :

i No amplification

Quantification cycle (C'q) Cycles

Figure 2.2: Example of an amplification curve from qPCR. The graph represents the florescence units per
cycle in a sample with amplification (green curve) contra a sample without amplification (brown curve).
The Cq at which the florescence passes the threshold is registered for comparative analysis. Created with
BioRender.com

2.4 Fragment analysis

To assess assay performance, evaluate and quantify formation of the correct PCR product
and select the appropriate fragments for sequencing, post-PCR samples can be analyzed
through fragment analysis. The instrument used for this purpose was the Agilent TapeSta-
tion 4200, which performs automated gel electrophoresis [21]. Samples are loaded together
with florescent dye into tube strips or a 96-well sample plate, from which the machine
transfers them into a disposable "ScreenTape" device containing a gel. Electrodes then
apply a current across the gel, generating an electric field in which the negatively charged
nucleic acids migrate toward the positive electrode. The migration distance depends on
fragment size and shape, with smaller fragments migrating faster, resulting in size-based
separation [22]. By then comparing the sample DNA to a reference ladder with known
fragment sizes (Figure 2.3a), the size of the DNA fragments including the abundance
of each fragment size can be determined. This generates a graph of sample intensity
(fluorescent units) to sample size (in bp) of which an example is presented in Figure 2.3b.

7
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Figure 2.3: (a) Genetic samples migrated through gels depicted by the columns. Horizontal lines of
different gray scale are groups of similar sized DNA fragments. Gel A1 contains the reference ladder used
to decide the size of the sample fragments. A more pronounced line indicates more fragments. (b) Sample
intensity in florescence units, to size in bp, for gel H1. The sample peak marked in red corresponds to
the marked fragment-band in a).

The horizontal position of the peak in Figure 2.3b represents the size of the fragments,
while the height of the peak corresponds to the abundance of the specific fragment size.
The size of the peak, i.e. the integrated peak area, reflects the relative amount of fragment
in the sample. For downstream analysis, the desired fragment group can be extracted and
purified for later sequencing.
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Methods

The methodology of this project primarily followed the established SiMSen-seq protocol,
integrating the original approach [14] with the updated method [23], including some new
custom changes to cycling programs and reagents.

N Liquid bi
/2 iquid biopsy Sequencing
sampling
5 Gene panel [~ =
. =
—— =\ — ouMoMaoy —

CtDNA [
from tumor N

cells

Assay developement and library
preparation using SiMSen-seq
Target assay validation

Target assay primer design

— Barcoding PCR

—
LU
Quantification cycle (Cq)
l.l -
» Realtime ===
adaptor PCR - - -
- ] — — -
) -
L5 Adaptor PCR (high A &
fidelity polymerase) Multiplexing/Library

Fragment analysis preparation

Figure 3.1: Intended workflow for the EC-panel. This project encompass the step of assay development
and library preparation using SiMSen-seq. Created with BioRender.com

3.1 Target assay primer design

Frequently mutated sites in EC were previously identified from literature and the Cata-
logue of Somatic Mutations in Cancer (COSMIC) [24]. Primers flanking these regions of
interest was designed using NCBI Primer-BLAST [25], and the initial selection criteria for
primers included: amplicon size of 60-80 base pairs, melting temperature (Tm) between
57-63°C, GC content of 50% + 10% and maximum self and pair complementarity of 3.
The designed target assay primers were controlled with the UCSC In-Silico PCR with the



3. Methods

human reference genome hg38 [26]. For all sites of interest, between two and six primer
pairs were ordered and tested to increase the chance of finding a suitable assay.

All primers were ordered in tubes of 25 nmole DNA Oligos from (Integrated DNA Tech-
nologies, USA). Upon arrival, primers were diluted to 100 xM using TE-buffer (Thermo
Fisher Scientific, USA) and stored at +4°C.

3.2 Target assay validation

All reagents used in this method were vortexed and centrifuged prior to use, as well as
between dilutions and preparations, unless otherwise specified. The DNA used in this
project was obtained from Roche (F. Hoffmann-La Roche AG, Switzerland), supplied
pre-solved in aqueous buffer. Upon arrival the concentration of each DNA sample was
measured using the Qubit™ 1X dsDNA Broad Range Assay Kit (Thermo Fisher Scientific,
USA) according to the manufacturer’s instructions. All measurements were performed in
triplicate, and the DNA concentration was determined as the average of these values, un-
less any replicate deviated significantly, in which case it was excluded from the calculation.

Validation of target assays was performed by qPCR, using a five-point DNA dilution
series with final concentrations of 0.16, 0.8, 4, 20 and 100 ng/ul. All qPCR reac-
tions were run in triplicate and included no-template controls (NTC) and the refer-
ence assay ALK (forward GGGCTTGGGTCGTTGGGCAT and reverse CTCCTTTG-
CACAGGGGTCTGGG). The qPCR was conducted using the Mic real-time PCR cycler
(Bio Molecular Systems, Australia), which can handle up to 48 wells per run. This set-up
allowed simultaneous analysis of five concentrations plus NTCs for two target assays, as
well as three concentrations (0.8, 4 and 20ng/ul) and NTCs for the reference assay. Each
reaction contained the following components (also presented in A.1): 5ul TATAA SYBR
GrandMaster Mix (TATAA Biocenter AB, Sweden), 0.4 ul forward/reverse primer mix
(10 uM), 2.6 pl nuclease-free water and 2 ul of template DNA at the specific concen-
tration or nuclease-free water for the NTCs, to a total of 10 ul. All reagents were kept
on ice during preparation. The qPCR cycling conditions are described in Appendix A.1.2.

A standard curve was created by plotting the Cq values against the logarithm of the
DNA series concentrations. The primer performance was then evaluated based on PCR
efficiency, which was calculated using the slope of the DNA standard curve according to
equation 2.1.

3.3 Barcoded target assay validation

Target assays selected from the initial validation was ordered with the hairpin
barcode sequences developed by the Stahlberg group [23]. The forward barcode
primer (GGACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNAAANNAN-

NAAANNNNATGGGAAAGAGTGTCC) containing the barcode of randomized
nucleotides, was added to the the 5’ end of the forward assay primer, and the reverse

10



3. Methods

barcode primer (GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT) added on
the reverse assay primer. All barcoded primers were ordered as 4 nM Ultramer™ DNA
Oligos in tube format from (IDT, USA), shipped dry. Upon arrival, primers were stored
at +4°C. Prior to use, they were resuspended according to the protocol described in
A.2.1, and subsequently stored in -20°C.

3.3.1 Barcoding PCR

Validation of the barcoded primers was performed based on SiMSen-seq library prepa-
ration, but with some modifications, such as the Q5 polymerase being exchanged for
Platinum SuperFi II Polymerase. Barcoding PCR reactions were assembled in a 96-well
microplate. Each reaction consisted of 5X SuperFi II Buffer and 2U/pL Platinum™
SuperFi II DNA Polymerase (Thermo Fisher Scientific, USA), 10mM dNTP mix
(Sigma-Aldrich, USA), 5M L-Carnitine (Sigma-Aldrich, USA), primer mix (forward and
reverse, 1 1M), nuclease-free water, and genomic DNA. The exact volumes are detailed
in Table A.2. All reagents, except the DNA template, were prepared as a mastermix
and distributed onto the plate. DNA template or nuclease-free water was then added
to each well. All reactions were performed in triplicate, and ALK was included as a
reference assay on each plate. Prior to thermal cycling, the micro plate was vortexed and
centrifuged. PCR was performed on a T100 Thermal Cycler (Bio-Rad, USA) using the
program listed in A.2.2.2. Immediately after completion, the plate was placed on ice and
20 pl of TE buffer was added to each well using a multi-channel pipette to terminate the
reaction.

3.3.2 qPCR

For qPCR, all replicates from the barcoding PCR were used, and each reaction were
prepared according to Table A.3. Additionally, two reactions with 2 nl of water, instead
of barcoding product, was included as control. qPCR was performed on the Mic Real-
Time PCR Cycler (Bio Molecular Systems, Australia) using the thermal profile specified
in Appendix A.2.3.2. For each assay, the mean Cq values for the positive template control
(PTC) and NTC were calculated. The ACq was then determined between the PTC and
NTC, and between the PTC and reference assay, ALK.

3.3.3 Adaptor PCR

Adaptor PCR was performed using the first replicate of the PTC and NTC of each assay
from the barcoding PCR product. To a 96 well plate, each reaction was prepared by
adding Platinum™ SuperFi II PCR Master Mix (2x) (Thermo Fisher Scientific, USA),
[lumina Index forward and reverse adaptors (10 pM) (Illumina, USA), nuclease-free water
and barcoding PCR product, according to Table A.4. After assembly, the plate was
vortexed and centrifuged briefly before cycling on the T100 Thermal Cycler (Bio-Rad,
USA) according to the program specified in Appendix A.2.4.2. Following amplification,
the plate was immediately put on ice.

11



3. Methods

3.3.3.1 Fragment analysis

Product from the adaptor PCR were analyzed by automated gel electrophoresis, using the
4200 TapeStation system (Agilent Technologies, USA). The Agilent D1000 ScreenTape
Assay was used, and samples were prepared according to the manufacturer’s instructions
[27]. The expected product size was calculated by adding the amplicon length of an assay
plus the length of the forward and reverse barcode primers (70 bp and 34 bp) and forward
and reverse [llumina primers (25 bp and 30 bp respectively). The expected product size
were then compared to the fragment sizes from the TapeStation to identify the correct
target product and confirm correct target amplification. Data analysis was conducted on
the associated TapeStation Analysis Software 5.1.

3.4 Multiplexing

Following validation of barcoded target assays, those meeting the approval criteria were
incorporated into the full panel for multiplex testing. Since the panel comprises two
multiplexes, Unipro UGENE v.44.0 [28] was used to visualize potential primer overlap.
Based on this analysis, each assay was assigned to be tested in one of the multiplexes in
a way that minimized primer competition.

SiMSen-Seq library construction was used for multiplexing. However, modifications were
implemented for panel testing. Previously prepared multiplexes (stored at -80°C) were
combined with the newly designed assays to a concentration of 1pul prior to preparation
of the barcoded PCR master mix, see Table A.5. The thermal profile used had been
previously perfected for the EC panel and is detailed in Appendix A.3.1.2. The remaining
steps of the protocol, including adaptor PCR and subsequent analysis, were performed as
described in Section 3.3.3, with the exception that the number of cycles for the adaptor
PCR was reduced from 30 to 22.

For the potential replacement of one of the assays, the previously designed multiplex was
prepared excluding the assay targeted for replacement. The two candidates, the newly
designed assay and the original assay, were then individually added to the multiplex and
evaluated separately.

3.5 Coverage calculations

For coverage calculations data from COSMIC was used [24]. All data used came from
targeted screens in samples originating from endometrial tissue, and was curated for
duplicate sample IDs. By comparing genomic coordinates of the target assays to those of
the sample mutations provided by COSMIC, the hypothetical coverage of both individual
target assays and the whole panel was calculated. The code used for this was scripted in
R with the help of ChatGPT [29], and is provided in Appendix C.1.

12



4

Results

4.1 Target assay primer design

Primers targeting sites of interest in the commonly mutated genes ARIDIA, CHD/,
PIK3CA, PIK3R1 and PTEN were designed based on COSMIC data. For certain
mutation sites, assays had previously been designed and tested without satisfactory
results. These sites proved to be particularly challenging to design primers for without
exceeding the initial design parameters, which led to some primers being designed with
up to five complementary bases, and amplicons that were either shorter or longer than
the desired length span (60-80 bp), as reflected in Table B.2.

4.2 Target assay validation

Assays were considered acceptable for further validation if their efficiency ranged between
95% and 105%. Efficiencies exceeding this range indicated nonspecific amplification
or primer-dimer formation, while values below suggested suboptimal amplification
conditions. The efficiencies were compared to the reference assay ALK, with an optimal,
previously established, efficiency of 100%. This approach allowed for detection of
potential variability between runs. As a result, some primers outside of the preferred
range were also selected. In some cases, assays with efficiencies less than 95% were still
included due to their relevance in targeting high-priority mutation sites. A summary
of all validated target assays, including their efficiency, targeted site of interest and
additional characteristics, is provided in Table B.2

Figure 4.1a presents the cycling graph of an approved assay, PIK3CA_ 453, which
followed the amplification curves of the ALK reference and demonstrated an efficiency
of 94.9%. In contrast, the assay PTEN 341 was not approved due to displaying a low
efficiency of 87% (B.2) and inadequate performance, as evident by the early deviation
from the reference curve indicated in Figure 4.1c.

Additional quality control included assessment of the amplification plots to confirm
a state of no or very late non-specific amplification in the NTCs, and melting curve
analysis to detect any undesired primer-dimers or off-target products. Any assays
exhibiting such signs were excluded, regardless of efficiency values. The melting graph
of PIK3CA_ 453 (Figure 4.1b) showed no evidence of non-specific product amplification
in neither assay nor the NTC, further supporting its approval. None of the validated

13



4. Results

(a) PIK3CA_ 453

() PIK3CA_ 453

016

A ﬂ 0100
01
5
Soos
A
006
004
002 | - P m—
7 £ 85 %0 9

Temperature (')

/-,
VAV A Y/ AR

@ PTEN_ 329

Figure 4.1: qPCR validation of target assays. Graphs depicting target assays (red) with 0.16-100ng/pl
DNA, assay NTC (black), reference assay (blue) with 0.8-20ng/pl DNA and reference assay NTC (yellow).
(a) Amplification curve of PIK3CA_ 453. (b) Melting curve of PIK3CA_ 453. (¢) Amplification curve of
PTEN_341. Early deviation from control curve indicated by arrow. (d) Melting curve of PTEN_329.
Bumps in graph indicated by yellow arrows.

assays showed any additional peaks, though a subtle indication was observed in the
melting diagram of PTEN 329, depicted in Figure 4.1d, visible as the slight bump in
the assay curve. However, this was too small to be indicative of unwanted product, and
something similar can be spotted in the reference assay curve (Figure 4.1d). Instead, the
shift could be due to an imbalance in GC-TA content in the primer, causing "chunks" of
a TA-richer part to dissociate from the DNA earlier than the rest during the denaturation.

When multiple assays targeting the same site showed acceptable performance, the most
suited assay was selected based on efficiency and cycling graph in reference to the
ALK. Once all TAs were validated, the selected assays (ARID1A_ 1989, CHD4 1106,
PIK3CA_104_106, PIK3CA_ 453, PIK3CA_93, PIK3R1_567_ 572, PTEN_ 329) were
ordered with barcodes for further validation. In addition to these, two additional assays,
ARIDIA 1989 PP and PIK3CA 345 CancerSEEK [30], which had been previously
tested, were included in the final selection.

14



4. Results

4.3 Barcoded target assay validation

Barcoded assays were considered qualified if they had a ACq where the PTC differed by
no more than 1 cycle from the reference assay and if the ACq between PTC and NTC was
greater than 1 cycle (with NTC coming later than PTC). However, this general guideline
was not the only data considered for the inclusion of an assay, and was therefore occasion-
ally overlooked. The ACq values for all barcoded target assays are presented in Table B.1.

Further validation was performed using fragment analysis. Based on expected amplicon
size, the correct product of the target assays were expected within the 200-300 bp range.
Peaks outside this range were considered off-target products. Clear separation between
the assay and NTC peak is critical, as this ensures the desired product can be purified
prior to sequencing. Integrated peak area, reflecting the amount of product amplified,
was also considered carefully as it indicates assay performance. Note that in this step, in
contrast to earlier validation, product is observed in all of the NTCs (see Figure 4.2b,
4.2e, 4.2h). This is an expected off-target product resulting from the Illumina primers. It
is, however, still important that the NTC appears later in the cycling graph and remains
separated in the fragment analysis.

Figure 4.2¢ shows the fragment analysis diagram for PIK3CA_ 453, where the product
peak at 232 bp exhibited low normalized florescence units, less than a fifth of that
observed for the ALK control, indicating weak amplification. The corresponding qPCR
cycling plot (Figure 4.2a) showed a ACq between the assay PTC and control assay PTC
exceeding 1. Based on these results, this assay was not selected for further testing, as was
the case for PIK3CA_93. In contrast, PIK3R1_567_572 (Figure 4.2f) showed a product
peak of comparable intensity to the control assay, indicating robust amplification. The
approval of this assay was further supported by the cycling plot, depicted in Figure 4.2d,
which demonstrated a mean Cq less than 1 relative to the control assay.

Some assays, such as PIK3CA_ 104 106 presented in Figure 4.2i, were accepted for
further testing despite a ACq > 1 between the assay PTC and control PTC (Figure 4.2g),
granted that their product amplification was sufficient. A strong product amplification
does not guarantee optimal performance in the panel, and certain assays targeting key
sites were thus prioritized despite unideal results. The fragment analyses for all validated
assays are presented in Appendix B.1.

The assays ARIDA 1989 and ARIDA_ 1989 PP both target the same hotspot site. They
performed similarly (see Figure 4.3), and given the importance of the site, both assays
were subjected for further analysis in multiplexing.

The final set of target assays qualified for multiplexing included PTEN_ 329,
PIK3CA_ 104 106, PIK3CA_ 345 CancerSEEK, PIK3R1_ 567 572, CHD4 1106 and
ARID1A_ 1989.
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Figure 4.3: Fragment analysis of ARIDA_ 1989 (red) and ARIDA_1989_ PP (green).

4.4 Multiplexing

Following the individual validation of the barcoded target assays, the assays were
validated as a part of the EC-panel by being incorporated into one of its two multi-
plexes. Specifically, CHD4_ 1106 and both versions of ARIDIA 1989 were tested in
Multiplex 1, while PTEN_ 329, PIK3CA_ 104 106, PIK3CA 345 CancerSEEK and
PIK3R1 567 572 were introduced into Multiplex 2. PIK3R1 567 572 was intended
to replace a previous assay, PIK3R1 564, which targeted the same mutation hotspot
region but covered fewer mutations overall. For the complete panel, the amplicon sizes
ranged from approximately 200 bp to 300 bp, depending on the specific target assay.
Which is the span within which product peaks containing the final libraries were expected.

4.4.1 Multiplex 1

The addition of CHD4 1106 and ARID1A 1989 produced a well defined product as
illustrated in fig 4.4a. No significant off target-products or interference from the NTC
was observed. Although the peak size of the new multiplex peak was slightly lower than
that of the control, it indicated a successful library construction and amplification. This
was further supported by the corresponding melting curve (Figure 4.4b) which displayed
a distinct third peak separate from the NTC.

An overlay of the two ARID1A_ 1989 variants (Figure 4.5) revealed a slight difference in
product peaks, suggesting some variability in performance. However, the ratio between
the sub-product peaks and the product peaks appeared similar, possibly reflecting
differences in experimental execution rather than inherent assays performance. In
conclusion, these results were not definitive.
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4.4.2 Multiplex 2

The addition of PTEN 329, PIK3CA 104 106 and PIK3CA 345 CancerSEEK to
Multiplex 2 resulted in a clear product peek as illustrated in Figure 4.6a. Minor
interference from the NTC was observed, but remained sufficiently distinguished from
the target peak, a prerequisite for the subsequent purification of the library. The
corresponding melting curve (Fig 4.6b) showed a distinct separation between the PTC
and the NTC around 83 Cq, though the peak was relatively small.

For the replacement of PIK3R1 564 with PIK3R1_567 572, both assays were tested in
Multiplex 2 aliquots, excluding PIK3R1 564 and including the three newly added assays.
Fragment analysis (Figure 4.7), suggested that PIK3R1 567 572 demonstrated a slightly
better amplification, or more precisely, interfered less with the multiplex. However, the
difference was minor, and sequencing is necessary to validate these results.

4.5 Coverage

Using data from COSMIC, the hypothetical coverage of the EC-panel and individual
target assays was calculated. All data presented are based on confirmed mutated samples
and were calculated with the ARID1A_ 1989 assay, not the ARID1A 1989 PP variant.
The gene-specific coverages, before and after incorporation of the new assays to the
panel, are presented in Figure 4.8. Only coverage for genes targeted by the new assays
are shown. The additional coverage gained by the new assays for each gene were as
follows: ARIDIA 6.3% (to a total of 28.3%), CHD4 11.8% (total 26.2%), PIK3CA
5% (total 72.1%), PIK3R1 13.6% (total 27.6%) and PTEN on 9.6% (total 64.8%). A
comprehensive overview of the gene-specific coverage for all final new assays, including

ARIDIA 1989 PP and PIK3R1_ 564 is provided in Table B.3.
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The total coverage of the EC-panel, across all samples with a detected mutation in
any gene screened for (Figure 4.9), would increase by 2.6% with the addition of the
new assays, covering a total of 3922 samples. Among these, 94.4% were carcinoma,
2.5% hyperplasia, 1.2% endometriosis and 1.9% were classified as "other" histology
types. Within this "other" category, the largest group was adenosarcoma (representing
approximately 0.7% of all covered samples), followed by adenomyoma, endometrial polyp,
metaplasia, solitary cyst, normal atrophy and benign stromal nodule.

Focusing specifically at samples with confirmed carcinoma (Figure 4.9), which are the
primary target of the panel, the additional assays increased coverage by 2.7%, bringing the
total panel coverage to 70.8%. In all carcinoma-confirmed samples where a mutation was
found in any of the genes targeted by the panel (i.e., the samples potentially detectable
by the panel), illustrated by the rightmost pie chart in Figure 4.9, the updated panel
hypothetically detected 3.2% more of these samples, rendering a total coverage of 82.9%.
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Figure 4.8: Coverage per gene of mutated samples before and after the addition of new target assays to
the EC-panel. Coverage presented for the genes ARID1A, CHD/, PIK3CA, PIK3R1 and PTEN.
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Figure 4.9: From left: coverage over all tested samples of any histology, where a mutation was found in
any gene screened for; coverage over all carcinoma-confirmed tested samples where a mutation was found
in any gene screened for; coverage over all carcinoma-confirmed samples where a mutation was found in

any of the genes targeted by the panel.
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Discussion

In this project we optimized a gene panel for hotspot mutations in EC by en-
hancing panel performance and coverage through complementary assay design and
incorporation of additional target sites. Six new assays, targeting mutations in five
of the most frequently mutated genes in EC (ARID1A, CHD/, PIK3CA, PIK3R1
and PTEN) have been identified for possible inclusion. Five of these, PTEN 329,
PIK3CA 104 106, CHD4 1106, ARID1A 1989 and PIK3R1 567 572, are novel
designs, while PIK3CA_ 345 CancerSEEK was adapted from a previous publication
(30].

Multiplexing libraries containing new assays exhibited well defined fragment peaks, with
acceptable separation from the NTC peaks. This separation was more pronounced in
Multiplex 1 compared to Multiplex 2, where a slight overlap was observed. Overall, the
new assays demonstrated good compatibility within the multiplexes. However, these
results alone are not sufficient to confirm individual assay performance. Sequencing is
crucial to evaluate true performance, seeing as the UMI count gives a comprehensive
reflection of the assays individual ability to accurately target mutations. Due to time
constraints, sequencing was not conducted in this study, and should therefore be a
priority for future validation.

The decision regarding which ARID1A_ 1989 variant to include in the panel remains. The
ARID1A 1989 mutation is a frequently observed mutation in EC, and thus an important
site to target. As both show similar performance in terms of amplification and coverage
(Table B.3), sequencing is necessary to reach a conclusion. For the PIK3R1 567 572
and PIK3R1 564 assays, the choice may be a question of sensitivity versus selectivity.
PIK3R1 567 572 offers a markedly higher coverage (20.3%) compared to 5.8% for
PIK3R1 564 (Tab B.3). As such, if sequencing were to reveal that PIK3R1 564
performs substantially better, the decision would be whether to prioritize performance
or broader mutation detection.

An important limitation of this study was that validation was performed exclusively
using test DNA, not patient-derived samples. Synthetic or test DNA typically has lower
background, are less fragmented and lacks interfering factors compared to patient DNA.
This likely results in more optimistic results of the assay performance. Therefore, vali-
dation with patient derived DNA is essential to accurately assess true assay performance
before any diagnostic implementation.

The coverage analysis aimed to provide a hypothetical estimate of the EC-panels
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diagnostic potential. While it is important to clarify that the presented coverage can not
be directly interpreted as detected patients, it gives an adequate overview of the current
detection-ability of the panel. The gene-specific coverage analysis demonstrated that the
inclusion of the new assays would substantially improve the detection potential of the
EC-panel, with an increase of several percentage units overall, and almost a two-fold
increase observed for CHD/4 and PIK3R1. This highlights the impact and relevance of
these targeted regions as important hotspots, and their incorporation into the panel.
With the complete panel, including the new assays, the panel would hypothetically
detect approximately 70% of mutation-positive samples. Of these, 4.9% corresponds to
mutations of benign origin. In a diagnostic setting, this would roughly translate into
192 individuals being incorrectly diagnosed with EC, a false positives rate that must be
carefully considered when evaluating the panel’s clinical application, as it could cause
unnecessary anxiety, medical risks, and costs.

The COSMIC data used for this purpose was corrected for duplicate sample IDs to
minimize bias. However, it is important to note that sample IDs correlate to a sample,
not to a unique patient. Consequently, multiple sample IDs could originate from the same
patient, or possibly the same tumor if multiple samples were collected [24]. Nonetheless,
considering the cost of sequencing and the prevalence of research questions focused on
inter-patient rather than intra-patient or intra-tumoral variations, the risk of severe
overestimation appears low.

Another important consideration is that the COSMIC data set consists of samples from
studies performing targeted screenings. Because of this, many mutations may have gone
undetected as a result of laying outside the targeted regions of the panels used. In
addition, since the EC-panel is largely based on this data, it might be inherently biased
to certain groups of mutations. These limitations have a direct implication for clinical
use. Because the EC-panel targets a defined set of mutations, it would be inappropriate
to solely rely on it to rule out EC in a diagnostic setting. Given the mutational
heterogeneity of cancer, alterations could exist in genes or locations not covered by the
panel. Therefore, the panel is likely better suited as a confirmatory tool, ideally used in
combination with other diagnostic methods.

Moreover, COSMIC data derives from tissue samples, whereas the EC-panel is intended
for application in liquid biopsies, which offers both opportunities and challenges. Liquid
biopsies can provide a more comprehensive representation of tumor heterogeneity
compared to tissue biopsies, which increases the chance of detecting cancer-specific
mutations. However, it presents more challenges in terms of fragmented DNA and rare
DNA molecules, the latter specifically in early-stage disease. The EC-panel addresses
these challenges through a short amplicon design optimized for highly fragmented
DNA. In contrast, tissue biopsy panels often rely on longer amplicons, which provide
higher specificity, but do not work on shorter DNA fragments such as ctDNA. Short
amplicon assays, on the other hand, can still effectivley target longer DNA fragments,
making the EC-panel suitable not only for liquid biopsy, but also for tissue samples, es-
pecially those with fragmented DNA, such as formalin-fixed paraffin-embedded specimens.
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Nevertheless, the small fraction of ctDNA relative to ¢fDNA remains a major obstacle.
Although high ctDNA-levels have been observed in some cases, levels are generally very
low, especially in early-stage disease, necessitating highly sensitive methods and robust
performing assays. Furthermore, ctDNA abundance can vary between bodily fluids, and
thus the type of liquid biopsy source may affect detection rates. For instance, vaginal
swabs have shown promise for EC detection, but other sources, such as urine or blood,
might provide more comprehensive data. Notably, analysis of plasma-derived cfDNA has
shown to be affected by age-related clonal hematopoiesis [31], mutations which could
confound the results. This would be of extra relevance for the EC-panel, considering the
main demographic for EC is older ages. Thus, correcting against the buffy coat would be
essential to minimize false positives.

The clinical utility of the EC-panel is yet to be established. The current false-positive
rate, even if reduced, would likely translate into a large quantity of patients if applied at
the population level, limiting its utility as a general screening tool. Moreover, since the
majority of EC cases are already found at an early stage, the health benefits of population-
wide screening would likely not justify the costs. At this stage, the panel shows potential
as a diagnostic tool for targeted screening of high-risk patients, monitoring and treatment
decisions using liquid biopsies, or as an additional confirmatory tool in tissue biopsy
diagnostics, ultimately enabling earlier diagnosis and improved treatment outcomes.
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Conclusion

An EC gene panel was optimized by incorporating five additional target assays, as well
as replacing one existing assay, in five of the most mutated genes in EC: ARIDIA,
CHD/, PIK3CA, PIK3R1 and PTEN. The addition of the new assays is intended to
expand the coverage of the panel, thereby increasing its sensitivity and enabling the
detection of more patients. Inital validation of the assays produced promising results,
with no significant interference observed when introduced into the existing multiplexes.
However, compatibility alone does not equal a strong individual assay performance. As
such, further validation through sequencing is needed to establish whether the new target
assays sufficiently target mutations and enhance panel coverage, and are to be included
in the future panel.

In conclusion, this study provides optimistic evidence that the updated EC panel offers
substantial potential for research and clinical applications in EC diagnostics. These find-
ings support its continued development and refinement to contribute to earlier detection
and improved treatment outcomes for patients.
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Appendix - Protocols

This Appendix presents protocols of reagents and cycling conditions not portrayed in the
method.

A.1 Target assay primer validation

A.1.1 Reagents

Table A.1: Regents and volumes per reaction used for qPCR in validation of target assays.

Reagent (1]
SYBR Green 5
Fwd/Rev Primer Mix (10uM) 0.4
Nuclease-free water 2.6
Genomic DNA* or H20 2
Total 10

«Different concentrations based on dilution series. In this project 0.08, 0.4, 2, 10 and 50 ng/ul was used,
resulting in the final concentrations of 0.16, 0.8, 4, 20 and 100 ng/pl.

A.1.2 Cycling conditions

1. Initial Hold: 98°C for 3s
2. Cycling (45 cycles):
(a) 98°C for 10s
(b) 60°C for 30s
(c) 72°C for 20s
3. Melting Curve: 59.5°C to 95°C at 0.1°C/s
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A.2 Barcoded target assay validation

A.2.1 Resuspension of Oligos (Barcoded primers)

1. Spin down dried DNA oligos in the tube with benchtop centrifuge for 10 sec.

N

Add TE buffer to each oligo tube, to reach the concentration of 100 pM, according
to the oligo amount in each tube.

Vortex the tube for 10 sec, and spin the tube for 10 sec.
Incubate the tube in the heating block in 55°C for 3 min.
Vortex the tube for 10 sec, and spin the tube for 10 sec.
Store the 100 pM oligo solution in -20°C freezer.

S A

A.2.2 Barcode PCR

A.2.2.1 Reagents

Table A.2: Volume per reagent for one reaction of Barcode PCR. The final concentration of genomic
DNA was (20 ng/ul).

Reagent Volume 1x (pl)
SuperFi Buffer (5x) 2

10mM dNTP mix 0,2
Nuclease-free water 4,375
L-Carnatine (5M) 1

Primer mix fw/rw (1uM)* 0,4
Platinum SuperFi Pol (2U/ul) 0,025
Genomic DNA sample (10 ng/ul) 2

Total volume 10

xForward and reverse primers pre-diluted to a concentration of 1l

A.2.2.2 Cycling conditions

1. Initial Hold: 98°C for 30s
2. Cycling (3 cycles):

(a) 98°C for 10s

(b) 60°C for 3 min

(c) 72°C for 30s
3. Final Hold: 4°C

IV
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A.2.3 Barcode qPCR

A.2.3.1 Reagents

Table A.3: Regents and volumes per reaction used for gqPCR in validation of barcoded target assays.

Reagent Volume x1 (nl)
SYBG mix (2x) 5
[Nlumina index FW 10pM 0,4
[lumina index RW 10nM 0,4
Nuclease-free water 2,2
Product from Barcoding 2

Total volume 10

A.2.3.2 Cycling conditions

1. Initial Hold: 98°C for 3:00 min
2. Cycling (45 cycles):
(a) 98°C for 10s
(b) 80°C for 1s
(c) 72°C for 30s
(d) 76°C for 30s
3. Melting Curve: 60°C to 95°C at 0.2°C/s

A.2.4 Adaptor PCR

A.2.4.1 Reagents

Table A.4: Volume per reagent for one reaction of Adaptor PCR.

Reagent Volume [pL]
SuperFi MM (2x) 20
[llumina index RW 10uM 1,6
[Nlumina index FW 10uM 1,6
Nuclease-free water 6,8
Product from Barcode PCR 10
Total volume 40

A.2.4.2 Cycling conditions

1. Initial Hold: 98°C for 3 min
2. Cycling (30 cycles):
(a) 98°C for 10s
(b) 80°C for 1s*
(¢) 72°C for 30s*
(d) 76°C for 30s*
3. Final Hold: 4°C ~©
*With ramping at 0.2 °C/s
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A.3 Multiplexing

A.3.1 Barcode PCR

A.3.1.1 Reagents

Table A.5: Volume per reagent for one reaction of Barcode PCR when creating a library /multiplexing.
The final concentration of genomic DNA was (20 ng/ul).

Reagent Volume 1x (pl)
SuperFi Buffer (5x) 2

10mM dNTP mix 0,2
Nuclease-free water 4,375
L-Carnatine (5M) 1
Primer(s) fw/rw + MP Mix (1uM)* 0,4
Platinum SuperFi Pol (2U /ul) 0,025
Genomic DNA sample (10 ng/ul) 2

Total volume 10

xForward and reverse primers pre-diluted together with multiplex aliquotes to a concentration of 1pl for
all components

A.3.1.2 Cycling conditions

1. Initial Hold: 98°C for 30s
2. Cycling (5 cycles):

(a) 98°C for 10s

(b) 62°C for 6 min

(c) 72°C for 30s
3. Final Hold: 4°C
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Appendix - Data

B.1 Barcoded assay validation

op]

n
mplo Intonsity [Normalized FU
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(g) ARID1A 1989 () ARIDIA 1989 PP () PIK3CA_ 345 CancerSEEK

Figure B.1: Fragment analysis of PIK3CA_ 453, PIK3CA_ 93, PIK3CA_ 104 106, PIK3R1_ 567 572,
PTEN_329, CHD4_ 1106, ARID1A_ 1989, ARID1A 1989 PP and PIK3CA_ 345 CancerSEEK.
Graphs illustrating assay PTC (pink), NTC (black) and ALK reference (blue).
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Table B.1: SiMSen-Seq data for barcoded target assay validation, calculated from qPCR. All mean values
represents the mean Cq value of the triplicates for said thing.

Assay PTC NTC ACq Validation Control PTC ACq Validation

) mean mean (NTC-PTC) >|1] mean (PTC-Control) <|1]
ARIDIA 1939 26,72 33,49 6.77 Yes 26.25 0,48 Yes
PIK3CA_104_106 28,40 32,00 3,59 Yes 26,25 2,16 No
PIK3CA_ 345 CancerSEEK 29,67 34,69 5,02 Yes 26,25 3,42 No
ARIDIA 1989 PP 27,82 29,84 2,02 Yes 26,25 1,57 No
PIK3R1_567_ 572 25,39 30,11 4,71 Yes 25,79 -0,40 Yes
CHD4_1104_1106 26,28 34,77 8,49 Yes 25,79 0,49 Yes
PTEN 329 26,80 33,04 6,24 Yes 95,79 1,01 No
PIK3CA 453 28,79 33,21 4,42 Yes 25,29 3,51 No
PIK3CA 93 29.66 33,97 431 Yes 25,29 437 No

B.2 Efficiency and Coverage

VIII
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B. Appendix - Data

Table B.3: Coverage per gene for the individual target assays tested in multiplexe: ARIDI1A_ 1989,
ARID1A_1989 PP, CHD4_ 1106, PIK3CA_104_ 106, PIK3CA_ 345 CancerSEEK, PIK3R1_567_572,
PIK3R1 564 and PTEN_329. Calculations based on data from COSMIC.

Target region Covered Mutated Tested Coverage % Coverage %

Gene Assay N samples samples (Mutated (Tested
size (bp) samples

(per gene) (per gene)  samples) samples)
ARIDIA ARIDIA 1989 50 48 601 1411 8 3.4
ARID1A 1989 PP 34 47 601 1411 7.8 3.3
CHD4 CHD4_ 1106 32 19 160 423 11.9 4.5
PIK3CA PIK3CA_ 104 106 38 36 1452 4633 2.5 0.8
PIK3CA_345_CancerSEEK 15 59 1452 4633 4.1 1.3
PIK3R1 PIK3R1 567 572 53 70 344 2546 20.3 2.7
PIK3R1 564 20 70 344 2546 5.8 0.8
PTEN PTEN_ 329 49 215 1771 3999 12.1 5.4




Appendix - Source Code

C.1 Code for Coverage calculations

Code used for Coverage calculations. Written in programming language R.

shell("cls") # Clears console (Windows only, If Mac: shell("clear")
)
rm(list = 1s()) # Clears environment

setwd("C:/Users/Benny/0OneDrive - Chalmers/ExjobbVT25/Assay Coverage")

library (dplyr) # Data manipulation
library(tidyr) # Column splitting / reshaping
library(readxl) # Read Excel files

library (GenomicRanges)

library (openxlsx) Create and style Excel workbooks
library(stringr) String operations

library (ggplot2) # Plotting

H H=

# 1. LOAD SAMPLES TESTED PER GENE
samples_tested_df <- read_excel("Samples_tested_per_gene.xlsx")

# Check that required columns are present

if (!'all(c("Gene samples", "Samples tested") %in% colnames(samples_
tested_df))) {
stop(" 'Samples_tested_per_gene.xlsx' must include columns: 'Gene
samples ' and 'Samples tested'")
X
# 2. LOAD TARGET ASSAY COORDINATES
3 TAs_coordinates_all <- read_excel("TargetAssays.xlsx", sheet = 1) %>}
mutate (
Target.region.Start = as.numeric(Target.region.Start),
Target.region.End = as.numeric(Target.region.End),
Target.region.Start = replace_na(Target.region.Start, 0),
Target .region.End = replace_na(Target.region.End, 0)
)
# Validate required columns
if (!'all(c("Gene", "Target.region.Start", "Target.region.End") %in’
colnames (TAs_coordinates_all))) {
stop(" 'TestCoverage_TACoords.xlsx' must include columns: 'Gene', '
Target.region.Start', 'Target.region.End'")
X

XI
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# 3. LOAD COSMIC DATA

r cosmic_data_raw <- read.csv("COSMIC_ALL_SAMPLES_ Mutated.csv", header =

TRUE)

# Check required columns
required_cols <- c("Gene.Name", "Sample.ID", "AA.Mutation", "Genomic.Co.
ordinates")
if ('all(required_cols %in% colnames (cosmic_data_raw))) {
stop(" COSMIC file must contain columns: Gene.Name, Sample.ID, AA.
Mutation, Genomic.Co.ordinates")

5 # Filter COSMIC data to only include genes found in TA coordinates
; valid_genes <- unique(str_extract (TAs_coordinates_all$Gene, "~ ["_1+"))

cosmic_data <- cosmic_data_raw %>% filter (Gene.Name %in% valid_genes)

# Split COSMIC data into list of dataframes by gene name
cosmic_data_by_gene <- split(cosmic_data, cosmic_data$Gene.Name)

# 4. SET UP OUTPUT WORKBOOK

1 wb <- createWorkbook ()

addWorksheet (wb, "Assay_Level_Coverage")
addWorksheet (wb, "Gene_Level_Coverage")

# Style for bold headers

headerStyle <- createStyle(textDecoration = "bold")

# Containers for results = memory storage

all_gene_coverage <- list()

all_gene_assay_coverage <- tibble() #Tibble = more advanced data frame

Cleaner, more consistent way of handling data.
all_mut_samples <- c()

5 all_covered_samples <- c()

# 5. LOOP OVER EACH GENE
for (gene_name in names (cosmic_data_by_gene)) {

# Extract mutation data for the current gene
mut_data <- cosmic_data_by_gene[[gene_name]]

# Retrieve the number of samples tested for this gene from another
dataframe

samples_tested <- samples_tested_df %>%
filter (' Gene samples ™ == gene_name) %>%
pull (" Samples tested ™)

# If no sample data found, skip this gene

if (length(samples_tested) == 0) {
message (" No samples tested found for gene: ", gene_name, " Skipping
‘li)
next

X

# Clean and transform mutation data:
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- Remove prefix from Genomic.Co.ordinates

- Split into start and end positions

Convert to numeric and replace NA with O

- Extract amino acid mutation position using regex

- Create a column for overlapping target assays (TAs)
mut_data <- mut_data %>%

H O H
|

mutate (Genomic.Co.ordinates = sub(".*x:", """, Genomic.Co.ordinates))
%>%
separate (Genomic.Co.ordinates, into = c("Start", "End"), sep = "\\..
") h>%
mutate (

Start = as.numeric(Start),

End = as.numeric (End),

Start = replace_na(Start, 0),

End = replace_na(End, 0),

AA_mutation_pos = as.numeric(str_extract (AA.Mutation, " (7<=p\\.\\D
{13) (\\d+)", group = 1)),

overlapping_TA = NA_character_

# Store all sample IDs with mutations
all_mut_samples <- c(all_mut_samples, mut_data$Sample.ID)

# Filter and initialize target assay coordinates related to this gene
TAs_coordinates <- TAs_coordinates_all %>%

filter (str_detect (Gene, paste0(""", gene_name, "_"))) %>%

mutate (mutation_count = 0)

# Skip if no assay coordinates exist for this gene

if (nrow(TAs_coordinates) == 0) {
message (" No TA coordinates found for gene: ", gene_name, " Skipping
.
next

}

# Check for genomic overlaps: for each mutation, find overlapping TA
regions
mut_data <- mut_data %>%
rowwise () %>%
mutate (
overlapping TA = {
overlaps <- TAs_coordinates %>
filter (Target.region.Start <= End, Target.region.End >= Start)
h>%
pull (Gene)
if (length(overlaps) > 0) paste(unique(overlaps), collapse = ";
") else NA_character_
}
) h>h

ungroup ()

# Special case: if Start/End are missing (0), use AA mutation position
to find overlap

for (i in seq_len(nrow(mut_data))) {
row <- mut_datal[i, ]
if (row$Start == 0 && row$End == 0 && !is.na(row$AA_mutation_pos)) {

XIIT
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134 ov <- c()
135 for (j in seq_len(nrow(TAs_coordinates))) {

136 ta <- TAs_coordinates[j, ]

137 ta_muts <- filter (mut_data,

138 Start >= ta$Target.region.Start,

139 End <= ta$Target.region.End)

140 if (nrow(ta_muts) > 0) {

141 min_aa <- min(ta_muts$AA_mutation_pos, na.rm = TRUE)

142 max_aa <- max(ta_muts$AA_mutation_pos, na.rm = TRUE)

143 if (!is.na(min_aa) &&

144 row$AA_mutation_pos >= min_aa &&

145 row$AA_mutation_pos <= max_aa) {

146 ov <- c(ov, ta$Gene)

147 }

148 }

149 }

150 if (length(ov) > 0) {

151 mut _data$overlapping_TA[i] <- paste(unique(ov), collapse = "; ")

152 }

153 }

154 }

155

156 # Get all sample IDs with at least one overlapping TA

157 covered_samples_gene <- mut_data %>%

158 filter(!is.na(overlapping_TA)) %>%

159 pull (Sample.ID)

160

161 # Update the global covered sample list

162 all_covered_samples <- c(all_covered_samples, covered_samples_gene)

163

164 # Increment mutation counts in TAs based on overlapping mutations

165 for (i in seq_len(nrow(mut_data))) {

166 s <- mut_data$overlapping_TA[il]

167 if (!is.na(s)) {

168 genes <- str_split(s, ";\\sx")[[1]]

169 for (g in genes) {

170 idx <- which(TAs_coordinates$Gene == g)

171 if (length(idx)) {

172 TAs _coordinates$mutation_count [idx] <-

173 TAs_coordinates$mutation_count[idx] + 1

174 }

175 }

176 }

177 }

178

179 # OUTPUT: write mutation data per gene to Excel sheet

180 mut _data_out <- select(mut_data, -AA_mutation_pos) # Drop helper
column

181 shtl <- pasteO(gene_name, "_Mutations")

182 addWorksheet (wb, shtl)

183 writeData(wb, shtl, mut_data_out)

184

185 # Apply conditional formatting to overlapping_TA column:

186 # Orange = overlapping assays, Green = one assay

187 col_TA <- which(names(mut_data_out) == "overlapping_TA")

188 let <- int2col(col_TA)

XIV
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conditionalFormatting (wb, shtil,

cols = col_TA,

rows = 2:(nrow(mut_data_out)+1),
pasteO('LEN(',let, '2)-LEN(SUBSTITUTE(',

rule
let,'2,";",""))>=1"),
style = createStyle(bgFill="orange"))
conditionalFormatting (wb, shtil,
cols = col_TA,

rows = 2:(nrow(mut_data_out)+1),
rule = pasteO('AND(',let,'2<>"" LEN(',let,'2)-
LEN(SUBSTITUTE(',let,'2,";",""))=0)"),

style = createStyle(bgFill="lightgreen"))

# Summary stats for this gene
mutated_samples <- n_distinct(mut_data$Sample.ID)
covered_samples <- n_distinct(covered_samples_gene)

# Calculate coverage per assay (TA) for this gene
coverage _per_assay <- TAs_coordinates %>%
transmute (
Assay = Gene,
Gene = gene_name,
Target .region.Start,
Target.region.End,

Covered.samples = mutation_count,

Mutated.samples = mutated_samples,

Coverage_mutated_samples = round(Covered.samples / Mutated.samples
* 100, 1),

Samples_tested = samples_tested,

Coverage_tested_samples = round(Covered.samples / Samples_tested x*
100, 1)

)

# Append to overall TA coverage data
all_gene_assay_coverage <- bind_rows(all_gene_assay_coverage, coverage
_per_assay)

# Store overall coverage summary for the gene
coverage_per_gene <- tibble(

Gene = gene_name,

Covered_samples_gene_tot = covered_samples,

Mutated_samples = mutated_samples,

Coverage_mutated_samples_tot = round(covered_samples / mutated_

samples * 100, 1),
Samples_tested = samples_tested,
Coverage_tested_samples_tot = round(covered_samples / samples_tested
* 100, 1)
)

all_gene_coverage [[gene_name]] <- coverage_per_gene

6. FINAL SUMMARY SHEETS FOR COVERAGE

236 # Add assay coverage sheet

o«

7

writeData (wb, "Assay_Level_Coverage", all_gene_assay_coverage)

XV



C. Appendix - Source Code

# Alternating background color by gene
gene_column <- all_gene_assay_coverage$Gene

row_colors <- ifelse(as.numeric(as.factor(gene_column)) %% 2 == 0, "#
FFFFFF", "lightgray")
for (i in seq_along(row_colors)) {
conditionalFormatting(wb, "Assay_Level_Coverage",
cols = 1:ncol(all_gene_assay_coverage),
rows = i + 1,
rule = "TRUE",

style = createStyle(bgFill = row_colors[i]))

# Add gene-level summary sheet
coverage _per_gene_all <- bind_rows(all_gene_coverage)

total_samples_tested <- samples_tested_df %>
filter (" Gene samples™ == "TOTAL_ENDOMETRIUM_ALL_TESTED") %>%
pull (" Samples tested ™)

; unique _total_samples_mutated <- unique(cosmic_data_raw$Sample.ID)

total _samples_mutated <- length(unique_total_samples_mutated)

unique_mut_samples <- unique(all_mut_samples)
unique_covered_samples <- unique(all_covered_samples)
total_mutated_samples <- length(unique_mut_samples)
total _covered_samples <- length(unique_covered_samples)

total _coverage_panel_genes <- tibble(
Gene = "TOTAL over genes targeted by panel",
Covered_samples_gene_tot = total_covered_samples,
Mutated_samples = total_mutated_samples,
Coverage_mutated_samples_tot = round(total_covered_samples / total_
mutated_samples * 100, 1),

total_coverage_all <- tibble(

Gene = "TOTAL over all genes",

Covered_samples_gene_tot = total_covered_samples,

Mutated_samples = total_samples_mutated,

Coverage_mutated_samples_tot = round(total_covered_samples / total_
samples_mutated * 100, 1),

Samples_tested = total_samples_tested,

Coverage_tested_samples_tot = round(total_covered_samples / total_
samples_tested * 100, 1)

coverage _per_gene_all <- bind_rows(coverage_per_gene_all, total_coverage

_panel_genes)

coverage_per_gene_all <- bind_rows(coverage_per_gene_all, total_coverage

_all)

writeData (wb, "Gene_Level_Coverage", coverage_per_gene_all)

5 # Gray background for TOTAL row

total _row <- nrow(coverage_per_gene_all) + 1

r gray_style <- createStyle(bgFill = "#D9D9D9", textDecoration = "bold")
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2ss conditionalFormatting (wb, "Gene_Level_Coverage",

289 cols = 1:ncol(coverage_per_gene_all),
290 rows = (total_row-1):total_row,

291 rule = "TRUE",

292 style = gray_style)

205 # 7. HISTOLOGY SUMMARY FOR COVERED SAMPLES

207 # Check if Histology column exists

208 if (!"Histology" %in% colnames(cosmic_data_raw)) {

299 warning ("No 'Histology' column found in COSMIC data. Skipping
histology summary.")

300 + else {

301

302 # Create total sample counts per Histology across all samples (not
just covered)

303 Total_Histology_Counts <- cosmic_data_raw %>%

304 distinct (Sample.ID, Histology) %>%
305 group_by (Histology) %>%
306 summarise (Total_Sample_Count = n(), .groups = "drop")

307
308 # Filter to covered samples only and count per Histology

309 Histology_Summary <- cosmic_data_raw %>%

310 filter (Sample.ID %in% all_covered_samples) %>%

311 group_by (Histology) %>%

312 summarise (Covered_Sample_Count = n_distinct (Sample.ID), .groups = "
drop") %>%

313 arrange (desc(Covered_Sample_Count))

314

315 # Join with total counts

316 Histology_Summary <- Histology_Summary %>%

317 left_join(Total _Histology_Counts, by = "Histology")

318

319 # Calculate percentage of covered samples

320 total_covered_histology <- sum(Histology_Summary$Covered_Sample_Count)

321 Histology_Summary <- Histology_Summary %>%

322 mutate (Percentage.of .covered.samples = round(Covered_Sample_Count /

total _covered_histology * 100, 1))

324 # Add to workbook
325 addWorksheet (wb, "Histology_Summary")
326 writeData(wb, "Histology_Summary", Histology_Summary)

328 # Formatting

329 addStyle(wb, "Histology_Summary", style = headerStyle, rows = 1, cols
= 1:4, gridExpand = TRUE)

330 freezePane (wb, "Histology_Summary", firstActiveRow = 2)

331 setColWidths (wb, "Histology_Summary", cols = 1:4, widths = "auto")

333 # Breakdown of "Other" histology by subtype

335 if ("Histology.Subtype.1" %in% colnames(cosmic_data_raw)) {

337 # Total counts for subtypes across all samples (not just covered),
where Histology == "Other"
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338 Total_Other_Subtypes <- cosmic_data_raw %>%

339 filter (Histology == "Other") %>%

340 distinct (Sample.ID, Histology.Subtype.1l) %>%

341 group_by (Histology.Subtype.1) %>%

342 summarise (Total_Sample_Count = n(), .groups = "drop")

344 # Covered sample counts for subtypes

345 other_subtypes <- cosmic_data_raw %>%

346 filter (Sample.ID %in% all_covered_samples, Histology == "Other")
%>%

347 group_by(Histology.Subtype.1l) %>%

348 summarise (Other_Sample_Count = n_distinct (Sample.ID), .groups = "
drop") %h>%

349 arrange (desc (Other_Sample_Count))

351 # Join with total counts

352 other _subtypes <- other_subtypes %>%
353 left_join(Total_Other_Subtypes, by = "Histology.Subtype.1") %>%
354 mutate (Percentage.of .covered.samples = round(Other_Sample_Count /

total_covered_histology * 100, 1))

356 # Row to insert subtitle

357 start_row <- nrow(Histology_Summary) + 4

358 writeData(wb, "Histology_Summary", "Breakdown of 'Other' histology
by subtype:",

359 startRow = start_row - 1, colNames = FALSE)

360

361 # Write the subtype breakdown table
362 writeData(wb, "Histology_Summary", other_subtypes,
363 startRow = start_row, colNames = TRUE)

364

365 # Style for header

366 addStyle (wb, "Histology_Summary", style = headerStyle,

367 rows = start_row, cols = l:ncol(other_subtypes), gridExpand
= TRUE)

368

369 setColWidths (wb, "Histology_Summary", cols = 1l:ncol(other_subtypes),
widths = "auto")

371 } else {
372 message (" Column 'Histology.Subtype.l' not found: skipping subtype
breakdown.")

373 }

377 # 8. ORDER SHEETS AND SAVE

379 # Apply formatting to all sheets
380 for (sheetName in names (wb)) {

381 sheetData <- tryCatch(

382 openxlsx::readWorkbook(Wb, sheet = sheetName),
383 error = function(e) NULL

384 )

386 if (!'is.null(sheetData)) {
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n_cols <- ncol(sheetData)

# Bold header row

addStyle (wb, sheet = sheetName, style = headerStyle, rows = 1, cols
= 1:n_cols, gridExpand = TRUE)

# Freeze first row

freezePane (wb, sheet = sheetName, firstActiveRow = 2)
}

}
# Auto-adjust column widths
setColWidths (wb, "Assay_Level_Coverage", cols = 1:n_cols, widths = "auto

n

)
setColWidths (wb, "Gene_Level_Coverage", cols = 1:n_cols, widths = "auto"

)
wb$sheetOrder <- append(wb$sheetOrder [wb$sheetOrder != which(names (wb)

== "Histology_Summary")],

which(names (wb) == "Histology_Summary"),

after = 2)

outname <- pasteO("MultiGene_TA_Coverage_", Sys.Date(), ".xlsx")
saveWorkbook (wb, outname, overwrite = TRUE)
cat (" Written: ", outname, "\n")
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