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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 ctDNA-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, CHD4, 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, qPCR, endometrial cancer, multiplexing, liquid biopsy, SiMSen-
seq
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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 con�ned 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 speci�city [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 speci�city
due to endometrial �uctuations in healthy individuals [6]. Because of this, many patients
require con�rmatory 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 su�cient
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 o�er 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 �uids
from routine Papanicolaou tests [12]. Although it is not yet reliable enough for clinical
diagnostics, these �nding show the potential of ctDNA-based detection in liquid biopsies
for EC detection.

Detecting ctDNA poses a signi�cant challenge due to its low abundance relative to to-
tal cell-free DNA (cfDNA). Hence, highly sensitive and speci�c detection methods are
required to distinguish ctDNA from background cfDNA e�ectively [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 e�ective
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 asTP53, 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 re�nement of existing assays and the addition of
new target sites to enhance panel coverage, with the goal of re�ning 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 speci�city 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.
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2
Theory

2.1 Circulating tumor DNA in liquid biopsy

A liquid biopsy refers to the analysis of bodily �uids 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 cfDNA 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-speci�c mutations can be
targeted in the cfDNA 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 cfDNA. The proportion of ctDNA can
vary greatly depending on tumor type, disease stage, and also between di�erent bodily
�uids, with sightings of less than 0.1% up to almost 90% of total cfDNA 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 speci�c 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 e�ective for detecting ctDNA in
liquid biopsies. As opposed to existing barcode methods, SiMSen-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 Identi�ers (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 ampli�cation step, preventing the formation of non-speci�c products.
Subsequently, as the temperature increases, the loop opens, allowing for binding of the
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2. Theory

adaptor primers to the barcoded products.

Figure 2.1: A simpli�cation of how the SiMSen-seq method uses barcodes to identify true genetic variations
from errors introduced by polymerases during ampli�cation. Genetic alterations are represented by
crosses.

The SiMSen-seq work�ow 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 �rst 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 �rst done with
real-time adaptor PCR, and based on results, the last step is performed which is adap-
tor PCR with high �delity 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, re�ecting their individual performance.

2.3 Quantitative PCR

The PCR technique enables ampli�cation of nucleic acids using a mixture of DNA tem-
plate, oligonucleotide primers �anking the template, dNTP, 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 su�cient ampli�cation is achieved [19]. At op-
timal performance, ampli�cation results in a doubling of DNA per cycle.

Real-time quantitative PCR (qPCR) builds on conventional PCR by incorporating �u-
orescent probes that bind to the DNA product, enabling real-time monitoring of the
ampli�cation by detecting �uorescence 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 �uorescence vs. cycle plot is generated, exempli�ed in Fig. 2.2,
where the quanti�cation cycle (Cq) value is determined at the cycle at which �uorescence
surpasses a prede�ned 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
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2. Theory

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

Ef f iciency = (10
1

� slope � 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.

Figure 2.2: Example of an ampli�cation curve from qPCR. The graph represents the �orescence units per
cycle in a sample with ampli�cation (green curve) contra a sample without ampli�cation (brown curve).
The Cq at which the �orescence 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 �orescent 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 �eld 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
(�uorescent units) to sample size (in bp) of which an example is presented in Figure 2.3b.
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2. Theory

(a) (b)

Figure 2.3: (a) Genetic samples migrated through gels depicted by the columns. Horizontal lines of
di�erent 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 �orescence 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 speci�c fragment size.
The size of the peak, i.e. the integrated peak area, re�ects the relative amount of fragment
in the sample. For downstream analysis, the desired fragment group can be extracted and
puri�ed for later sequencing.
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3
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.

Figure 3.1: Intended work�ow 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 identi�ed from literature and the Cata-
logue of Somatic Mutations in Cancer (COSMIC) [24]. Primers �anking 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
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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 �nding 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� M using TE-bu�er (Thermo
Fisher Scienti�c, 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 speci�ed. The DNA used in this
project was obtained from Roche (F. Ho�mann-La Roche AG, Switzerland), supplied
pre-solved in aqueous bu�er. Upon arrival the concentration of each DNA sample was
measured using the Qubit— 1X dsDNA Broad Range Assay Kit (Thermo Fisher Scienti�c,
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 signi�cantly, in which case it was excluded from the calculation.

Validation of target assays was performed by qPCR, using a �ve-point DNA dilution
series with �nal concentrations of 0.16, 0.8, 4, 20 and 100 ng/� l. 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 �ve concentrations plus NTCs for two target assays, as
well as three concentrations (0.8, 4 and 20ng/� l) and NTCs for the reference assay. Each
reaction contained the following components (also presented in A.1): 5� l TATAA SYBR
GrandMaster Mix (TATAA Biocenter AB, Sweden), 0.4 � l forward/reverse primer mix
(10 � M), 2.6 � l nuclease-free water and 2� l of template DNA at the speci�c concen-
tration or nuclease-free water for the NTCs, to a total of 10� l. 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
e�ciency, 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 Ståhlberg 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
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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 modi�cations, 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 Bu�er and 2U/µL Platinum —
SuperFi II DNA Polymerase (Thermo Fisher Scienti�c, USA), 10mM dNTP mix
(Sigma-Aldrich, USA), 5M L-Carnitine (Sigma-Aldrich, USA), primer mix (forward and
reverse, 1µM), 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 µl of TE bu�er 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 2µl 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 pro�le speci�ed
in Appendix A.2.3.2. For each assay, the mean Cq values for the positive template control
(PTC) and NTC were calculated. TheDCq 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 �rst 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 Scienti�c, USA),
Illumina Index forward and reverse adaptors (10µM) (Illumina, USA), nuclease-free water
and barcoding PCR product, according to Table A.4. After assembly, the plate was
vortexed and centrifuged brie�y before cycling on the T100 Thermal Cycler (Bio-Rad,
USA) according to the program speci�ed in Appendix A.2.4.2. Following ampli�cation,
the plate was immediately put on ice.
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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 Illumina 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 con�rm correct target ampli�cation. 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, modi�cations were
implemented for panel testing. Previously prepared multiplexes (stored at -80°C) were
combined with the newly designed assays to a concentration of 1µl prior to preparation
of the barcoded PCR master mix, see Table A.5. The thermal pro�le 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.
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4
Results

4.1 Target assay primer design

Primers targeting sites of interest in the commonly mutated genesARID1A , CHD4,
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 �ve complementary bases, and amplicons that were either shorter or longer than
the desired length span (60-80 bp), as re�ected in Table B.2.

4.2 Target assay validation

Assays were considered acceptable for further validation if their e�ciency ranged between
95% and 105%. E�ciencies exceeding this range indicated nonspeci�c ampli�cation
or primer-dimer formation, while values below suggested suboptimal ampli�cation
conditions. The e�ciencies were compared to the reference assay ALK, with an optimal,
previously established, e�ciency 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 e�ciencies 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 e�ciency, 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 ampli�cation curves of the ALK reference and demonstrated an e�ciency
of 94.9%. In contrast, the assay PTEN_341 was not approved due to displaying a low
e�ciency 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 ampli�cation plots to con�rm
a state of no or very late non-speci�c ampli�cation in the NTCs, and melting curve
analysis to detect any undesired primer-dimers or o�-target products. Any assays
exhibiting such signs were excluded, regardless of e�ciency values. The melting graph
of PIK3CA_453 (Figure 4.1b) showed no evidence of non-speci�c product ampli�cation
in neither assay nor the NTC, further supporting its approval. None of the validated
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