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Abstract

lon-sensitive field-effect transistors (ISFETS) in combination with unmodified complementary
metal oxide semiconductors present a point-of-care platform for clinical diagnostics and
prognostics. This work illustrates the sensitive and specific detection of two circulating mRNA
markers for prostate cancer, the androgen receptor and the TMPRSS2-ERG fusion using a
target-specific loop-mediated isothermal amplification method. TMPRSS2-ERG and androgen
receptor RNA were detected down to 3x101 and 5x101 copies respectively in under 30 minutes.
Administration of these assays onto the ISFET Lab-on-chip device was successful and the
specificity of each marker was corroborated with mRNA extracted from prostate cancer cell lines.
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| Introduction

Prostate cancer (PCa) is the fourth most common cancer worldwide [1]. The most advanced
and lethal stage of PCa is metastatic castration-resistant prostate cancer (MCRPC) where
the tumour exhibits resistance to androgen deprivation therapy. Alternatively, PCa can

be asymptomatic for years, which is why for early-stage disease active surveillance is

often preferred over more invasive treatment [2], [3]. Despite the discovery of biomarkers
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relevant to PCa progression, determining which patients will exhibit aggressive or indolent
phenotypes remains challenging.

Both TMPRSS2-ERG and the androgen receptor (AR) are established oncogenic drivers of
PCa. The AR is the main target for therapeutic options in inoperable PCa since aberrant AR
signalling contributes to proliferation, migration and survival of PCa tumour cells [4]-[6].
gPCR detection of over 10 copies of AR mRNA in circulating tumour cells per mL of blood
in mCRPC patients was associated with a reduced overall survival while quantification

of AR mRNA in the blood has prognostic signifance for mCRPC patients treated with
abiraterone or enzalutamide [7], [8]. TMPRSS2-ERG is a prostate cancer specific gene
fusion present in up to 50 % of all PCa patients. The fusion results in the increased
androgen-regulated expression of the oncogene ERG, which propagates TMPRSS2-ERG
mediated invasion of PCa cell lines [9]. Detection of TMPRSS2-ERG mRNA in circulating
tumour cells has shown potential as a biomarker for docetaxel resistance in mCRPC patients
[10]. Elucidation of these mMRNA biomarkers circulating in the blood could present a novel
and minimally invasive prognostic test for advanced PCa patients.

lon-sensitive field-effect transistors (ISFETS) can be utilised to measure ion concentrations
in solution due to the inherent pH sensing potential of the SizN,4 passivation layer. Equation
1 illustrates the relationship between the chemical voltage of the ISFET (Ve and pH,
where y is a constant chemical term, Sy is the Nernstian sensitivity and a is the sensitivity
deviation from the Nernstian sensitivity.

Verew =y + aSypH (h)

ISFETS contain several non-idealities as a biosensor including sensor drift and trapped
charge [11], [12]. Despite this, the combination of ISFET biosensors and nucleic acid
amplification tests (NAATS) has previously been successful [13]-[16]. In particular, loop-
mediated isothermal amplification (LAMP) requires a constant temperature between 60-65
oC and therefore does not limit the NAAT to a laboratory setting. Other NAATS, including
the polymerase chain reaction, require thermal cycling which is challenging to implement
at point-of-care. In combination, the LAMP NAAT and ISFET biosensors present a relevant
technological platform for reliable detection of nucleic acid biomarkers directly within the
clinic. This work utilises a handheld ISFET biosensor that outputs data directly to a mobile
phone which has been previously described [17]. This ISFET sensor in combination with
unmodified complementary metal oxide semiconductor technology has a pH sensitivity of
11.91 mV / pH and a pH resolution of 0.019 pH units [17].

Il Development Of Rt-Lamp Assays

Synthetic RNA detection

Reverse transcriptase LAMP (RT-LAMP) primer development was initially conducted with
primer explorer v5 (https://primerexplorer.jp/e/). Front inner primer (FIP) and back inner
primer (BIP) lengths were adapted to ensure time to positives (TTPs) were optimised. Table
1 indicates the primer sequences used for AR and TMPRSS2-ERG RT-LAMP reactions.
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Previously, the BCR-ABL1 fusion gene has been detected using RT-LAMP and Q-LAMP
for leukaemia diagnosis [18], [19]. However, there remains a limited number of RT-LAMP
assays capable of detecting fusion gene mRNA. The developed TMPRSS2-ERG assay
targets the TMPRSS2 exon 1 and ERG exon 4 fusion, which is present in approximately
80% of TMPRSS2-ERG cases [20]. Since this is the most common TMPRSS2-ERG fusion
subtype it was chosen as a target for the developed RT-LAMP assay. A previous isothermal
technique has been utilised to detect this TMPRSS2-ERG fusion mRNA with a detection
limit of 10° copies per reaction in urine [21]. The AR RT-LAMP primers span over exons 5
and 6. This prevents amplification of the AR-567 variant, which can be present in prostate
cancer cells and omits exons 5 to 7 [22].

Adjustment of RT-LAMP assays to provide a pH signal is crucial for ISFET detection

of positive amplification signals. This is achievable through the removal of the buffering
system of tris(hydroxymethyl)aminomethane in a standard RT-LAMP reaction (RT-
pHLAMP). During double stranded DNA synthesis, one proton is released per nucleotide
added to the DNA strand [23]. Large formation of dsDNA in RT-LAMP reactions results

in a relevant pH change for the ISFET biosensor. Sensitivity of the developed AR RT-
pHLAMP assay is shown in Figure 1 c. Both assays show sensitive limits of detection with
synthetic RNA, 30 copies per reaction is achievable for the TMPRSS2-ERG reaction, while
quantitative detection of AR mRNA was observed down to 50 copies per reaction within 10
minutes. The TMPRSS2-ERG RT-pHLAMP reaction exhibited limited quantitative potential
(RZ =0.75). In this instance, the lack of quantitation does not significantly diminish the
value of the developed assay. Since TMPRSS2-ERG is a specific gene fusion to prostate
cancer, detection of the presence of the marker alone confers a potential prognostic benefit.
Both assays registered pH change outputs between -0.4 and -0.7 pH units. Figure 1 d
suggests that the pH change of the AR reaction attenuates at lower concentrations of
synthetic RNA in the AR reaction. Despite this, pH change is sufficient for compatibility
with the ISFET biosensor. Both TMPRSS2 and ERG mRNA are present in healthy cells.
Therefore, the RT-pHLAMP assays must detect only the fusion mRNA to avoid false
positives results. Figure 1 b indicates that the RT-pHLAMP reaction does not detect
synthetic RNA regions of TMPRSS2 and ERG where the fusion presides even at high
concentrations of synthetic target (3x10° copies). As such, the TMPRSS2-ERG assay was
taken forward for testing with extracted mRNA from prostate cancer cell lines.

Extracted RNA detection

Confirmation of detection of endogenous expression of mMRNA in PCa cell lines is required
to corroborate the validity of these RT-pHLAMP assays. AR mRNA is expressed in VVCaP,
LNCaP and 22Rv1 cell lines [24]. However, the DU145 cell line is androgen independent
therefore, little to no AR mRNA is present [25], [26]. Using 1 ng per reaction of mMRNA
extracted from prostate cancer cell lines resulted in rapid detection of AR mRNA in
androgen-sensitive cell lines. Time to positives in VCaPs, LNCaPs and 22Rv1s were
achieved in 6.61 + 0.02, 6.33 + 0.08 and 7.99 + 0.10 min respectively. However, in DU145s
no amplification signal was observed after 35 min.
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The TMPRSS2-ERG fusion is present in the VCaP cell line but not in 22Rv1, DU145s

or LNCaPs [27]. Figure 1 a illustrates that detection of TMPRSS2-ERG mRNA is only
observed in the VCaP cell line. LNCaP cells express both TMPRSS2 and ERG mRNA,
confirming the RT-pHLAMP assay is specific to the fusion mMRNA alone. Since both assays
exhibited sufficient sensitivity and specificity for reliable detection, they were subsequently
tested on the ISFET Lab-on-Chip device.

[l Isfet Lab-On-Chip Detection

Synthetic detection of RT-pHLAMP reactions at 108 and 101 copies for both AR and
TMPRSS2-ERG was carried out. During an amplification event (i.e. a release of protons)
the ISFET sensor output increases in voltage relative to the inherent drift. The sigmoidal
amplification curves generated in Figure 2 for positive TMPRSS2-ERG and AR samples
were produced by subtracting the sensor output by the approximated drift rate followed

by sigmoidal fitting [14], [28]. Conversion from voltage to proton count was conducted
using equation 1. Negative samples were not sigmoidally fitted on account of little to

no discrepancies between sensor output and expected sensor output. For AR detection at
5x108 and 5x101 RNA copies per reaction occurred within 5.42 + 1.04 min and 9.31 +
0.31 min respectively. At each copy number value Lab-on-Chip TTP values did not deviate
meaningfully from the benchtop RT-pHLAMP reactions. This indicates that both the speed
and the sensitivity of the ISFET biosensor reactions are commensurate with experiments
which required a specialised laboratory.

Similarly, detection of synthetic TMPRSS2-ERG RNA was observed at 3x10° and 30
copies per reaction with the ISFET biosensor in 18.97 + 1.18 min and 23.85 £ 2.30

min respectively. The TMPRSS2-ERG assay’s TTP values vary more greatly between

the benchtop and ISFET biosensor reactions than in the AR assays. It is likely that the
reaction chamber in the ISFET biosensor slightly reduces the efficiency of the RT-pHLAMP
reactions, increasing the TTP of slower reactions.

Triplicate ISFET biosensor reactions were additionally completed with mRNA extracted
from prostate cancer cell lines (Figure 2). AR RT-pHLAMP Lab-on-Chip reactions
containing 1 ng of DU145 (AR negative) and LNCaP (AR positive) mRNA were conducted
(Figure 2 b). Rapid detection of AR mRNA was observed in LNCaP extracted mRNA
within 6.61 + 0.34 min. Presence of DU145 mRNA however, resulted in no evidence

of amplification. Correspondingly, no relevant change in the ISFET biosensor drift was
ascertained in the TMPRSS2-ERG reaction containing 1 ng of RNA extracted from the
LNCaP cell line. Presence of VCaP RNA however, resulted in amplification in 16.54 + 1.41
min (Figure 2 a). pH changes for positive reactions were between -0.4 and -0.7 pH units and
0 to -0.2 pH units for negative reactions.

[V Discussion

To our knowledge, this work has culminated in the first RT-LAMP assay capable of
detection of AR and significantly improves upon previous sensitivity when detecting
TMPRSS2-ERG RNA. Both of the developed RT-pHLAMP assays are sensitive and specific
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to their respective targets with amplification occuring within 30 minutes. Implementation
of these assays onto an ISFET based Lab-on-Chip device rendered comparable sensitivity
and TTPs to the benchtop reactions, demonstrating its potential to be utilised at a point-
of-care setting, allowing for rapid detection of circulating mRNA biomarkers for prostate
cancer prognosis. Detection of circulating AR and TMPRSS2-ERG mRNA could result in
adjustment of treatment options to improve patient outcomes. Further optimisation of the
developed RT-pHLAMP assays for direct plasma testing could reduce the time taken from
biofluid extraction to test result and reduce the necessity of specialised personnel. Further
expansion of RT-pHLAMP assays to target other biomarkers for PCa, could increase the
validity of a multipanel test for point-of-care PCa prognostics.
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(a) TMPRSS2-ERG RT-pHLAMP reactions conducted with 1 ng per reaction of mMRNA
extracted from prostate cancer cell lines. b The specificity of the TMPRSS2-ERG RT-
pHLAMP reaction with synthetic fragments of TMPRSS2-ERG, TMPRSS2 and ERG
mRNA tested at concentrations of 3 x 10% and 3 x 102 copies per reaction. (c) The standard
curve for the AR RT-pHLAMP assay from 5 x 107 to 5 x 101 synthetic copies per reaction.
(d) The pH change readout of the AR assay across serial dilutions varying from 5x107
copies to 5x101 copies per reaction. The starting pH of the AR RT-pHLAMP benchtop
reaction was between 8.0-8.6 pH units for all recorded reactions.
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Table 1
AR and TMPRSS2-ERG RT-pHLAMP primers

Primer Sequences 5” -- > 3’

TMPRSS2-ERG AR
B3 | GGTGACCCTGGCTGGGGG | AATTCCTGGGGGGTGATT
F3 GCAGGAGGCGGAGGCG ATGGGGCTCATGGTGTT
FIP ACAACGACTGGTCCTC AACCAGATCAGGGGC
GAGGGGCGGGGAGC TGGCGATCCTTCACC
BIP GAGTGTGCCTACGGAAC TTCAATGAGTACCGC
TCCTGCTGAGGGACGCG ATGCACAAGTGCCATCC
AAACTCTTGAGAGAGGTG
LF ATAAGGCTTC GCATCCTGGAG
CTGCCGCGCT TTGACATTGGT
LB GGCTAAGACA AGCCAGTGTG
GAGATGACCGCG TCCGAATGAGG
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