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Simple Summary: Prostate cancer occurs in one out of six men during their lifetime. Because its
symptoms are not specific, it is often diagnosed late. The widely used prostate-specific antigen (PSA)
blood test does not have sufficient accuracy, resulting in numerous unnecessary prostate biopsies in
men with benign disease and false reassurance in some men with cancer. We have recently developed
an epigenetic test for prostate cancer that detects cancer-specific chromosome conformations in the
blood of the patient. In this study, we combined this epigenetic test with the PSA test and used two
cohorts of patients to determine whether they have better diagnostic accuracy when used together.
Our results demonstrate that the new combined test (termed PSE test) allows significant increase in
prostate cancer detection compared to PSA or epigenetic test alone. This new PSE test is accurate,
rapid, minimally invasive, and inexpensive. If successful in larger trials, it may significantly improve
prostate cancer diagnosis.

Abstract: Background: Prostate cancer (PCa) has a high lifetime prevalence (one out of six men),
but currently there is no widely accepted screening programme. Widely used prostate specific
antigen (PSA) test at cut-off of 3.0 ng/mL does not have sufficient accuracy for detection of any
prostate cancer, resulting in numerous unnecessary prostate biopsies in men with benign disease
and false reassurance in some men with PCa. We have recently identified circulating chromosome
conformation signatures (CCSs, Episwitch® PCa test) allowing PCa detection and risk stratification
in line with standards of clinical PCa staging. The purpose of this study was to determine whether
combining the Episwitch PCa test with the PSA test will increase its diagnostic accuracy. Methods:
n = 109 whole blood samples of men enrolled in the PROSTAGRAM screening pilot study and n =
38 samples of patients with established PCa diagnosis and cancer-negative controls from Imperial
College NHS Trust were used. Samples were tested for PSA, and the presence of CCSs in the loci
encoding for of DAPK1, HSD3B2, SRD5A3, MMP1, and miRNA98 associated with high-risk PCa
identified in our previous work. Results: PSA > 3 ng/mL alone showed a low positive predicted
value (PPV) of 0.14 and a high negative predicted value (NPV) of 0.93. EpiSwitch alone showed a PPV
of 0.91 and a NPV of 0.32. Combining PSA and Episwitch tests has significantly increased the PPV
to 0.81 although reducing the NPV to 0.78. Furthermore, integrating PSA, as a continuous variable
(rather than a dichotomised 3 ng/mL cut-off), with EpiSwitch in a new multivariant stratification
model, Prostate Screening EpiSwitch (PSE) test, has yielded a remarkable combined PPV of 0.93 and
NPV of 0.95 when tested on the independent combined cohort. Conclusions: Our results demonstrate
that combining the standard PSA readout with circulating chromosome conformations (PSE test)
allows for significantly enhanced PSA PPV and overall accuracy for PCa detection. The PSE test is
accurate, rapid, minimally invasive, and inexpensive, suggesting significant screening diagnostic
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potential to minimise unnecessary referrals for expensive and invasive MRI and/or biopsy testing.
Further extended prospective blinded validation of the new combined signature in a screening cohort
with low cancer prevalence would be the recommended step for PSE adoption in PCa screening.

Keywords: prostate cancer; diagnosis; screening; epigenetics; nucleome; PSA; blood test

1. Background

PCa (PCa) is the most commonly diagnosed internal cancer in men and is the second
leading cause of cancer-related death in the Western world [1,2]. It is common and most men
aged above 80 will show some evidence of microscopic PCa [3,4]. Many of these cancers
may not manifest clinically. Unfortunately, some cases of PCa represent aggressive disease,
which significantly reduces patients’ life expectancy. It is often difficult to distinguish such
cases, especially at an early stage. PCa is diagnosed using a prostate-specific antigen (PSA)
blood test and magnetic resonance imaging (MRI), followed by targeted needle biopsy [5,6].

Clinically widely used PSA blood test is not very accurate for PCa diagnosis. Currently
3.0 ng/mL is used as an indicator for further investigation. At this cut-off the test has a
sensitivity of 59 percent with specificity of 87 percent for detection of any PCa (including
insignificant slow growing PCa), resulting in many unnecessary prostate biopsies in men
with benign disease [7]. Alternatively, men with PSA lower than 3.0 ng/mL may also have
cancer, some of which may be aggressive [8]. In early PCa, PSA testing cannot differentiate
between early-stage invasive cancers and latent, non-lethal tumours that would have
remained asymptomatic during a man’s lifetime. Several new blood tests have emerged for
PCa detection including 4K blood test (AUC 0.8), Stockholm 3 score (AUC 0.75) and PHI
blood test (90% sensitivity, 17% specificity) [9].

PCa screening could be beneficial if the screening tests are affordable and more ac-
curate. A large European Randomized study of screening for PCa (ERSPC) that included
182,160 men, followed up to 16 years showed the rate ratio of PCa mortality of 0.80
(p < 0.001). To prevent one PCa death, the number needed to screen was 570, and the
number needed to diagnose was 18 [10]. The main clinical problem of the currently avail-
able blood tests for PCa remains their low positive predictive value (PPV) which results
in unnecessary referrals to secondary care and expensive and invasive testing like MRI
and biopsies.

In the recently published PROSTAGRAM pilot study, we have compared the screening
value of PSA, ultrasound (USS), and MRI in detecting PCa in a self-referred population of
men older than 50 years of age using a combination of invitation and advertisement. All
three modalities had similar accuracies of ~0.8 with PSA and MRI having slight advantage
over USS (Table 1) [11]. Interestingly each screening modality had high NPV values of
0.93–0.95 and low PPV values of 0.23–0.32, which is similar to previous studies [12]. For
patients, this leads to high rate of referral for biopsies which often yield no cancer or
insignificant disease [11].

With the advent of epigenetic research, it has become evident that epigenetic modifica-
tions like aberrant DNA methylation [13,14] and histone acetylation [15,16] are related to
PCa onset. Three dimensional chromatin conformations (CCs), as part of genomic regula-
tory architecture, are also powerful epigenetic regulators of gene expression and cellular
pathological phenotypes [17]. Long-range epigenetic alterations in CCs were found in
primary prostate tumours and circulating DNA from PCa patients [18]. We have previously
developed an epigenetic assay EpiSwitch [19] that employs an algorithmic-based CCs anal-
ysis (Figure 1). Using EpiSwitch technology, we have shown the presence of cancer-specific
CCs in peripheral blood mononuclear cells (PBMCs) and primary tumours of patients with
melanoma [20,21] and PCa [22]. In light of the regulatory role attributed lately in pathology
to systemic exosome traffic, we have now used indirect co-culture experiment transfer



Cancers 2023, 15, 821 3 of 13

and demonstrated horizontal transfer of CCs between cultured PCa cells and monocytes
without direct contact [23].

Table 1. Individual accuracy of PSA, MRI, and ultrasound techniques in PCa detection in the
PROSTAGRAM screening study [11]. Both significant (Gleason 7) and insignificant (Gleason 6)
cancers that were considered as a positive diagnosis in this study.

PSA

Accuracy 0.87
Cancer present Cancer absent Sensitivity 0.35

Test positive 13 27 Specificity 0.93
Test negative 24 342 PPV 0.32

NPV 0.93
MRI

Accuracy 0.83
Cancer present Cancer absent Sensitivity 0.57

Test positive 21 51 Specificity 0.86
Test negative 16 318 PPV 0.29

NPV 0.95
Ultrasound

Accuracy 0.78
Cancer present Cancer absent Sensitivity 0.59

Test positive 22 74 Specificity 0.79
Test negative 15 295 PPV 0.23

NPV 0.95

In this study we have used available full blood samples from patients enrolled into
a prospective PCa screening pilot study (PROSTAGRAM) [11] (n = 109) as well as n = 38
samples of patients with either an established PCa diagnosis or confirmed cancer-negative
controls from Imperial College NHS Trust (Table 2) to determine whether combining
Episwitch PCa test with PSA test will increase its diagnostic accuracy.

Table 2. Number of patients in each cohort according to their clinical characteristics.

PROSTAGRAM Cohort 109

Control 88
Insignificant cancer 8
Significant cancer 13

PSA < 3 86
PSA > 3 23

Gleason sum = 0 88
Gleason sum = 6 13
Gleason sum = 7 8
Imperial Cohort 38

Control 9
Organ confined 9

Locally advanced 12
Metastatic 8

PSA < 3 4
PSA > 3 34

Gleason sum = 0 10
Gleason sum = 6 10
Gleason sum = 7 8
Gleason sum = 8 6
Gleason sum = 9 4
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Figure 1. Scheme of chromatin conformation assay and microarray analysis. A three-dimensional
structure of chromosomes contains loops with an enhancer and promoter regions, whereas the
enhancer increases target gene promoter activity. CC capture assay: DNA is cross-linked using
formaldehyde, digested, and ligated with the preference of cross-linked fragments. New sequences
are formed where the loops have been. These new sequences are predicted via relevance machine
vector algorithm. Specific primers to these sequences are synthesised and placed on the DNA
microarray, which detects whether the loop was present or not. Resulting markers are analysed using
multivariate analysis yielding specific epigenetic signatures for selected patient cohorts.

2. Methods
2.1. Patient Population

In this retrospective case-control study, n = 109 whole blood samples (n = 88 controls
and n = 21 cancers) of men 50–69 years of age enrolled in the PROSTAGRAM screening
study (described in [11]), and n = 38 samples of patients with either established PCa
diagnosis n = 29 or cancer-negative controls n = 9 from Imperial College NHS Trust were
used (described in [22]) (Table 2). Samples were randomly allocated for training and test
cohorts with sample ratio ~1:2. The study was approved by the UK National Research
Ethics Committee and conducted in accordance with Good Clinical Practice guidelines and
the Declaration of Helsinki. All participants provided written informed consent. All data
were pseudo-anonymized. All procedures and protocols were performed in accordance
with the relevant guidelines and regulations.

2.2. Sample Preparation

A 5 mL blood sample was collected from PCa patients and controls using BD Vacutainer®

plastic EDTA tubes. The tubes were passively frozen and stored at −80 ◦C. DNA from the
whole cell lysate was isolated and fixed with formaldehyde (Figure 1). To study interchromatin
associations, fixed chromatin was digested into fragments with TaqI restriction enzyme, and
the DNA strands were joined favouring cross-linked fragments. The cross-links were reversed,
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and PCR performed using the primers previously established by the EpiSwitch software (as
previously described in detail in [20–22,24]).

2.3. EpiSwitch PCR

EpiSwitch technology platform (Oxford Biodynamics, Oxford, UK) pairs high reso-
lution 3C results with regression analysis and a machine learning algorithm to develop
disease classifications [20,21,24,25]. Samples were tested for PSA and the presence of CCSs
in the loci of DAPK1, HSD3B2, SRD5A3, MMP1, and miRNA98 associated with high risk
PCa identified in our previous work (EpiSwitch PCa test) [22]. The exact PCR protocol was
described previously [20–22,24].

2.4. Statistical Analysis

All analysis for this study was performed using libraries which are developed for the R
Statistical Language (R version 4.1.2). Feature engineering of the EpiSwitch Markers, with
either binary PSA or continuous PSA was performed using Recursive Feature Elimination
(RFE) using LDA, Xgbtree, xgblinear, decision trees, and random forest libraries. The XGBoost
algorithm model described in [26] was used for final test optimisation. The grid search
algorithm was used to optimize the hyper-parameters and learning rate in each iteration. For
drawing inferences, we used SHapley Additive exPlanations (SHAP) values that are computed
by a game theoretical approach which quantifies the contribution of each feature within a
model to the final prediction of an observation [27]. To control for batch effects (non-biological
variation), due to the measurement technology qPCR, and to allow for long term use of the
final produced model(s), we have implemented a Batch adjustment by reference alignment
(BARA) procedure [28] (Figure 2) on the results of PSA and EpiSwitch datasets.
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adjustment by reference alignment (BARA) procedure [27] that was implemented in results analysis
for better control of batch effects (non-biological variation).

3. Results
3.1. Bayesian Test Performance for Individual and Combined Cohorts

In the isolated PROSTAGRAM cohort of 109 men, PSA at cut-off of 3 ng/mL had
a PPV of 0.14 (95% CI 4.3% to 77.7%) and a NPV of 0.93 (95% CI 89.6% to 96.4%) with
accuracy of 0.79 (95% CI 69.2% to 88.0%) (Table 3). When used as a continuous variable,
PSA has lower PPV of 0.08 (95% CI 2.8% to 15.8%) and a NPV of 0.93 (95% CI 82.4% to
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98.0%) (Table 3). EpiSwitch PCa test alone has a PPV of 0.91 (95% CI 83.16% to 96.0%) and
a NPV of 0.32 (95% CI 24.8% to 40.2%) with combined accuracy of 0.64 (95% CI 54.5% to
73.2%) (Table 3).

Table 3. Accuracy of various test modalities across both Imperial and PROSTAGRAM cohorts. Only
final validation test (not training) results shown.

Binary PSA alone (across both cohorts)
Accuracy 0.79

Cancer present Cancer absent Sensitivity 0.33
Test positive 2 12 Specificity 0.83
Test negative 4 61 PPV 0.14

NPV 0.93
Continuous PSA alone (across both cohorts)

Accuracy 0.43
Cancer present Cancer absent Sensitivity 0.66

Test positive 4 43 Specificity 0.41
Test negative 2 30 PPV 0.08

NPV 0.93
Episwitch alone (across both cohorts)

Accuracy 0.64
Cancer present Cancer absent Sensitivity 0.61

Test positive 16 34 Specificity 0.76
Test negative 5 54 PPV 0.91

NPV 0.32
PSE with binary PSA (across both cohorts)

Accuracy 0.79
Cancer present Cancer absent Sensitivity 0.53

Test positive 18 4 Specificity 0.93
Test negative 16 58 PPV 0.81

NPV 0.78
PSE with continuous PSA (across both cohorts)

Accuracy 0.94
Cancer present Cancer absent Sensitivity 0.86

Test positive 25 2 Specificity 0.97
Test negative 4 70 PPV 0.93

NPV 0.95
PSE with continuous PSA (Prostagram cohort)

Accuracy 0.92
Cancer present Cancer absent Sensitivity 0.5

Test positive 4 2 Specificity 0.97
Test negative 4 69 PPV 0.67

NPV 0.95
PSE with continuous PSA (Imperial cohort)

Accuracy 1
Cancer present Cancer absent Sensitivity 1

Test positive 21 0 Specificity 1
Test negative 0 1 PPV 1

NPV 1

3.2. Test Optimization

We have then used the Recursive Feature Elimination, XGBoost algorithm model and
BARA procedure as described in statistical section for final Episwitch-PSA test optimisation.
In the process of test optimisation, the Classification and Regression Training (CARET)
package with recursive feature elimination (RFE) was applied using a random forest
classifier. This approach takes in 1:n different number of markers with random selection
and builds different models with random combinations. the ERG_21 marker (previously
published in [22] has shown to have low significance in disease prediction and was removed
(see further details in the Materials and Methods Statistical Analysis section).
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3.3. Evaluation of Test Performance in the Combined Cohort Comparing Continuous and
Dichotomous PSA

We have first analysed the datasets with a cut-off of PSA at 3 ng/mL (as in the
PROSTAGRAM study [11]). Samples were randomly allocated and optimally balanced.
Tests were trained on 51 samples (23 non-cancer, 28 cancer) and then tested on 96 samples
(74 non-cancer and 22 cancer). When combined with the Episwitch test, the binary PSA
NPV decreased to 0.78 (95% CI 71.6% to 83.9%), while PPV increased to 0.81 (95% CI 62.4%
to 92.4%) (Table 3). The test was further trained using The SHapley Additive exPlanations
(SHAP), a method based on cooperative game theory and used to increase transparency
and interpretability of machine learning models. The SHAP values for the best model of
Episwitch-binary PSA test are shown in Figure 3 where a dot represents the value of each
marker in an individual sample in the overall test performance.
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We have then used the PSA value in the test as a continuous variable similar to the
five epigenetic markers. Tests were trained on 46 samples and then tested on 101 samples
following random allocation and balancing of classes. The new multivariate Prostate
Screening Episwitch test (PSE test see the Materials and Methods Statistical Analysis section)
demonstrated a remarkable combined accuracy of 0.94 (95% CI 87.6% to 97.8%) with a PPV
of 0.92 (95% CI 76.0% to 98.0%) and a NPV of 0.94 (95% CI 87.5% to 97.6%) (Table 3 and
Figure 3). The Two cohorts were analysed separately, and in the PROSTAGRAM cohort,
the PSE test had a PPV of 0.66 (95% CI 30.2% to 90.3%) and a NPV of 0.95 (95% CI 89.6%
to 97.2%) with combined accuracy of 0.92 (95% CI 84.2% to 97.2%). In the relatively small
Imperial cohort (established high risk PCa and cancer-negative controls), the test achieved
a remarkable 100% detection rate with PPV, NPV, and a combined accuracy of 1 (95% CI
84.6% to 100%) (Table 3). Of note, combining the Episwitch test with neither MRI, no USS
have not increased their performance.

4. Discussion
4.1. Clinical Importance

In this study, we identified and internally validated a new PCa blood test composed
of PSA and five chromosome conformations, originally discovered in association with
advanced/stage III PCa [22], allowing disease diagnosis with very high accuracy. Our data
demonstrate the presence of stable chromatin loops in the loci encoding for of DAPK1,
HSD3B2, SRD5A3, MMP1, and miRNA98. Together with PSA taken as a continuous variable
this epigenetic test has yielded a combined PPV of 0.92 and a NPV of 0.94 for PCa diagnosis
in a mixed cohort with cancer prevalence of 34%. This is comparable to a hospital referral
population with suspected PCa. Screening cohorts have a much lower cancer prevalence of
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3% to 4%, and test performance is likely to be similar to results from the PROSTAGRAM
cohort alone with a PPV of 0.66 and a NPV of 0.95.

The European randomised study of screening for PCa has shown significant reduction
in PCa mortality in men who underwent routine PSA screening [10,29]. This notion was,
however, not supported by the results of prostate, lung, colorectal, and ovarian (PLCO)
cancer screening trial in the USA [30]. In either case, a total population screening yields
a high volume of false positive results (due to low PPV of PSA test) leading to many
unnecessary MRI and biopsy referrals resulting in significant costs, morbidity, patient
worries, and overdiagnosis of clinically insignificant disease. The same problem of low
PPV and high volume of referrals is the scourge of other screening modalities such as MRI
and ultrasound [11].

Here we describe a new five-set biomarker panel based on PSA and qPCR readouts
which is cost-effective, scalable, and easily accessed in most diagnostic facilities. This test
requires only a small amount of blood, which is simple to collect and provides clinicians
with rapidly available clinical readouts within hours. These time and cost savings together
with an informative diagnostic decision bears a significant potential to fill the gap in the
current protocols for assertive diagnosis of PCa.

In our study we have used two patient cohorts. One from a population screening
PROSTAGRAM study, which involved asymptomatic men randomly invited for cancer
screening. This group of patients represented the “early cancers” cohort. The second
group was from our previously published Imperial study [22] which involved men with
established PCa diagnosis and high-risk PCa.

In this study we have employed extensive machine learning algorithms in the test
establishment, notably the BARA procedure and the SHAP method. This allowed us to
build up on the existing Episwitch PCa test by adding PSA and removing ERG_21 marker.
Not surprisingly, the analysis showed that using PSA at cut-off of 3 ng/mL (as in the
PROSTAGRAM study [11]) is inferior to use of PSA as a continuous variable. Indeed,
previous studies have suggested that PSA dichotomy may notreflect the true nature of
PCa [31].

In the isolated PROSTAGRAM cohort of 109 men, PSA at cut-off of 3 ng/mL had a
PPV of 0.14 and a NPV of 0.93 with a combined accuracy of 0.79 (Table 3). The original PCa
Episwitch markers for stage III PCa had a PPV of 0.8 and a NPV of 0.8 [22]. In the isolated
PROSTAGRAM cohort of 109 men, the EpiSwitch PCa test alone has a PPV of 0.91 and a
NPV of 0.32 with combined accuracy of 0.64 (Table 3). The new combined PSA–Episwitch
(PSE) test demonstrated a combined accuracy of 0.94 with a PPV of 0.92 and a NPV of 0.94
(Table 3 and Figure 3). When two cohorts were analysed separately, the PSE test for the
“early cancer” (PROSTAGRAM) cohort showed a PPV of 0.66 and a NPV of 0.95 with a
combined accuracy of 0.92. In the established high risk PCa group (Imperial cohort) the PSE
test achieved a 100% detection rate with PPV, NPV, and combined accuracy of 1 (Table 3).
We surmise that much of the difference in results between the cohorts is due to different
prevalence and different cancer types.

4.2. Future Implementation of the PSE Test

Our data show that the PSE test is superior to PSA in PCa detection. The most
significant difference is in PPV that increased from 0.14 for PSA alone to 0.66 for PSE in the
screening cohort and 0.92 for PSE in the combined screening and advanced cancer cohort.
It is worth noting that the screening cohort included insignificant cancers, an issue that
should be addressed specifically as their detection does not provide significant clinical
benefit, but rather distress to patients. The PSE test can be potentially utilized for both
diagnostic and screening purposes, but each modality needs to be assessed in a separate
trial as patient composition cohorts would be significantly different. Initially a prospective
larger scale trial for the PSE test in a general population cohort with low cancer prevalence
for PCa screening would be an immediate next step in confirming and expanding PSE test
utility. The fact that the Episwitch test does not enhance diagnostic performance of MRI
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or USS suggests its suitability for determining whether these modalities are required as a
follow-up to confirm diagnosis.

4.3. Pathophysiological Relevance of the Assay

Epigenetic analysis of CCs is a “holy grail” of cancer testing. The binary nature of the
test (the chromosomal loop is either present or not) and the enormous combinatorial power
(>1010 combinations are possible with ~50,000 loops screened) allow creating signatures
that accurately fit clinically well-defined criteria. In PCa that would be discerning low-risk
vs high-risk disease or identifying small but aggressive tumours and determining most
appropriate therapeutic options. In addition, epigenetic changes are known to manifest
early in tumorigenesis, making them useful for both diagnosis and prognosis [32]. This has
transpired in our study which showed that epigenetic markers that were initially discovered
in high-risk disease [22] are present in “early cancer” patients from the screening cohort [11].
This is consistent with early observations that regulatory changes in genome architecture
and its remodelling could be very early pre-symptomatic events with the time lag towards
build-up of the resulting pathological phenotype [33].

In this study we investigated regulatory genome architecture, also referred to as 3D
genomics. This mechanism of regulation for cellular phenotypes operates at the interface of
both genetic and epigenetic control mechanisms and is recognized today as an integrator
of molecular events that contribute to the phenotype and clinical outcomes [34]. Consistent
with this notion, the current study demonstrated that 3D genome architecture markers
had synergy with the protein PSA biomarker when combined in a multivariant classifying
model. This is not the only example of higher performance for an established biomarker
modality in combination with EpiSwitch. Genomic risks, manifested in the form of single
nucleotide polymorphisms (SNPs), have been long suspected to be associated with the
anchoring sites of long-range interactions, thus affecting stability and off-rate for profiles of
genome architectures [35].

As part of the background analysis for this study, early screening and evaluation
of the developed EpiSwitch biomarkers associated with PCa [22,23], identified extensive
overlap of 150 prostate SNPs from genome-wide association study (GWAS) Catalogue
with anchoring sites for the prostate-associated EpiSwitch marker leads. This includes the
Chromosome 8q24 region (Figure 4), all heavily associated with cancer (over 108 citations),
with the MYC locus, as well as with several long non-coding RNAs loci—PCa Associated
Transcript 1 (PCAT1) and PCAT2. Rendering of the individual genetic variant profiles into
highly actionable data sets when matched with the 3D genomic EpiSwitch profiling will
be a subject of a separate study. At this point, it is important to emphasize that the muti-
variant combination of PSA with orthogonal data sets of 3D genomic biomarkers, which
were already developed for stratification of PCa [22], significantly improved performance
of non-invasive screening and stratification of patients at risk, for an early diagnosis of
PCa. Three dimensional genomic profiling helps to disseminate informative components
of other molecular readouts, with a closer link to clinical outcomes [34]. Of note SNPs
were obtained from GWAS data [22,23]. No SNP analysis was possible in this study due to
limitations in consent given for the original PROSTAGRAM study.

Our data demonstrate the presence of stable chromatin loops in the loci encoding for
DAPK1, HSD3B2, SRD5A3, MMP1, and miRNA98 in the circulation of PCa patients. We
have previously described their implication in PCa pathology [22]. String analysis has
shown that at the protein level of four out of five markers belong to the same network with
a high confidence of interaction (Figure 5). Despite the identification of these epigenetic
loci, until recently, the mechanism of cancer-related epigenetic changes in PBMCs remained
unidentified. We have previously identified that similar signatures existed in primary
tumours [20,22]. Our recently published data show for the first time a proof of concept
for horizontal transfer of chromosome conformations in cancer cell-monocyte co-culture
without direct cell-cell contact [23].
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Figure 5. Schematic depiction of the genes involved in the PSE signature. The network was built
using the five model markers and PSA, using the STRING DB (https://string-db.org/, accessed
between 1 July and 1 October 2022). The network was generated by five additional entities that have
a high confidence in interaction (data supporting the connections) suggesting high connectability
at the protein level. DAPK1, HSD3B2, SRD5A3 and MMP1 model markers are circled in blue, PSA
(KLK3) in red. miRNA98 is not in STRING.

4.4. Limitations

The limitations of this study include small number of patients, unavailability of other
clinical indices like PHI and 4K (which are not part of the standard of care in the UK),
retrospective setup, no follow-up (due to double anonymity), and high cancer prevalence
in the significant cancers cohort. The screening PROSTAGRAM cohort contained both
significant (Gleason 7) and insignificant (Gleason 6) cancers that were considered as a
positive diagnosis. This was a pilot study establishing a new panel test for PCa diagnosis.
Larger prospective blinded cohort validation studies would be required to further validate
this test in the context of PCa diagnosis and screening.

5. Conclusions

Our results demonstrate a multivariate model of the Prostate Screening Test (PSE)
consisting of the standard continuous PSA test readout with specific set of blood-based,

https://string-db.org/
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established PCa EpiSwitch biomarkers from the regulatory genome architecture of chromo-
some conformations (Episwitch). When tested in the context of screening population at risk,
PSE yields a rapid and minimally invasive PCa diagnosis with a PPV of 0.92 and a NPV
of 0.94. Due to its high PPV that significantly exceeds current screening modalities (due
to its non-invasive nature and low costs), the PSE test can be utilized for both diagnostic
and screening purposes, minimizing unnecessary referrals for expensive and invasive MRI
and/or biopsy testing. Further prospective larger scale studies of the new PSE test in a
population screening cohort with low cancer prevalence would be an immediate next step
in confirming and expanding PSE test utility.

Author Contributions: M.W., E.H., A.A. and D.P. conceived the study. E.H., M.D., M.S., R.P., J.G.,
T.N., C.K. and A.A. planned, performed, and reviewed experiments and analysed the data. H.A.
(Heba Alshaker), J.J., M.J.C., D.E.-E., H.A. (Hashim Ahmed), M.W. and D.P. enrolled patients and
provided samples and clinical data. F.F. and J.J. provided critical assessment of the manuscript. All
authors participated in writing and editing the manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was funded by Oxford BioDynamics.

Institutional Review Board Statement: The study was approved by the approved by the UK Na-
tional Research Ethics Committee and conducted in accordance with Good Clinical Practice guidelines
and the Declaration of Helsinki.

Informed Consent Statement: All participants provided written informed consent. All data were
pseudo-anonymized. All procedures and protocols were performed in accordance with the relevant
guidelines and regulations.

Data Availability Statement: The datasets used and/or analysed during the current study are
available from the corresponding author on reasonable request.

Acknowledgments: The authors would like to thank members of Oxford BioDynamics; Benjamin
Foulkes, Chloe Bird, Diana Jaramillo Mahecha, Emily Corfield, and Warren Elvidge for the
laboratory work.

Conflicts of Interest: Ewan Hunter, Matthew Salter, Mehrnoush Dezfouli, Ryan Powel, Jayne Green,
Tarun Naithani, Christina Koutsothanasi, and Alexandre Akoulitchev are employees of Oxford
BioDynamics. A. Akoulitchev is a company director. Oxford BioDynamics holds patents on the
EpiSwitch technology. The remaining authors have no conflict of interest.

References
1. ACS. American Cancer Society. 2020. Available online: http://www.cancer.org/cancer/prostatecancer/overviewguide/prostate-

cancer-overview-key-statistics (accessed on 1 October 2022).
2. CRUK. Cancer Research UK. 2020. Available online: http://www.cancerresearchuk.org/home/ (accessed on 1 October 2022).
3. Sakr, W.; Haas, G.; Cassin, B.; Pontes, J.; Crissman, J. The Frequency of Carcinoma and Intraepithelial Neoplasia of the Prostate in

Young Male Patients. J. Urol. 1993, 150, 379–385. [CrossRef]
4. Sanchez-Chapado, M.; Olmedilla, G.; Cabeza, M.; Donat, E.; Ruiz, A. Prevalence of PCa and prostatic intraepithelial neoplasia in

Caucasian Mediterranean males: An autopsy study. Prostate 2003, 54, 238–247. [CrossRef] [PubMed]
5. Humphrey, P.A.; Moch, H.; Cubilla, A.L.; Ulbright, T.M.; Reuter, V.E. The 2016 WHO Classification of Tumours of the Urinary

System and Male Genital Organs—Part B: Prostate and Bladder Tumours. Eur. Urol. 2016, 70, 106–119. [CrossRef] [PubMed]
6. Mottet, N.; van den Bergh, R.C.; Briers, E.; Van den Broeck, T.; Cumberbatch, M.G.; De Santis, M.; Fanti, S.; Fossati, N.; Gandaglia,

G.; Gillessen, S.; et al. EAU-EANM-ESTRO-ESUR-SIOG Guidelines on Prostate Cancer-2020 Update. Part 1: Screening, Diagnosis,
and Local Treatment with Curative Intent. Eur. Urol. 2021, 79, 243–262. [CrossRef] [PubMed]

7. Holmstrom, B.; Johansson, M.; Bergh, A.; Stenman, U.H.; Hallmans, G.; Stattin, P. Prostate specific antigen for early detection of
PCa: Longitudinal study. BMJ 2009, 339, b3537. [CrossRef] [PubMed]

8. Falchook, A.D.; Martin, N.E.; Basak, R.; Smith, A.B.; Milowsky, M.I.; Chen, R.C. Stage at presentation and survival outcomes of
patients with Gleason 8-10 PCa and low prostate-specific antigen. Urol. Oncol. 2016, 34, 119.e19–119.e26. [CrossRef] [PubMed]

9. Punnen, S.; Pavan, N.; Parekh, D.J. Finding the Wolf in Sheep’s Clothing: The 4Kscore Is a Novel Blood Test That Can Accurately
Identify the Risk of Aggressive PCa. Rev. Urol. 2015, 17, 3–13.

10. Hugosson, J.; Roobol, M.J.; Mansson, M.; Tammela, T.L.J.; Zappa, M.; Nelen, V.; Kwiatkowski, M.; Lujan, M.; Carlsson, S.V.; Talala,
K.M.; et al. A 16-yr Follow-up of the European Randomized study of Screening for PCa. Eur. Urol. 2019, 76, 43–51. [CrossRef]

http://www.cancer.org/cancer/prostatecancer/overviewguide/prostate-cancer-overview-key-statistics
http://www.cancer.org/cancer/prostatecancer/overviewguide/prostate-cancer-overview-key-statistics
http://www.cancerresearchuk.org/home/
http://doi.org/10.1016/S0022-5347(17)35487-3
http://doi.org/10.1002/pros.10177
http://www.ncbi.nlm.nih.gov/pubmed/12518329
http://doi.org/10.1016/j.eururo.2016.02.028
http://www.ncbi.nlm.nih.gov/pubmed/26996659
http://doi.org/10.1016/j.eururo.2020.09.042
http://www.ncbi.nlm.nih.gov/pubmed/33172724
http://doi.org/10.1136/bmj.b3537
http://www.ncbi.nlm.nih.gov/pubmed/19778969
http://doi.org/10.1016/j.urolonc.2015.09.014
http://www.ncbi.nlm.nih.gov/pubmed/26526383
http://doi.org/10.1016/j.eururo.2019.02.009


Cancers 2023, 15, 821 12 of 13

11. Eldred-Evans, D.; Burak, P.; Connor, M.J.; Day, E.; Evans, M.; Fiorentino, F.; Gammon, M.; Hosking-Jervis, F.; Klimowska-
Nassar, N.; McGuire, W.; et al. Population-Based PCa Screening with Magnetic Resonance Imaging or Ultrasonography: The
IP1-PROSTAGRAM Study. JAMA Oncol. 2021, 7, 395–402. [CrossRef]

12. Yu, J.; Boo, Y.; Kang, M.; Sung, H.H.; Jeong, B.C.; Seo, S.; Jeon, S.S.; Lee, H.; Jeon, H.J. Can Prostate-Specific Antigen Density Be an
Index to Distinguish Patients Who Can Omit Repeat Prostate Biopsy in Patients with Negative Magnetic Resonance Imaging?
Cancer Manag. Res. 2021, 13, 5467–5475. [CrossRef]

13. Schulz, W.A.; Elo, J.P.; Florl, A.R.; Pennanen, S.; Santourlidis, S.; Engers, R.; Buchardt, M.; Seifert, H.-H.; Visakorpi, T. Genomewide
DNA hypomethylation is associated with alterations on chromosome 8 in prostate carcinoma. Genes Chromosom. Cancer 2002, 35,
58–65. [CrossRef] [PubMed]

14. Yegnasubramanian, S.; Kowalski, J.; Gonzalgo, M.L.; Zahurak, M.; Piantadosi, S.; Walsh, P.C.; Bova, G.S.; De Marzo, A.M.; Isaacs,
W.B.; Nelson, W.G. Hypermethylation of CpG islands in primary and metastatic human PCa. Cancer Res. 2004, 64, 1975–1986.
[CrossRef] [PubMed]

15. Chen, H.; Tu, S.W.; Hsieh, J.T. Down-regulation of human DAB2IP gene expression mediated by polycomb Ezh2 complex and
histone deacetylase in PCa. J. Biol. Chem. 2005, 280, 22437–22444. [CrossRef]

16. Iljin, K.; Wolf, M.; Edgren, H.; Gupta, S.; Kilpinen, S.; Skotheim, R.I.; Peltola, M.; Smit, F.; Verhaegh, G.; Schalken, J.; et al.
TMPRSS2 fusions with oncogenic ETS factors in PCa involve unbalanced genomic rearrangements and are associated with
HDAC1 and epigenetic reprogramming. Cancer Res. 2006, 66, 10242–10246. [CrossRef] [PubMed]

17. Mukhopadhyay, S.; Ramadass, A.S.; Akoulitchev, A.; Gordon, S. Formation of distinct chromatin conformation signatures
epigenetically regulate macrophage activation. Int. Immunopharmacol. 2014, 18, 7–11. [CrossRef]

18. Cortese, R.; Kwan, A.; Lalonde, E.; Bryzgunova, O.; Bondar, A.; Wu, Y.; Gordevicius, J.; Park, M.; Oh, G.; Kaminsky, Z.; et al.
Epigenetic markers of PCa in plasma circulating DNA. Hum. Mol. Genet. 2012, 21, 3619–3631. [CrossRef] [PubMed]

19. Dekker, J.; Rippe, K.; Dekker, M.; Kleckner, N. Capturing Chromosome Conformation. Science 2002, 295, 1306–1311. [CrossRef]
20. Bastonini, E.; Jeznach, M.; Field, M.; Juszczyk, K.; Corfield, E.; Dezfouli, M.; Ahmat, N.; Smith, A.; Womersley, H.; Jordan, P.; et al.

Chromatin barcodes as biomarkers for melanoma. Pigment. Cell Melanoma Res. 2014, 27, 788–800. [CrossRef]
21. Jakub, J.W.; Grotz, T.E.; Jordan, P.; Hunter, E.; Pittelkow, M.; Ramadass, A.; Akoulitchev, A.; Markovic, S. A pilot study of

chromosomal aberrations and epigenetic changes in peripheral blood samples to identify patients with melanoma. Melanoma Res.
2015, 25, 406–411. [CrossRef]

22. Alshaker, H.; Mills, R.; Hunter, E.; Salter, M.; Ramadass, A.; Skinner, B.M.; Westra, W.; Green, J.; Akoulitchev, A.; Winkler, M.; et al.
Chromatin conformation changes in peripheral blood can detect PCa and stratify disease risk groups. J. Transl. Med. 2021, 19, 46.
[CrossRef] [PubMed]

23. Alshaker, H.; Hunter, E.; Salter, M.; Ramadass, A.; Westra, W.; Winkler, M.; Green, J.; Akoulitchev, A.; Pchejetski, D. Monocytes
acquire PCa specific chromatin conformations upon indirect co-culture with PCa cells. Front. Oncol. 2022, 12, 990842. [CrossRef]
[PubMed]

24. Salter, M.; Corfield, E.; Ramadass, A.; Grand, F.; Green, J.; Westra, J.; Lim, C.R.; Farrimond, L.; Feneberg, E.; Scaber, J.; et al.
Initial Identification of a Blood-Based Chromosome Conformation Signature for Aiding in the Diagnosis of Amyotrophic Lateral
Sclerosis. Ebiomedicine 2018, 33, 169–184. [CrossRef] [PubMed]

25. Carini, C.; Hunter, E.; Scottish Early Rheumatoid Arthritis Inception cohort Investigators; Ramadass, A.S.; Green, J.; Akoulitchev,
A.; McInnes, I.B.; Goodyear, C.S.; Porter, D. Chromosome conformation signatures define predictive markers of inadequate
response to methotrexate in early rheumatoid arthritis. J. Transl. Med. 2018, 16, 18. [CrossRef] [PubMed]

26. Chen, T.; Guestrin, C. XGBoost. 2016, pp. 785–794. Available online: https://arxiv.org/abs/1603.02754 (accessed on
15 October 2022).

27. Biecek, P.; Burzykowski, T. Shapley Additive Explanations (SHAP) for Average Attributions. In Explanatory Model Analysis;
Chapman and Hall/CRC: Boca Raton, FL, USA, 2021; pp. 95–106. [CrossRef]

28. Gradin, R.; Lindstedt, M.; Johansson, H. Batch adjustment by reference alignment (BARA): Improved prediction performance in
biological test sets with batch effects. PLoS ONE 2019, 14, e0212669. [CrossRef]

29. Schröder, F.H.; Hugosson, J.; Roobol-Bouts, M.J.; Tammela, T.L.J.; Ciatto, S.; Nelen, V.; Kwiatkowski, M.; Lujan, M.; Lilja, H.;
Zappa, M.; et al. Screening and Prostate-Cancer Mortality in a Randomized European Study. N. Engl. J. Med. 2009, 360, 1320–1328.
[CrossRef]

30. Andriole, G.L.; Crawford, E.D.; Grubb, R.L., 3rd; Buys, S.S.; Chia, D.; Church, T.R.; Fouad, M.N.; Gelmann, E.P.; Kvale, P.A.;
Reding, D.J.; et al. Mortality results from a randomized prostate-cancer screening trial. N. Engl. J. Med. 2009, 360, 1310–1319.
[CrossRef]

31. Oesterling, J.E.; Jacobsen, S.J.; Chute, C.G.; Guess, H.A.; Girman, C.J.; Panser, L.A.; Lieber, M.M. Serum prostate-specific antigen
in a community-based population of healthy men. Establishment of age-specific reference ranges. JAMA 1993, 270, 860–864.
[CrossRef]

32. Sun, Y.-W.; Chen, K.-M.; Kawasawa, Y.I.; Salzberg, A.C.; Cooper, T.K.; Caruso, C.; Aliaga, C.; Zhu, J.; Gowda, K.; Amin, S.; et al.
Hypomethylated Fgf3 is a potential biomarker for early detection of oral cancer in mice treated with the tobacco carcinogen
dibenzo[def,p]chrysene. PLoS ONE 2017, 12, e0186873. [CrossRef]

33. Christova, R.; Jones, T.; Wu, P.J.; Bolzer, A.; Costa-Pereira, A.P.; Watling, D.; Kerr, I.M.; Sheer, D. P-STAT1 mediates higher-order
chromatin remodelling of the human MHC in response to IFNgamma. J. Cell Sci. 2007, 120 Pt 18, 3262–3270. [CrossRef]

http://doi.org/10.1001/jamaoncol.2020.7456
http://doi.org/10.2147/CMAR.S318404
http://doi.org/10.1002/gcc.10092
http://www.ncbi.nlm.nih.gov/pubmed/12203790
http://doi.org/10.1158/0008-5472.CAN-03-3972
http://www.ncbi.nlm.nih.gov/pubmed/15026333
http://doi.org/10.1074/jbc.M501379200
http://doi.org/10.1158/0008-5472.CAN-06-1986
http://www.ncbi.nlm.nih.gov/pubmed/17079440
http://doi.org/10.1016/j.intimp.2013.10.024
http://doi.org/10.1093/hmg/dds192
http://www.ncbi.nlm.nih.gov/pubmed/22619380
http://doi.org/10.1126/science.1067799
http://doi.org/10.1111/pcmr.12258
http://doi.org/10.1097/CMR.0000000000000182
http://doi.org/10.1186/s12967-021-02710-y
http://www.ncbi.nlm.nih.gov/pubmed/33509203
http://doi.org/10.3389/fonc.2022.990842
http://www.ncbi.nlm.nih.gov/pubmed/36059613
http://doi.org/10.1016/j.ebiom.2018.06.015
http://www.ncbi.nlm.nih.gov/pubmed/29941342
http://doi.org/10.1186/s12967-018-1387-9
http://www.ncbi.nlm.nih.gov/pubmed/29378619
https://arxiv.org/abs/1603.02754
http://doi.org/10.1201/9780429027192-10
http://doi.org/10.1371/journal.pone.0212669
http://doi.org/10.1056/NEJMoa0810084
http://doi.org/10.1056/NEJMoa0810696
http://doi.org/10.1001/jama.1993.03510070082041
http://doi.org/10.1371/journal.pone.0186873
http://doi.org/10.1242/jcs.012328


Cancers 2023, 15, 821 13 of 13

34. Tordini, F.; Aldinucci, M.; Milanesi, L.; Liò, P.; Merelli, I. The Genome Conformation as an Integrator of Multi-Omic Data: The
Example of Damage Spreading in Cancer. Front. Genet. 2016, 7, 194. [CrossRef]

35. di Iulio, J.; Bartha, I.; Wong, E.H.M.; Yu, H.C.; Lavrenko, V.; Yang, D.; Jung, I.; Hicks, M.A.; Shah, N.; Kirkness, E.F.; et al. The
human noncoding genome defined by genetic diversity. Nat. Genet. 2018, 50, 333–337. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.3389/fgene.2016.00194
http://doi.org/10.1038/s41588-018-0062-7
http://www.ncbi.nlm.nih.gov/pubmed/29483654

	Background 
	Methods 
	Patient Population 
	Sample Preparation 
	EpiSwitch PCR 
	Statistical Analysis 

	Results 
	Bayesian Test Performance for Individual and Combined Cohorts 
	Test Optimization 
	Evaluation of Test Performance in the Combined Cohort Comparing Continuous and Dichotomous PSA 

	Discussion 
	Clinical Importance 
	Future Implementation of the PSE Test 
	Pathophysiological Relevance of the Assay 
	Limitations 

	Conclusions 
	References

