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ARTICLE INFO ABSTRACT

To date, there are limited approaches for the direct and rapid visualization (on site) of tumor tissues for pa-
thological assessment and for aiding cytoreductive surgery. Herein, we have designed FIT-PNAs (forced-inter-
calation-peptide nucleic acids) to detect two RNA cancer biomarkers. Firstly, a IncRNA (long noncoding RNA)
termed CCAT1, has been shown as an oncogenic IncRNA over-expressed in a variety of cancers. The latter, an
mRNA termed KRT20, has been shown to be over-expressed in metastases originating from colorectal cancer
(CRCQ). To these FIT-PNAs, we have introduced the bis-quinoline (BisQ) cyanine dye that emits light in the red
region (605-610 nm) of the visible spectrum. Most strikingly, spraying fresh human tissue taken from patients
during cytoreductive surgery for peritoneal metastasis of colon cancer with an aqueous solution of CCAT1 FIT-
PNA results in bright fluorescence in a matter of minutes. In fresh healthy tissue (from bariatric surgeries), no
appreciable fluorescence is detected. In addition, a non-targeted FIT-PNA shows no fluorescent signal after
spraying this FIT-PNA on fresh tumor tissue emphasizing the specificity of these molecular sensors. This study is
the first to show on-site direct and immediate visualization of an RNA cancer biomarker on fresh human cancer
tissues by topical application (spraying) of a molecular sensor.
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1. Introduction

Long non-coding RNAs (IncRNAs) are non-protein-coding tran-
scripts of > 200 nucleotides. A variety of IncRNAs have been found to
be differentially expressed in cancer (Huarte, 2015); with those acting
as either oncogenic e.g. HOTAIR, MALAT1 (Huarte, 2015; Ji et al.,
2003) or tumor suppressor genes e.g. GAS5 (Ma et al., 2016). It had
become apparent in recent years that such IncRNAs have defined mo-
lecular mechanisms that influence the progression of the disease and
thus may be excellent biomarkers for cancer diagnosis and prognosis.
One of such IncRNA is CCAT1 (colon-associated transcript 1) (Guo and
Hua, 2017; Nissan et al., 2012; Xin et al., 2016). CCAT1 is a 2682
nucleotides IncRNA that maps to chromosome 8q24.21. It is associated
with a variety of cancers, including colon (Alaiyan et al., 2013), lung
(Luo et al., 2014), gastric (Zhang et al., 2014), breast (Zhang et al.,
2015), gallbladder (Ma et al., 2015), ovarian (Liu et al., 2013), and
hepatocellular (Deng et al., 2015) cancers. Several studies have shown
the prognostic value of CCAT1 for several indications (Luo et al., 2014;
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Nissan et al., 2012; Zhang et al., 2014).

KRT20 belongs to a family of proteins that form the intermediate
filament cytoskeleton of epithelial cells. Its expression has been found
in tumor cells located in peripheral blood (Wyld et al., 1998), bone
marrow (Soeth et al., 1996), or lymph nodes (Futamura et al., 1998)
originating from metastasis of patients with colon cancer.

The Seitz laboratory introduced the FIT-PNA concept in which one
of the nucleobases (usually purines) is replaced with a “surrogate base”
such as Thiazole Orange (TO) (Bethge et al., 2008; Koehler et al., 2005;
Kummer et al., 2011). When TO is placed in the PNA strand, it is
quenched due to intramolecular twisting of the dye in the excited state
but gains fluorescence only after RNA/DNA hybridization. This is due
to the change in the environment (viscosity) surrounding the probe
(Silva et al., 2007). TO has also been used as a surrogate base in DNA as
well as in DNA-LNA oligomers (Hoevelmann et al. 2014, 2016), where
the surrogate base is flanked by LNAs leading to a dramatic increase in
signal to background. In this regard, the Seitz group (Hoevelmann et al.,
2016) and ours (Kolevzon et al., 2016) have recently developed a red-
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emitting surrogate base in DNA-LNA (QB = Quinoline Blue) and in PNA
(BisQ = Bis Quinoline) oligomers, respectively.

We have used this approach as means for detecting point mutations
in cancer by designing FIT-PNAs that target the KRAS oncogene and
showed that this mRNA transcript can be detected and discriminated at
a single nucleotide resolution in living cells (Kolevzon et al., 2016). This
concept was further investigated by Wickstrom and co-workers in lung
cancer (Sonar et al., 2014). Apart from detecting SNPs, FIT-PNAs have
the capacity of detecting RNA in living cells as demonstrated for cells
infected with viral mRNA (Kummer et al. 2011, 2012), miRNA (Torres
et al., 2012), and IncRNAs (Kam et al., 2014).

Herein, we have designed and synthesized FIT-PNAs that turn on
their fluorescence upon sequence-specific RNA hybridization. These
probes were designed to target two RNA cancer biomarkers: CCAT1 and
KRT20. We show the detection of CCAT1 and, to a lesser extent, KRT20
by their complementary FIT-PNAs in living cells. Importantly, we have
been able to unveil that spraying the specific CCAT1 FIT-PNA probe
directly on fresh (un-fixed) cancerous human tissue from surgical pro-
cedures (cytoreductive surgery) results in a bright fluorescent signal in
a short time interval (minutes). KRT20 FIT-PNA shows a weaker
fluorescence and slower response. No fluorescent signal is observed
after spraying these FIT-PNAs with healthy fresh tissue taken from
bariatric surgeries or when spraying a non-specific FIT-PNA on can-
cerous fresh tissue.

This approach opens a simple and straight forward methodology to
detect RNA biomarkers in fresh tissues simply based on the design of
the FIT-PNA probe that complements the RNA biomarker of choice. The
detection is observed within minutes after spraying a buffered solution
of the FIT-PNA directly on the malignant fresh tissue.

2. Materials and methods
2.1. General

Manual solid-phase synthesis was performed by using 5mL poly-
ethylene syringe reactors (Phenomenex) that are equipped with a
fritted disk. All column chromatography was performed using 60A,
0.04-0.063 mm Silica gel (Biolab, Israel) and manual glass columns.
TLC was performed using Merck Silica Gel 60 F254 plates. HPLC pur-
ifications and analysis were performed on a Shimadzu LC-1090 system
using a semi-preparative C18 reversed-phase column (Jupiter C18, 5y,
30010\, 250 X 10mm, Phenomenex) at 50 °C. Eluents: A (0.1% TFA in
water) and B (MeCN) were used in a linear gradient (11-40 %B in
30 min) with a flow rate of 4 mL/min. NMR spectra were recorded on a
300 MHz Bruker NMR using deuterated solvents as internal standards.
MS measurements of compounds 1-5 and BisQ were measured on a
ThermoQuest Finnigan LCQ-Duo ESI mass spectrometer. Mass analysis
of BisQ-FIT-PNA was acquired on a MALDI-TOF MS. DNA and RNA
oligos were purchased from Sigma-Aldrich, Israel. Dry DMF was pur-
chased from Acros and Fmoc/Bhoc protected PNA monomers from
PolyOrg Inc. (USA). The Fmoc-protected amino acids and reagents for
solid phase synthesis were purchased from Merck (Germany).

2.2. Synthesis of PNA monomer with BisQ

Fmoc-Aeg-(BisQ)-O-allyl was synthesized as previously described
(Kolevzon et al., 2016; Sonar et al., 2014) with slight modifications. To
a solution of the dried reaction mixture of BisQ-CH,COOH in 7 mL dry
DMF, PyBOP (825mg, 1.2 eq), HOBt (250 mg, 1.2 eq) and N-methyl-
morpholine (0.18 mL, 1.2 eq) were added. The reaction mixture was
stirred at 0°C for 15min under argon. To this solution, a separately
prepared mixture of Fmoc-Aeg-O-allyl (720mg, 1.2 eq) and NMM
(0.18 mL, 1.2 eq.) in DMF (1 mL) was added and the reaction mixture
was allowed to stir for 12 h at RT. When the reaction was complete (as
indicated by TLC), the reaction mixture was diluted with water prior to
extraction with EtOAc (3 x 20 mL). The combined organic layers were
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washed with 10% NaHCOj followed by washing with 10% citric acid.
The combined organic layers were washed again with aqueous 10%
NaHCOj3 followed by water and brine. The organic layer was dried over
anhydrous Na,SO,4 and concentrated under vacuum. The crude product
was column purified (silica gel) using 3-10% chloroform in DCM.
(Yield = 70%)

H NMR (DMSO-de): 9.30 (br s, 2H)): 8.73 (d, 1H, ArH), 8.63 (d, 1H,
ArH), 8.32 (m, 1H, ArH), 7.88 (d, 2H), 7.68 (d, 2H), 7.52 (t, 1H), 7.41
(t, 2H), 7.32 (t, 2H), 5.92 (dt, 1H), 5.24-5.39 (dd, 2H), 4.69 (d, 2H),
4.33 (d, 2H), 4.21 (t, 1H), 4.05 (br s, 2H), 3.31 (q, 2H), 3.01 (brs, 2H),
3.60 (t, 1H, N-CH2), 3.39 (m, 2H, N-CH2), 3.14 (m, 1H, N-CH2), 4.02
(s, 1.4H, Gly-CH2), 3.60 (t, 1H, N-CH2), 3.39 (m, 2H, N-CH2), 3.14 (m,
1H, N-CH2). MS: Mobs = 705.8, Mcalc = 705.31.

To a solution of Fmoc-Aeg (Dye)-O-allyl (370 mg) in DCM (10 mL)
was added N-methylaniline (1 eq.). The solution was degassed by
bubbling with argon for 5 min. After addition of [Pd(PPh3)4] (0.1 eq.),
the mixture was stirred under exclusion of light for 14 h diethyl ether
(30 mL) was added to precipitate the product which was collected by
filtration and used without further purification. (Yield = 68%)

H NMR (DMSO-dg): 8.73 (d, 1H, ArH), 8.63 (d, 1H, ArH), 8.32 (m,
1H, ArH), 7.97-7.87 (m, 5H, ArH), 7.71 (m, 5H, ArH), 7.56 (m, 3H,
ArH), 7.41 (t, 2H, ArH), 7.31 (t, 2H, ArH), 7.26 (s, 1H, CH), 5.55 (s, 1H,
CH2), 5.33 (s, 1H, CH2), 4.37 (m, 1H, Fmoc-CH2), 4.35 (s, 0.5H, Gly-
CH2), 4.30 (d, 1H, Fmoc-CH2), 4.24 (t, 0.5H, Fmoc-CH), 4.20 (t, 0.5H,
Fmoc-CH), 4.12 (s, 3H, N + -CH3), 4.02 (s, 1.4H, Gly-CH2), 3.60 (t, 1H,
N-CH2), 3.39 (m, 2H, N-CH2), 3.14 (m, 1H, N-CH2). HRMS:
Mobs = 665.275, Mcalc = 665.275.

2.3. Solid-phase synthesis of BisQ-FIT-PNA

The general procedures were published and are detailed elsewhere
(Kolevzon et al., 2016).

2.4. Fluorescence of FIT-PNAs in a buffered solution

Fluorescence spectra were recorded by using a Jasco FT-6500
spectrometer.

Measurements were carried out in fluorescence quartz cuvettes
(10mm) at 0.5-1.5uM concentration in a PBS buffered solution
(100 mM NaCl, 10 mM NaH,PO,4, pH 7). Quantum yields were de-
termined relative to rhodamine B in PBS as described (Kovaliov et al.,
2013). FIT-PNA (1 uM) was hybridized to its complementary RNA by
heating a 1:1 mixture of PNA: RNA (1.5 pM) to 95 °C for 2 min followed
by slow cooling to 25 °C. Samples were excited at 590 nm and emission
spectra were recorded at 600-800 nm.

2.5. Cell lines and culture

Two cell lines were used: HT-29 (human colon adenocarcinoma
grade II), and SK Mel2 (human malignant melanoma).

Cell lines were purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA). HT-29 expressing the IncRNA
CCAT1 and KRT20 mRNA were cultured (37 °C, 5% CO,), in DMEM
medium and supplemented with 10% fetal calf serum, 2mM L-gluta-
mine, and 0.1 mg/mL Streptomycin (Beit Ha-Emek Biological
Industries, Israel).

SK_Mel2 (used as controls) were cultured in RPMI medium supple-
mented with 10% fetal calf serum, 2mM L-glutamine and 0.1 mg/ml
streptomycin.

2.6. Cellular uptake analysis

Twenty-four hours prior to FIT-PNA addition, cells were plated se-
parately on chamber slides (Ibidi GmbH, Munich, Germany) until
reaching 70-80% confluence.
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2.7. Hybridization and imaging in living cells

Before adding the FIT-PNA, the medium was replaced and the cells
were incubated (37 °C, in a humidified atmosphere containing 5% CO-)
with 1 uM of FIT-PNA in complete medium. Cells were washed with PBS
( x 3) prior to cell imaging and the intracellular fluorescence was
measured after 2 h by confocal microscopy. (Olympus, FM 300, Japan,
objective: UPIanApo 40X/1.0 oil, laser wavelength 633 nm).

2.8. Tissue RNA extraction

All tissues were thoroughly crushed on dry ice and disrupted with
1 mL per 50-100 mg tissue, denaturizing lysis buffer using a polytron”
tissue homogenizer. RNA was extracted using TriReagent® protocol
according to the manufacturer recommendations (Bio-Lab™). The RNA
concentration was measured with NanoDrop® Spectrophotometer (ND-
1000, NanoDrop Technologies™, Wilmington, DE (and stored at —80 °C
until use).

2.9. Cell lines- RNA extraction

Cell lines were cultured (37 °C, 5% CO2) in DMEM or EMEM media.
About 10 million cells were incubated in Trypsin EDTA solution B
(Biological Industries, Israel). The media was removed after 3-5 min (at
37 °C) to disconnect the cells from the flasks' surface. Cells were washed
with PBS and RNA was extracted using TriReagent protocol as men-
tioned above.

2.10. CCAT1 and KRT20 qRT-PCR analysis

1 ug of total RNA extracted from different cell lines was used for
reverse transcription with random primers in a 20 pl reaction of which
2l was used for polymerase chain reaction (PCR). All experiments
were conducted in duplicates. qRT-PCR was performed for 40 cycles
(denaturation: 95°C X 15s; annealing/extension: 60 °C X 1 min) with
the primers and TaqMan® probe specific for human GAPD (GAPDH).
The GAPDH endogenous control (VIC/MGB Probe, Primer Limited,
4326317E) was obtained from Applied Biosystems, Foster City, CA,
USA.

For CCAT1 expression analysis, the primers and probe used were:

e Forward primer: 5-TCACTGACAACATCGACTTTGAAG;
e Reverse primer: 5-GGAGAAAACGCTTAGCCATACAG;
e Probe: 6Fam-CTGGCCAGCCCTGCCACTTACCA-Tamra.

For KRT20 expression analysis, the primers and probe used were:

e Forward primer 1 5-TCC AGT CCC ATC TCA GCAT-3’
e Revers primer 5-GCG TTC CAT GTT ACT CCG AAT-3’
e 6-Fam/CAG CCA GTT/Zen/AGC CAA CCT CCA GT/3IABKFQ/-3’

Relative quantification was done according to the manufacturer's
instructions (Applied Biosystems, Foster City, CA, USA; User Manual 2).
Each sample was normalized according to its GAPDH content and also
against a calibrator set constructed of RNA obtained from normal colon
tissue (AmbionVR Austin, TX, USA).

All experiments were performed using an ABI Prism 7500 system
(Applied Biosystems, Foster City, CA, USA).

2.11. FIT-PNA hybridization in fresh human biopsies

Human peritoneal metastatic tissues were taken from Cytoreductive
Surgery- Hyperthermic Intraperitoneal Chemotherapy (CRS-HIPEC). In
addition, bariatric surgeries (normal tissues) were chosen for this study
(surgeries were conducted at the Sheba Medical Center, Ramat-Gan,
Israel). Tissues were cut into two pieces in order to be used for FIT-PNA
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hybridization and RNA isolation. The specimens for the hybridization
were washed with Dulbecco's phosphate buffered Saline (1XPBS) twice,
for 5 min. Afterward the samples were left in PBS for about 1.5 h until
further analysis (spraying FIT-PNA and imaging). After the samples
were cut and placed on cover slip slides, the samples were sprayed with
the FIT-PNA solution (2.5uM in PBS) and immediately imaged on a
confocal microscope (Olympus, FM 300, Japan, objective: UPIanFI
10X/0.3, laser wavelength 633 nm).

2.12. Deep tissue imaging

Fresh tissues were sprayed with the FIT-PNA solution (2.5uM in
PBS) and immediately imaged on a multiphoton microscope (Nikon
A1MP, objective: CFI75 Apo 25xW MP (NA 1.10 WD 2.0)), laser ex-
citation = 540 nm, and emission = 601-657. For all cases, tissues were
cut into two pieces. The segments used for RNA isolation, immediately
following surgical resection, were snapped frozen in liquid nitrogen for
further RNA extractions.

3. Results
3.1. FIT-PNA design and photophysical properties

The synthesis of a Fmoc-protected PNA monomer where the natural
base is replaced with a surrogate base allows the selective introduction
of the fluorophore at a desired location on the PNA sequence. The red-
emitting BisQ surrogate base was introduced on a PNA backbone
(Supplementary Scheme S1) consisting of Fmoc and allyl protecting
groups (Sonar et al., 2014). Subsequently, FIT-PNAs targeting CCAT1
and KRT20 were synthesized on the solid phase as previously reported
(Supplementary Table S1 and Figs. S1-S6) and their structures are
shown in Scheme 1 (Kolevzon et al., 2016). The CCAT1 sequence was
chosen based on our previous work (Kam et al., 2014). Two KRT20 FIT-
PNA probes were designed and synthesized based on the UNAfold
software (http://unafold.rna.albany.edu). We have used only one of
these probes (Table S1), as we have seen no fluorescence in KRT20
expressing cells (HT-29) after incubation with the latter FIT-PNA probe
(data not shown).

Fluorescence enhancement of FIT-PNAs were measured for fully
complementary RNA sequences (Supplementary Fig. S7 and Fig. S8).
For CCAT1 and KRT20 - a ca. 12 and 20 fold enhancement in fluor-
escence was shown for complementary RNA, respectively.

Table 1presents the physical properties of FIT-PNAs in single strand
form and in duplex form with a fully complementary RNA. € and ¢
values for both duplexes result in high brightness (ex¢) that is only ca.
2.5 fold lower than that of Cy5.

3.2. FIT-PNAs fluoresce in living cells

The FIT-PNAs fluorescence in living cells were also explored. Fig. 1
presents typical confocal images of cancer cells that either over-express
(HT-29, a colon cancer cell line) or have negligible (SK_Mel2, a mela-
noma cell line) CCAT1 RNA expression as determined by quantitative
RT-PCR (Table S2). A short incubation period of 2h with 1 uM CCAT1-

BASE

K];O o Kfo o KFO

N~y N\/\NQ\/N\/\'\}H

Hy H o
BisQ PNA

For CCAT1, n=7 (GTGAATG) and m=7 (TCCAACC)
For KRT20, n=8 (GTCTGTGT) and m=9 (CCACTTGAT)

Scheme 1. Chemical structures of FIT-PNAs.
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Table 1
Photophysical properties of FIT-PNAs.

Compound Amax abs (M) €max M~ lem ™11 Apacem (nm) ¢
CCAT1 FIT-PNA 593 81,667 n.a. n.a.
CCAT1 FIT-PNA:RNA 592 95,833 610 0.27
KRT20 FIT-PNA 584 58,200 n.a n.a
KRT20 FIT-PNA:RNA 586 103,000 608 0.315

FIT-PNA resulted in a clear fluorescence in cells expressing this RNA
biomarker (HT-29, Fig. 1). In contrast, negligible fluorescence was
found when these FIT-PNAs were incubated with SK_Mel2 cells (Fig. 1).

A weak signal was observed for KRT20-FIT-PNA (1puM)
(Supplementary Fig. S9) after a 2h incubation with HT-29 cells that
express this mRNA (Supplementary Table S2). Nonetheless, this FIT-
PNA showed no apparent fluorescence in a control cell line (SK_Mel2)
that has low expression of KRT20 mRNA (Supplementary Table S2). It is
possible that this specific FIT-PNA sequence is not the ideal one for
KRT20 mRNA detection and that others may be explored.

Interestingly, this fluorescent signal for CCAT1 FIT-PNA (in HT-
29 cells, Fig. 1) was achieved by introducing a very short positively
charged peptide (4 D-lysines) conjugated to the C-terminus of this FIT-
PNA. We have already shown that this short peptide is sufficient for
FIT-PNA delivery into living cells (Kolevzon et al., 2016).

To further validate the sequence-specificity of the FIT-PNAs, we
have incubated a non-related FIT-PNA (Supplementary Table S1, Fig.
S5, and Fig. S6) in the HT-29 cell line as a control. This FIT-PNA has no
sequence homology to the human transcriptome and has the same
peptide ((D-Lys)4) on its C-terminus (Supplementary Table S1). The
addition of this FIT-PNA at 1 uM for 2 h resulted in negligible fluores-
cence (Supplementary Fig. S9) which further supports the specificity of
both FIT-PNAs to their designed RNA targets (CCAT1 and KRT20).

3.3. FIT-PNAs fluoresce in human fresh tumor tissues

Colorectal cancer (CRC) is a disease that typically progresses in
years. If diagnosed early on, CRC patients have over 90% 5 years (and
over) survival rate. CCAT1 is highly expressed in CRC (Nissan et al.,
2012). Treatment of peritoneal metastasis originating from colon
cancer by cytoreductive surgery (CRS) followed by hyperthermic in-
traperitoneal chemotherapy (HIPEC) consists of resection of all mac-
roscopic tumor deposits and treating microscopic residual disease by
washing the peritoneum with a warm (42 °C) solution of cytotoxic
drugs, achieving high local concentrations of the drugs while keeping
systemic drug levels low. This procedure has been shown to extend the
survival rate of patients (Verwaal et al., 2003). However, early disease
recurrence occurs in 30%—-40% of treated patients and is mainly due to

HT-29
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occult metastasis not identified by the surgeon.

Fluorescence-guided surgery (FGS) is a procedure used to maximize
tumor excision by detecting in a real-time manner occult metastasis
thereby improving survival rates of patients (Dsouza et al., 2016; Hague
et al., 2017; Low et al., 2018; Wang et al., 2018; Zhang et al., 2017). In
the context of CRS-HIPEC, in a recent clinical study (Harlaar et al.,
2016), a mAb-targeted near IR dye (bevacizumab-IRDye800CW) was
administered 1.V. to 7 patients prior to surgery of peritoneal carcino-
matosis. In two patients, the surgeon detected additional cancerous
tissue by the aid of FGS. In general, the probe in FGS is injected sys-
temically prior to surgery and is constantly fluorescent.

The study protocols presented herein were approved by the
Institutional Independent Ethical Committee (IEC, Helsinki committee,
#2200-15). Patients undergoing CRS-HIPEC for peritoneal metastasis
were offered participation in this study in order to explore the possible
use of FIT-PNAs for detecting the CCAT1 and KRT20 biomarkers in
fresh human tissue. Fresh tissue samples obtained from the operating
room were sliced into two. One slice was stored in PBS at RT and was
used for fluorescence imaging. The other was frozen for qRT-PCR
analysis. The fresh (un-frozen) cancerous tissues were sliced to about
1 mm (thickness) and placed directly on a glass slide. An aqueous so-
lution of 2.5 uM FIT-PNA (for either CCAT1 or KRT20) was prepared in
a spraying bottle. Fresh cancerous tissues were then sprayed twice
(about 100 pLX2 per sample) with this FIT-PNA solution and confocal
images were acquired at different time points (Fig. 2a and b and Fig. 2¢
and d for CCAT1 (two patients) and KRT-20 (two patients), respec-
tively). These experiments were repeated for both FIT-PNAs and are
shown in supporting information (Supplementary Fig. S10 and Fig.
S11). In all cases, bright fluorescence was observed for all HIPEC fresh
tissues examined, with CCAT1 FIT-PNA showing brighter images as also
observed for the HT-29 cell line (Fig. 1).

Notably, fresh tumor tissues showed distinct and bright red fluor-
escence even at time zero for CCAT1-FIT-PNA (Fig. 2a and b) which is
the time from spraying the sample until acquiring a confocal image
(2-3 min).

To verify these results, the other (frozen) tissues taken from the
same biopsy were analyzed by qRT-PCR for CCAT1 and KRT20 levels
(Table 2 and Supplementary Table 3S). A positive RQ value was found
for all tumor tissues (for both RNA biomarkers) providing a qualitative
verification of these biopsies as of tumor origin.

In addition, and as a control, another tissue type was evaluated post-
surgery, namely, fresh normal tissues from patients undergoing bar-
iatric surgery. These fresh normal tissues were imaged after spraying a
2.5 uM solution of either CCAT1 or KRT20 FIT-PNAs (Fig. 3a and b and
Fig. 3c and d for CCAT1 and KRT20, respectively, and repeated ex-
periments in supporting information (Supplementary Fig. S12)). In all
cases, no appreciable fluorescence was detected. As with the HIPEC

SK-Mel2

Fig. 1. BisQ-FIT-PNA detects CCAT1 IncRNA in living cells. Confocal microscopy images of cancer cell lines incubated with 1 pM CCAT1 FIT-PNA (red). Images were

acquired after 2 h incubation at 37 °C.
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B* Tumor - HIPEC
CCAT1 FIT-PNA _

Fig. 2. FIT-PNAs fluoresce after direct spraying on fresh human tumor tissue. a) and b) Peritoneal metastatic tissue after CRS-HIPEC from 2 patients after spraying
tissues with 2.5 uM CCAT-FIT-PNA, c) and d) Peritoneal metastatic tissue after CRS-HIPEC from 2 patients after spraying tissues with 2.5 uM KRT20-FIT-PNA. Scale

bar — 200 pm.

Table 2
Relative quantification (RQ) of CCAT1 and KRT20 RNA levels in tissues as
determined by qRT-PCR.

Patient # Tissue type RNA detected RQ values
10 HIPEC (Tumor) CCAT1 49.9
12 HIPEC (Tumor) CCAT1 427.9
41 HIPEC (Tumor) CCAT1 8.1

37 HIPEC (Tumor) KRT20 7631
39 HIPEC (Tumor) KRT20 22909
42 HIPEC (Tumor) KRT20 6419
19 Bariatric (normal) CCAT1 2.6
20 Bariatric (normal) CCAT1 1.0°
30 Bariatric (normal) KRT20 1.0°
31 Bariatric (normal) KRT20 1.0°

2 CCAT1 and KRT20 levels were normalized to CCAT1 and KRT20 RNA le-
vels found in bariatric (normal) tissues.

tissues, half of the bariatric tissues were frozen and analyzed by qRT-
PCR for both RNA transcripts (Table 2 and Supplementary Table 3S for
repeated experiments). Extremely low (undetermined) expression levels
of CCAT1 and KRT20 were found as expected. As an additional negative

275

control, the non-targeted FIT-PNA (Supplementary Table S1) was ex-
amined. This FIT-PNA was sprayed (2.5uM) on fresh HIPEC tumor
tissues (Fig. 3e and f). No fluorescent signal was observed further
highlighting the sequence specificity of FIT-PNAs to their RNA targets.

To date, the BisQ cyanine dye is the most red-shifted mono-methine
cyanine dye used as a surrogate base in FIT-PNA probes (Kolevzon
et al., 2016). Given its red-shifted fluorescence
(Amaxs-€xc = 605-610 nm) we tested FIT-PNAs in-depth fluorescence in
fresh tumor tissues (Fig. 4a and Fig. 4b for both CCAT1 and KRT20 RNA
transcripts, respectively). Movies for both FIT-PNAs are shown in sup-
porting information (Supplementary Video S1 and Video S2). Spraying
KRT20-FIT-PNA (Fig. 4a) and then following fluorescence by a two-
photon microscope revealed a 240-um penetration/detection as corro-
borated by fluorescence imaging (images taken at 5 um sections). Si-
milarly, CCAT1-FIT-PNA (Fig. 4b) was detected up to 165 pm in depth
after spraying FIT-PNA on fresh tumor tissue. These results reveal the
further potential of such FIT-PNAs not only for imaging the surface of
the tumor. Obviously, a near infrared mono-methine cyanine dye would
be an ideal choice as a FIT-PNA surrogate base for in-depth imaging; a
task we are currently striving to achieve.

Supplementary video related to this article can be found at https://
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Fig. 3. FIT-PNAs are tumor (sequence) specific. a) and b) Bariatric normal fresh tissue from 2 patients after spraying tissues with 2.5 pM CCAT-FIT-PNA. c) and d)
Bariatric normal fresh tissue from 2 patients after spraying tissues with 2.5 uM KRT20-FIT-PNA. e) and f) Peritoneal metastatic tissue after CRS/HIPEC from 2 patients
after spraying tissues with 2.5 uM non-targeted FIT-PNA. Scale bar — 200 pm.
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4. Discussion

The presence of residual tumor tissue (defined as ‘occult residual
disease’) after surgery has been reported in a variety of surgical pro-
cedures with high-grade glioma resections reaching 65% of cases
(Stummer et al., 2006). This highlights the need for an accompanying
diagnostic procedure to detect these occult tumor deposits. Most FGS
procedures rely on systemic administration of the fluorophore; whether
targeted or non-targeted. This, in turn, may result in systemic toxicity
and requires pre-injection of the sensing molecule prior to surgery. This
pre-injection time frame is not always ideal and may differ from patient
to patient. In contrast, the direct application of the sensing molecule on
the interrogated tissue may provide a simple and more precise mode to
delineate residual tumor tissue. In this regard, we are aware of very few
examples where a direct application on the tissue has been realized.
Urano and co-workers (Urano et al., 2011) devised a gamma glutamyl
transpeptidase (GGT)-activated fluorophore that generated a distinct
green fluorescent signal in an ovarian cancer mouse model within
minutes, post spraying this targeted probe. Other GGT-activated
fluorophores have been implicated in intraoperative imaging of various
cancers such as breast cancer (Ueo et al., 2015), colon cancer (Ou-Yang
et al., 2019), and liver cancer (Miyata et al., 2017; Ou-Yang et al.,
2019). Notably, some recent GGT-activated probes have been shown to
perform in the Near-IR region (Iwatate et al., 2018); providing deep
tissue imaging.

The Bogyo lab (Segal et al., 2015) devised a quenched fluorescent
activity-based probe (qABP) for cysteine Cathepsins that fluorescently
labelled fresh frozen human polyps from colon cancer patients. Both
probe types (QABP and GGT) are activated by enzymatic reactions and
may be limited by nonspecific activation in inflammation. To the best of
our knowledge, this report presents the first example where RNA bio-
markers associated with cancer are directly detected by FIT-PNAs on
fresh (non-fixed) human cancer tissues. The fast and clear fluorescent
signal generated after simple spraying of CCAT1 FIT-PNA highlights the
potential of such probes. In addition, PNA molecules have been studied
in-vivo and have been documented as well tolerated with minimal
toxicity (Rembach et al., 2004). In our approach, spraying FIT-PNA
directly on the suspected tissue as opposed to systemic administration
of the probe would have a significant advantage in terms of potential
systemic toxicity. Although the KRT20 FIT-PNA was not as bright and
required a 30 min incubation period for an appreciable fluorescent re-
sponse in tumor tissues, it indicates that one may design other FIT-PNAs
to other RNA cancer biomarkers. It is reasonable to suggest that as long
as one designs a FIT-PNA with structural features as those presented in
Scheme 1 (i.e. a short peptide of four (D)-Lysines, BisQ as the cyanine
dye situated in the central region of the PNA sequence, and a PNA se-
quence that is a well-established target for the specific RNA biomarker
of choice), it is possible to detect a variety of over-expressed oncogenic
RNA biomarkers for a variety of cancers (Xie et al., 2018). For example,
in CRC, one could design a FIT-PNA to detect the IncRNA MALTA1 (Li

Tumor — HIPEC
CCAT1 FIT-PNA
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Fig. 4. FIT-PNAs penetrate fresh human tumor tissue.
Peritoneal metastatic tissue after CRS-HIPEC from 2
patients after spraying tissues with (a) 2.5 uM KRT20-
FIT-PNA, and b) 2.5uM CCAT1-FIT-PNA. 3D images
were acquired by imaging layer by layer at 5-uym in-
tervals. A depth of up to 240 and 185 um where the
fluorescent signal was visualized, is achieved for
KRT20-FIT-PNA and CCAT1-FIT-PNA, respectively.

et al., 2017) or miR-191 (Guo et al., 2018), and for breast cancer, the
IncRNA LINP1 (Liang et al., 2018).

Moreover, this approach is not limited to cancer diagnosis. For ex-
ample, inflammation in tissue may be detected (and discriminated from
tumor tissue) by designing a FIT-PNA for detecting miR-146 (Taganov
et al., 2006). This highlights the general use of such FIT-PNAs to detect
RNA biomarkers in fresh tissues.

5. Conclusions

In summary, we have developed FIT-PNAs with a red-emitting base
surrogate (BisQ) targeting the oncogenic CCAT1 IncRNA and KRT20
mRNA. Both KRT20 CCAT1 FIT-PNAs are brightly fluorescent after
direct topical application (spraying) of these molecules on fresh can-
cerous tissue, with CCAT1 FIT-PNA generating a fluorescent signal in a
matter of minutes. Such molecular probes may be promising candidates
for clinical translation.
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