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Objective: To investigate the function of a novel primate-specific long non-coding RNA
(IncRNA), named FLANC, based on its genomic location, and to characterize its potential as a
biomarker and therapeutic target.

Design: FLANC expression was analyzed in 349 tumors from four cohorts and correlated to
clinical data. In a series of multiple /n vitro and in vivo models and molecular analyses, we
characterized the fundamental biological roles of this IncRNA. We further explored the therapeutic
potential of targeting FLANC in a mouse model of CRC metastases.

Results: FLANC, a primate-specific INcCRNA feebly expressed in normal colon cells, was
significantly up-regulated in cancer cells compared with normal colon samples in two independent
cohorts. High levels of FLANC were associated with poor survival in two additional independent
CRC patient cohorts. Both /n vitroand in vivo experiments demonstrated that the modulation of
FLANC expression influenced cellular growth, apoptosis, migration, angiogenesis and metastases
formation ability of CRC cells. /n vivo pharmacological targeting of FLANC by administration of
DOPC-nanoparticles loaded with a specific SIRNA, induced significant decrease in metastases,
without evident tissue toxicity or pro-inflammatory effects. Mechanistically, FLANC up-regulated
and prolonged the half-life of phosphorylated STAT3, inducing the overexpression of VEGFA, a
key regulator of angiogenesis.

Conclusions: Based on our findings, we discovered FLANC as a novel primate specific IncRNA
that is highly up-regulated in CRC cells and regulates metastases formation. Targeting primate-
specific transcripts such as FLANC may represent a novel and low toxic therapeutic strategy for
the treatment of CRC patients.

Keywords
Colorectal cancer; metastases; non-coding RNA; RNA therapeutics; primate-specific; pyknons

INTRODUCTION

Cancer mortality represents a huge medical issue 1, in spite of major advances in the
characterization of the genomic alterations in most cancers types 2 and the development of a
plethora of biomarkers 3 and targeted therapies 4. Colorectal cancer (CRC) is the third most
common malignancy in developed countries ® and a substantial number of patients initially
present or sequentially develop distant metastases, leading to a poor 5-year cancer-specific
survival rate of about 10-20% 6. Treatment options for metastatic CRC are limited, and
include combination cytotoxic chemotherapy with 5-Fluorouracil, irinotecan and/or
oxaliplatin, as well as the addition of anti-angiogenic (anti-vascular endothelial growth
factor (VEGF) or its receptor) or epidermal growth factor receptor (EGFR)-directed drugs /.

Within the last decade, non-coding (nc)RNA alterations have been identified to be involved
in the progression from adenoma-to-carcinoma in colorectal carcinogenesis 8 9. Several
ncRNAs, which include long non-coding RNAs (IncRNAs) and short microRNAs
(miRNAs), have recently been functionally characterized 10: 11, 12,1314 'Becayse of their
cancer specific expression pattern, InNcRNAs carry tremendous potential for novel targeted
treatment approaches 1516, Although the number of IncRNAs, including the primate/human-
specific ones, 17:18.19. 20, 21, 22 hrohably will surpass the number of coding genes 23: 24, at
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present time only few of the former are proved to be involved in cancers 2, as the main
focus of the translational research nowadays is on genes (coding or non-coding) highly
conserved in evolution 8 13. 26 Recently, we reported that multiple genomic non-coding loci
harboring human/primate specific motifs 27 are differentially transcribed between CRC and
normal colon and between ZAP-70 positive and ZAP-70 negative CLL, and the expression
levels correlated with patients” overall survival 25, We further dissected the function of one
of these transcripts in CRC, the IncRNA N-BLR, and we observed that it plays a key role in
metastases. Herein, we functionally characterized a novel primate-specific IncRNA from one
of these regions and we demonstrated the therapeutic potential of targeting this transcript,
through RNA-based strategies, without evident tissue toxicity or pro-inflammatory effects /n
Vivo.

Patient samples

Four different patient cohorts were studied with the staging performed by Dukes
classification: cohorts A 28 and B 2° for the evaluation of FLANC expression in CRC tissue
compared with matched normal colon, and two larger CRC cohorts, C (n = 170) and D
(n=126), for testing the prognostic value of FLANC (online supplementary table 1 to 3). The
patients’ clinicopathological data were collected from medical records at the same
institutions. All cases were reviewed based on pathology reports and histological slides.
Written informed consent was obtained from each patient for these four cohorts, and the
studies were approved by the institutional review boards of all the involved institutions.

In vivo treatment of colorectal cancer metastases

RESULTS

Male athymic nude mice were purchased from Taconic Farms (Hudson, NY). All animals
were 6-8 weeks old at the time of injection. Metastatic liver models of colorectal cancer
were developed as described previously 2°. For all animal experiments, HCT116 cells
(labelled with a stable expression luciferase gene) were used. For all therapeutic
experiments, the dose of FLANC small interfering RNA (siRNA) was 200 pg/kg, as
described previously 30. The oligos were incorporated into neutral 1,2-dioleoyl-sn-
glycero-3-phosphatidylcholine (DOPC) nanoliposomes. These were administered via
intravenous injection twice weekly beginning two weeks after tumor cell injection and
continued for 4 weeks. All mouse studies were approved and supervised by the MD
Anderson Cancer Center (MDACC) Institutional Animal Care and Use Committee.

Additional methods are presented in the supplementary methods section.

A novel primate-specific long non-coding RNA resides within the first intron of CELSR1

Following our initial report about enrichment of primates specific motifs in ncCRNAs
involved in CRC 22, we identified a novel transcript located at chromosome 22¢13.31 in the
first intron of the cadherin EGF LAG seven-pass G-type receptor 1 (CELSRI) gene (online
supplementary figure 1A). The protein encoded by this gene is a member of the flamingo
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subfamily of the cadherin superfamily 3 and has been described to be associated with the
Wht signaling pathway in gastrointestinal malignancies and leukemia 32 33, According to its
location, we named this novel transcript flamingo non-coding RNA (FLANC). We studied
FLANC following the workflow presented in figure 1A. By strand-specific gRT-PCR we
proved that FLANC is transcribed in the antisense direction compared to CELSR1 (online
supplementary figure 1B), being therefore an independent transcript from the CELSR1
messenger RNA or primary RNA.

By using Rapid Amplification of cDNA Ends (RACE) on RNA isolated from the HCT116
cell line, we cloned a mono-exonic 873 nucleotides (nts) transcript from the CELSR1 intron
1 (online supplementary figure 2A). Using /n silico analysis, we were only able to identify
the transcript in primates, with 98% homology with Pan troglodytes and 87% homology
with Gorillagenomes. Further analysis of the sequence and conservation of this genomic
region suggested that the evolution of this gene started within the class of mammalians and
further evolved by the introduction of two Alu elements in primates (online supplementary
figure 2B).

We next analyzed the protein coding potential of FLANC using multiple methods. First, an
in vitro transcription-translation assay suggested lack of protein coding potential (online
supplementary figure 3A). We further used mass spectrometry for the identification of large
proteins or micro-peptides (MPEP less than 100 aminoacids long), and could not identify
any of the peptides predicted by an open reading frame (ORF) analysis of this transcript
(online supplementary figure 3B). All these data support the lack of protein-coding potential
of FLANC.

FLANC expression in colorectal cancer correlates with patients’ overall survival

We first measured the expression of FLANC in a panel of eight CRC cell lines (online
supplementary table 4). In five of them FLANC expression was significantly higher than in
five pooled normal colon tissues (p<0.05, online supplementary figure 1C). Additionally, we
measured the level of FLANC in seven different organs and peripheral blood mononuclear
cells (PBMCs) from healthy controls. FLANC was not detectable in healthy brain and liver
tissues, was expressed at very low levels in normal colon, ovary, spleen and PBMC:s tissues,
and was expressed at low levels in lung and testicular tissue (online supplementary figure
1D). Hence, we concluded that FLANC is a CRC specific transcript.

To evaluate the levels of FLANC and its tissue location in CRC, we performed /n situ
hybridization (ISH) on a commercially available tissue microarray (TMA). Significantly
higher levels of FLANC were observed in cancerous (primary adenocarcinoma and
metastatic tumors) compared with normal colon tissues (metastatic CRC versus normal
colon, p<0.001, primary adenocarcinoma versus normal colon, p<0.01). In contrast, there
were no significant differences between colitis and benign/polyp lesions versus normal
tissue, suggesting that the up-regulation of FLANC probably occurs in epithelial malignant
cells, and not in stroma cells, premalignant or in inflammatory lesions (figures 1B and 1C
and online supplementary figure 4). This observation is supported by the fact that FLANC
has very low expression in healthy tissues and PBMCs (online supplementary figure 1D),
but further clarification by performing microdissection studies on CRC specimens is needed.
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Epithelial CRC cells of adenocarcinoma and metastatic tissue showed an enriched
localization of FLANC in both cytoplasm and nucleus when compared with non-malignant
cells (figure 1C and online supplementary figure 4-5). Biochemical separation of nuclear
and cytoplasmic RNA fractions confirms the ISH findings of expression in both cell
compartments (online supplementary figure 5A and B). In line with the results from ISH
analysis, FLANC was significantly up-regulated, measured by qRT-PCR, in CRC tissue
compared to paired normal colon tissue using two independent cohorts (p<0.01, A and B,
see Methods). Of note, most of the normal tissues show no expression or very low
expression of FLANC (figure 1D).

To test the value of FLANC as a prognostic biomarker, we performed clinical correlation in
two additional independent CRC cohorts (C and D, see Methods and an overview about the
two cohorts in online supplementary table 1): high expression levels of FLANC were
associated with high pathological tumor stage in both cohorts and with vessel invasion in
cohort C (in cohort D, information about vessel invasion was not available) (online
supplementary table 2 and 3). In the screening cohort C (n=170) high expression of FLANC
was associated with poor overall survival using a Kaplan Meier curve (p=0.013, log-rank
test, figure 1E left). Using univariate and multivariate Cox proportional models, FLANC
expression represented an independent prognostic factor even after adjustment for other
well-known prognostic factors including tumor differentiation and stage (table 1). For
independent confirmation, we measured the FLANC expression in a validation cohort D (n =
126) and confirmed the association of poor survival with high FLANC expression (figure 1E
right, p<0.032), which prevailed again in multivariate analyses (table 1).

Knock-down of FLANC inhibits cell proliferation, migration, and induces apoptosis in
colorectal cancer cells

In order to identify the biological roles of FLANC in colorectal carcinogenesis, we
established two independent siRNAs targeting FLANC (plus strand, see online
supplementary figure 1A). A ~40-50% knock-down efficiency was obtained at 96 hours,
whereas the host CELSR1 gene expression (located on the minus strand) was not
significantly affected by this treatment (HCT116 cell line, online supplementary figure 6A to
6D). Afterwards, we evaluated the biological effect of transient FLANC knock-down in a
panel of three CRC cell lines expressing high levels of FLANC: the microsatellite instability
(MSI) positive HCT116 and DLD-1 cells and the microsatellite stable (MSS) SW480 cells
(online supplementary table 4 and online supplementary figure 1C). Reduction of FLANC
expression induced a significant decrease in cellular growth in all tested CRC cell lines after
120 hours; this was verified by CCK8 assay (figure 2A). To confirm the ability of FLANC to
regulate cell growth, we used a clonogenic assay as a second independent method. We
measured a significant reduction in the number of colonies by FLANC knock-down after 10
to 14 days (about 40% for HCT116 (p<0.01), and 50-70% reduction of colonies in SW480
(p<0.001) and DLD-1 cells (p<0.05), figures 2B and 2C). In contrast, in HT-29 cells, which
contained almost undetectable levels of endogenous FLANC and we regarded it as a
negative control, FLANC knock-down did not affect cell growth ability (online
supplementary figure 7A and 7B). Next, we proved that the anchorage-independent growth
ability of CRC cells substantially decreased when FLANC levels were reduced by siRNA
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(p<0.001 for all three cell lines, figure 2D). Moreover, the number and size of tumor spheres
were significantly reduced in HCT116 and DLD-1 cells (p<0.001, supplementary figures 7C
and 7D). Because SW480 cells did not form tumor spheres under the selected conditions we
could not generate data for this cell line. In addition, knock-down of FLANC decreased
migration of CRC cells (reduction between 40% to 50% for both, the HCT116 and SW480
cells, p<0.05, respectively, online supplementary figure 7E and 7F).

We further explored whether reduced levels of FLANC can induce apoptosis. We performed
a multi-parametric apoptosis assay which evaluated the different steps in the apoptotic
cascade (i.e. mitochondrial depolarization, caspase 3/7 activation, phosphatidylserine
exposure on the external leaflet of the plasma membrane and chromatin condensation) after
siRNA-mediated knock-down. Reduction of FLANC levels induced an increase of apoptosis
in HCT116 cells, as measured by the increase of the apoptotic markers evaluated (figure 3A
and online supplementary figure 8). In order to confirm these findings with a second
alternative assay, we established a second multi-parametric apoptosis assay using
fluorescence-dye based single cell high resolution microscopy (online supplementary figure
9). Using this approach, we could confirm the activation of all steps of apoptosis induced by
siRNA-mediated knock-down of FLANC, chi-square=341.4, p<0.0001 (figure 3B and online
supplementary figures 10). Finally, we performed a third alternative assay (caspase activity)
and we found that reduced levels of FLANC induced activation of caspase 3 and caspase 7
in HCT116, SW480 and DLD-1 cells (figures 3C to 3E). Our findings clearly indicated that
knock-down of FLANC has a pro-apoptotic effect in CRC cells.

FLANC induces growth and metastatic spread of colorectal cancer in vivo

To evaluate the role of FLANC /n vivo, we generated HCT116 clones which had either a
stable knock-down of FLANC by two independent short hairpin RNAs (ShRNA FLANC-1
and shRNA FLANC-2) or stable overexpression of FLANC transcript. The stable expression
of shRNA targeting FLANC reduced FLANC levels by about 60 to 80% compared with the
empty vector control (online supplementary figure 11A). We performed cell growth,
clonogenic growth, and caspase 3/7 assays to confirm the results we observed after
transiently knock-down of FLANC by siRNAs. As shown in online supplementary figure
11B to 11D, cell growth rate and number of colonies decreased significantly in ShRNA
FLANC-1 and shRNA FLANC-2 clones, whereas apoptosis increased significantly.
Conversely, HCT116 cells stably overexpressing FLANC (online supplementary figure 12A)
had significantly increased proliferation rates (confirmed by two independent methods),
increased ability to form colonies, and decreased apoptosis (online supplementary figure
12B to 12E). To confirm these data in a second cell line, we generated FLANC
overexpressing HT-29 cells. Here, we measured a significant increase in cellular growth
(online supplementary figure 12F and 12G).

For in vivo confirmation of the observed phenotype, we subcutaneously injected 1x108
HCT116 stably expressing cells with: ShRNA FLANC-1, shRNA control, FLANC
overexpressing, and empty vector control, to the flank of male nude mice and measured the
tumor volume for 7 weeks. The shRNA-mediated knock-down of FLANC led to a
significant decrease in tumor volume in comparison with shRNA control (median/25t-75th
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percentiles: 295/282-341mms3 and 458/369-825mm3, p<0.01, figure 4A). Conversely,
FLANC overexpression generated larger tumors compared to empty vector control
(median/25-75™ percentiles: 766/497-1001mm3, 631/523-794mm3, respectively, p=ns,
online supplementary figure 13A).

Next, we modeled the tumor response to drug treatment based on our prior work on
mathematical modeling of cancer 34 35 36 \\e first fit the model (where the inhibition rate
(a) = 0) to the data for the FLANC overexpression group in order to determine the tumor
growth rate (7). We then fit the model to drug treatment data to obtain tumor inhibition rate
a for the empty vector control group and the ShRNA FLANC group. The model successfully
predicted treatment outcome (change of tumor volume over time) and reproduced
experimentally obtained values with acceptable accuracy in all three conditions: no
treatment, empty vector control, and shRNA FLANC (figure 4B). According to this model,
to reach a tumor volume of 775 mm3 at the end time point (corresponding to normalized
value of 0.37), it takes 47.4 days for the no treatment group, 53.5 days for the empty vector
control group, and 78.7 days for the ShRNA FLANC treatment group (note these are model-
predicted values).

Microscopic examination showed that tumors with FLANC knock-down induced higher
number of apoptotic cells compared with shRNA control (p<0.0001) (TUNEL assay, figures
4C and 4D), but no difference could be observed between FLANC overexpression and
empty vector control (p=ns) (online supplementary figures 13B and 13C).

Furthermore, we tested whether FLANC expression influences metastases formation /n vivo.
We performed intra-splenic injection of 1x108 HCT116 cells (empty vector control and
FLANC overexpressing cells) and monitored metastases formation by luciferase intensity
imaging and pathological exploration (figures 4E to 4H). After 6 weeks, we observed a
higher number of macro-metastases detected by anatomical exploration of the metastatic
sites in mice injected with HCT116 cells overexpressing FLANC compared with HCT116
cells expressing empty vector control (figure 41). The higher number of metastasis correlated
with significantly higher intensity of bioluminescence signal in the livers of the group of
FLANC overexpressing mice compared with those expressing empty vector control (figure
4J). Overall, our data support that moderately increased levels of FLANC (HCT116 shRNA
control versus sShRNA FLANC) regulate tumor growth and highly increased levels (HCT116
FLANC overexpression versus FLANC empty vector control), regulate metastatic spread /n
vivo and the effects can be modelled for improving therapeutic efficacy.

FLANC expression modulation has genome-wide effects on transcripts and protein

expression

The mechanisms of action of ncRNAs are numerous and still poorly understood 8: 13
Therefore, we performed gene expression analyses (GEA) from HCT116 clones with either
downregulation (ShRNA) or up-regulation (overexpression) FLANC (GEO accession#:
GSE127785 and GSE127786) (figure 5A to 5D) and combined the results with reverse phase
protein array (RPPA) data (online supplementary figure 14A to 14D). On GEA, we
identified 25 cancer-related pathways with negatively correlation between the two types of
clones; the most significantly dysregulated signaling pathways includes the WNT signaling
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pathway and transcriptional regulation by TP53 (Figure 5B to D), both well-known drivers
of colon tumorigenesis 37: 38, We investigated the protein expression changes by RPPA 39
(supplementary figure 14A). We detected 34 proteins to be upregulated and 43
downregulated in HCT116 FLANC overexpressing cells when compared with empty vector
control (supplementary table 5). The FLANC upregulated proteins were grouped into
pathways and the top 20 stimulated pathways are showed in online supplementary figure
14B. Correspondingly, pathway analysis was also performed for the proteins inhibited by
FLANC and the top 20 inhibited pathways are represented in online supplementary figure
14C. In order to visualize the proteins regulated by FLANC, we characterized the molecular
network controlled by FLANC. According to the highest p-values, the top 5 inhibited and
top 5 activated pathways, with the corresponding proteins, are shown in online
supplementary figure 14D. When combining the RPPA data with GEA data (online
supplementary figure 15A), we identified 11 signaling pathways in common between the
various types of profiling performed, with the most significantly abnormal being “Integrated
cancer pathways”, “DNA damage response”, ‘Retinoblastoma in Cancer” and
“Transcriptional regulation by TP53” (online supplementary Figure 15B). All these data
proved a widespread effect of FLANC deregulation on both gene expression and protein
regulation levels.

siRNA therapeutics targeting FLANC leads to decreased proliferation and metastasis in

Vivo

To study FLANC as a potential therapeutic target, we evaluated whether siRNA-mediated
targeting of FLANC might result in effective antitumor activity. We determined the effects
of systemic delivery of FLANC siRNA #2 on metastasis formation using FLANC siRNA
incorporated into DOPC nanoliposomes. This vehicle is currently used for small RNAs
delivery in clinical trials of cancer patients (see ClinicalTrials.gov Identifier:
NCT01591356). For this experiment, we injected HCT116 cells into the spleen of mice
(n=10 each group) and monitored liver metastases formation by /7 vivoimaging. After two
weeks, mice were randomly assigned to the following groups: untreated, treated with
scrambled siRNA control, and treated with FLANC siRNA, and we started administering the
treatments twice a week (200 pg of siRNA/Kg per injection). After 6 weeks, the body weight
of mice treated with FLANC siRNA was significantly higher when compared with mice
treated with the scramble siRNA (median/(25M-75™ percentiles) body weight: 25.3/(24.41-
27.76) g (control sSiRNA) versus 28.92/(25.75-29.86) g (FLANC siRNA, p=0.045),
respectively. Regarding tumor growth-related parameters, we observed a significant decrease
in bioluminescence signals in the whole mice (figure 6A), as well as in the isolated livers
(figure 6B), in the FLANC siRNA group compared with siRNA scramble control (figures
6C). Overall, 5 out of 10 mice in the untreated group, 5 out of 10 mice in the SIRNA
scramble control group, and 4 out of 8 mice in the siRNA FLANC group showed
macroscopically visible liver metastases. The macroscopically countable liver metastases
were 26 in the untreated mice, 21 in the siRNA control group, and 6 in the sSiRNA FLANC
group (p<0.05, ANOVA test), respectively (figures 6D and 6E). The successful knock-down
of FLANC was confirmed /n vivo by performing ISH for FLANC (online supplementary
figure 16). We next examined the effects of the treatment on proliferation (Ki67 staining)
and apoptosis (TUNEL assay) /77 vivo. Administration of SIRNA FLANC resulted in reduced
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tumor cell proliferation (figure 6F and 6G). Significant apoptosis induction was measured
after the treatment with siRNA FLANC (p<0.05) compared with the corresponding siRNA
scramble control (figure 6F and 6H). In summary, the treatment with sSiRNA FLANC
reduced the number of macro-metastases in the liver, tumor burden in the liver, and the
tumor cell proliferation and apoptosis.

Absence of acute tissue toxicity or inflammatory response after anti-FLANC therapy

Additionally, we studied the effect of therapy on physiological parameters and evaluated the
possible acute toxicity of the treatment (e.g.: impaired organ function or inflammatory
cytokine responses). Male C57BL/6J mice were either untreated or treated with single i.v.
injections of either siRNA scramble control or FLANC siRNA and serum was collected after
72 hours. As shown in online supplementary figure 17A, there were no differences in
parameter measuring liver (Aspartate aminotransferase, AST) and kidney function (Blood
Urea Nitrogen, BUN) or high cell turnover parameters (Lactate Dehydrogenase, LDH). In
addition, we did not detect significant differences in levels of 12 pro-inflammatory cytokines
(LIX, MIP-2, KC, IL-10, IL-6, IL-2, IL-1B, IL-1B, M-CSF, TNFa, GM-CSF, G-CSF), using
a Luminex assay (online supplementary figure 17B). Tissue samples were also obtained for
post-mortem histopathology studies (brain, spleen, liver and kidney). H&E staining of the
various tissues were analyzed by Histopathology Core’s veterinary pathologist and no
inflammatory changes were observed in the tissues studied (online supplementary figure 18).
In summary, the administration of FLANC siRNA resulted in an effective decrease of
metastatic disease without any signs for acute toxicity or inflammatory response.

FLANC promotes angiogenesis in vitro and in vivo

We also checked the effect of FLANC inhibition on angiogenesis by analyzing the
microvessel density (CD31 expression) in fresh frozen specimens from the therapeutic /n
vivo mouse study. Administration of FLANC siRNA induced a significant reduction of
endothelial cells compared to siRNA scramble or untreated control (p<0.01) (figure 7A). In
vitro, we observed that SIRNA mediated knock-down of FLANC in EC-RF24 cells
determined a reduction in endothelial tube formation (p<0.05 for siRNA FLANC-1 and
p<0.01 for siRNA FLANC-2 (figure 7B). These data corroborated with the GEA data, made
us focus on VEGFA, which is one of the top down-regulated molecules in the sShRNA
FLANC vs. shRNA control cell lines and a key regulator of angiogenesis 4°. Of note, the
RPPA antibody panel did not include anti-VEGFA.

Indeed, we confirmed by western-blot that VEGFA protein expression is positively
correlated with FLANC modulation (figure 7C). Because STAT3 is an established
transcription factor for VEGFA 4! we hypothesized that FLANC regulates VEGFA via
STAT3. Western-blot data showed that FLANC overexpression induced a higher level of the
phosphorylated STAT3 (pSTAT3 at Tyr 705), the active form that induces VEGFA
transcription 42 43, but not of total STAT3. FLANC knock-down confirmed the reverse effect
(figure 7C). It is known that INcRNAs are capable to alter the half-life of proteins 44.
Therefore, we checked the half-life of STAT3 and pSTAT3 in empty vector control and
FLANC overexpression clones. We observed that high levels of FLANC prolonged the half-
life of pSTAT3, but not total STAT3 (figure 7D).
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In vivo IHC data showed that sSiRNA FLANC treatment induces a down-regulation of
VEGFA in tumor tissue compared to siRNA scramble (p<0.001) and untreated control
(p<0.01) (figure 7E). These results were confirmed by western-blot of /n vivo tumors where
despite samples heterogeneity, a tendency of down-regulation of VEGFA by siRNA FLANC
treatment was observed (average density of scramble siRNA = 1 and of siRNA FLANC =
0.53) (figure 7F). In summary, FLANC induces angiogenesis via STAT3/VEGFA axis
(figure 7G).

DISCUSSION

Our study addresses an important novel therapeutic concept that could be exploited to kill
malignant cells /n vivo with less toxicities: targeting a primate-specific IncRNA, expressed
at very low levels in normal cells, but at significantly higher levels in tumor cells. We
identified and functionally characterized FLANC, a novel primate-specific IncRNA that is
located in the first intron, and expressed in the antisense direction of the CELSRI protein
coding gene. FLANC expression levels do not influence considerably the host gene
expression levels, as we saw no significant difference in CELSRI expression after FLANC
knock-down. This suggests that FLANC is not an antisense exonic transcript acting in cisto
regulate the sense host gene transcript. This novel approach has the potential to become a
mainstream of cancer gene targeting. Recent studies identified about 11,000 primate specific
IncRNAs by analyzing the expression patterns in tetrapods #° and found that about 20% of
the human long intergenic ncRNAs are not expressed beyond closely related primates such
as chimpanzee or rhesus monkey“. Several of such hominid-specific genes have a
coordinated expression under the effect of extracellular factors involved in cancers, such as
estrogens®’.

In order to identify therapeutically-actionable primate-specific transcripts, we used a
category of very short (16 nucleotides) DNA motifs with species-specific sequences hamed
“pyknons” 27, We proved earlier that pyknons can serve as “proxies” for transcripts that
comprise them and can be functionally consequential 2°. The majority of the more than
209,000 pyknons reported for the human genome 27: 48 are specific to humans/primates. This
suggests the possibility that a vast spectrum of primate-specific INCRNAs exist, which are
important for our understanding of human diseases and still remain uncharacterized. The
absence of sequence conservation suggests that pyknon-containing transcripts can
potentially reveal human-specific biology that the use of mouse models cannot uncover.

FLANC has a useful characteristic for therapeutic RNA targeting: it is expressed at very low
levels in normal colonic cells, and therefore the cell death induced by RNA-targeting agents
will be restrained mainly to the cancer cells with low toxicity. To test the therapeutic
potential of FLANC, we used an intra-splenic injection approach commonly used as a CRC
liver metastases model 4°. As ncRNAs are involved in all steps of immune system and
inflammatory cell fate 50, and a previous first-in-human miRNA restoration trial exhibited
toxicity due to proinflammatory side effects 1, we further evaluated cellular or
immunological changes for the proposed treatment. Though we did not find any toxicities,
further dose-response studies need to be carried out to determine the optimal pharmacologic
therapeutic window to optimize the efficacy. Because previously we reported that pyknons
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can also differentiate ZAP-70 positive from ZAP-70 negative CLL 25, we do not exclude the
hypothesis that FLANC or other primate-specific transcripts could be overexpressed also in
other cancer types and could represent ideal therapeutic targets.

In summary, in this study we described a novel treatment approach in CRC and beyond,
based on the identification of a novel primate-specific transcript FLANC, which is involved
in colorectal carcinogenesis. Mechanistically, we observed that FLANC regulates the
STAT3/VEGFA axis being involved in angiogenesis. FLANC function cannot be studied by
genetically engineered mouse models of colorectal carcinogenesis 4%, as FLANC is primate-
specific and thus not conserved in rodents. Because of the wide effect of FLANC on
transcription and translation we consider that also other pathways involved in cancer are
regulated by FLANC and need to be characterized. Due to the potential large number of
primate/human specific transcripts that define the “humanity” fingerprint of cancers, this
approach could represent a future mainstream of therapeutics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance of this study
What is already known about this subject?

Primate specific long non-coding RNAs represents a newly discovered class of transcripts
in need for functional characterization in human carcinogenesis.

RNA-based targeting strategies have entered clinical trials in humans in different
diseases.

What are the new findings?

Using data about genomic patterns of DNA motifs in cancer-associated regions, we were
able to identify a novel primate-specific long non-coding RNA, that we termed FLANC.

FLANC is up-regulated in CRC tissue and poorly expressed in normal colon cells, and
possesses prognostic potential in CRC.

FLANC influences cellular growth, migration, anchorage-independent growth,
angiogenesis and metastases-formation /in vivo.

Mechanistically, FLANC induces angiogenesis via STAT3/VEGFA pathway.

Targeting FLANC by siRNA carrying nanoparticles reduces angiogenesis and represents
a potential novel cancer therapeutic approach with higher specificity for malignant cells.

How might it impact on clinical practice in the foreseeable future?

The primate-specific RNA FLANC represents a novel CRC driver, a prognostic factor
and a therapeutic target.

Gut. Author manuscript; available in PMC 2020 October 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Pichler et al.

Page 18
A Cloning, genomic - Expression by qRT-PCR/cell lines
and - Expression by ISH on TMA; Clinical correlation in cohorts:
phylogenetic - Expression by gRT-PCR in two cohorts: — C -170 CRCs
characterization A - 31 CRCs and adjacent normal mucosae; D -126 CRCs
of FLANC B - 25 CRCs and adjacent normal mucosae;
Therapeutic efficacy of DOPC
# Y f ; In vitro and in vivo
anti-FLANC siRNA and Transcr and Prot i
Single dose toxicity in vivo — effect of FLANC modulation — phegtgﬁ’ﬂﬁ:?ﬁgntﬂ:“
Mechanistic studies in vitro and in vive
B c
[ P |
200 I _I a
.
1754 o . 4 T
% 1.50 T - "
LT} 125 '{' l 4
. T E
%E 1.00 % - . b % 2
- * o]
HZ 075 a
2 oso
o
025
0.00 : - - T T
Normal Adenc  Met  Benign/ Colitis
(n=7) (n=18) (n=15) polyp (nN=9)
{n=10)
D FLANC n cohortA FLANC in cohort B g
o
0.0015 £
g0 3 P
2 . L]
£ o006 F T Soomo g
2 2 [0
# 0.004 H " " 2
£ L £ 0.0005
& 0.002 = nl e
& (A = [ 0
2 S M. i -
9 B o <=
K] ®
0.002 -0,0005 T T
Cancer MNormal Cancer Normal
(n=31) {n=31) {n=25) (n=25)
E Overall Survival (Cohort C)
1.0 10

0.84

b

Survival probability (%)
JJ
Survival probability (%)

[ Low FLANC

g

I

B b o e b b
L High FLANG
0.4 L 0.4+
High FLANG
02 0.24
0.0 p=0.013 0.04 p=0.032

T T T T T
000 2000 4000 8000 B80.00

T T
100.00 120.00

Time after diagnosis (months)

T T T T T T T
000 2000 4000 BO.0O BO.OO 100.00 120.00
Time after diagnosis (months)

Number at risk MNumber at risk
Low FLANG expression Low FLANC expression

14 &5 49 17 -3 3 o 41 32 18 4 o o 0
High FLANC expression High FLANC expression

56 43 21 1 4 1] o 85 64 A 17 5 1 o

Figure 1. FLANC is over expressed in colorectal cancer and correlates with patients’ overall
survival.

(A) Schematic work flow of the identification and comprehensive functional characterization
of FLANC in colorectal carcinogenesis. (B-C) Expression levels of FLANC in normal colon
mucosa, adenocarcinoma of the colon, metastases of colorectal cancer, benign colon polyp
and inflammatory bowel disease and specifically detected by /n situ hybridization on a tissue
microarray. Overall, in adenocarcinoma (p<0.01) and metastatic tissue (p<0.001), FLANC is
significantly up-regulated in comparison to normal, benign polyps and inflamed colon
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tissue. The corresponding tissue slides indicate a nuclear and cytoplasmic up-regulation and
location of FLANC in epithelial cancer cells. (D) Using two independent cohorts, cancer
tissue contained significantly higher expression levels of FLANC than corresponding normal
colon tissue. (E) In addition, two large cohorts of colorectal cancer patients were analyzed
where high expression levels of FLANC were associated with poor survival in both
independent cohorts (log-rank test). Data are presented as means + s.d. (**p < 0.01; ***p <
0.001)
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Figure 2. FLANC is an oncogene in colorectal cancer cell lines.
(A) Cellular growth assays (CCK8) demonstrate that knock-down of FLANC leads to

decreased proliferation in three independent colorectal cancer cell lines, which (B-C) is
confirmed by lower numbers of colonies in an independent clonogenic growth assay.
ANOVA test was used to test for differences through all groups. (D) Knock-down of
FLANC decreased the ability of these three colorectal cancer cell lines to grow under
anchorage-independent conditions in soft agar. Data are presented as means = s.d. (*p <
0.05; ***p < 0.001).

Gut. Author manuscript; available in PMC 2020 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Pich

A

Luminescence (RLU)}

ler et al.

HCT116 B
Conventional Flow Cytometry Evaluation
i TMRE i Caspase 3/7
Fedede
£ i §
8 g %10-
! Fkk
ﬁ g
i 3
: -
® 2 3
2
O 0=
& éf Ieid & N i
& = o & <
£ & & 85 ;,s“"é &
25 Annexin V 20 Sytox B
s Fekkeke
% A xg 15
§ o i g
>S E‘ 104
£ 104 x
£ :
# 5 = 5
0 0=
& & & & ~ o
& = véJ & \ys‘p &
35‘ 35‘? sgg\f é&(—' ‘}Q‘g s &3\,
HCT116 D SW480
Caspase 3/7 assay Caspase 3/7 assay
2_0x105' 20010 ]
Sedese ddkk
15x10 4 e E 15x10° ==
3
t.cmos- §
4 E
5.0x10 3
D -

Total Events

Figure 3. FLANC has an anti-apoptotic effect in CRC cells.
(A) A multi-parametric apoptosis marker FACS assay shows that knock-down of FLANC

increased all indicators of apoptosis, (B) which is confirmed by single cell high-resolution
multi-parametric apoptosis assay. Chi-square test was used to calculate differences between
groups (C) Caspase 3/7 assays confirmed the pro-apoptotic phenotype after knock-down of
FLANC in all three colorectal cancer cell lines. Data are presented as means * s.d.
(Student’s t-test: **p < 0.01; ***p < 0.001; ****p<0.0001).
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Figure 4. In vivo xenograft colon cancer model for the role of FLANC in tumor growth.
(A) Mice injected with HCT116-shRNA-FLANC cells showed significantly smaller tumors

than the shRNA control (**p<0.01). (B) Prediction of tumor volume in different
experimental conditions using a mathematical model. (See supplementary materials for
modeling details). Tumor growth rate was first estimated (7= 0.072 day™1), and then drug
inhibition rates for the sShRNA-mediated empty control (a; = 0.002 day~1) and the shRNA-
mediated knock-down of FLANC groups (a; = 0.038 day™1) were estimated. With these
estimated parameters, the model successfully predicts experimentally measured tumor
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volume change over time. It can be observed that the model predicts the outcome with
acceptable accuracy in all three conditions: FLANC overexpression (blue), ShARNA empty
control (green), and shRNA treatment (orange). (C-D) The TUNEL assay (marks apoptotic
bodies) suggests that knock down by shRNA-FLANC is able to induce apoptosis, compared
to shRNA control. Colorectal cancer metastases formation was assessed by applying intra-
splenic injection of FLANC-expression manipulated HCT116 cells (E-J). Representative
chemiluminescent images from whole body nude mice of empty control (E), FLANC
overexpression (F), and from removed livers of the empty control (G) and FLANC
overexpression cells (H) after approximately seven weeks of intra-splenic injection with
empty vector and FLANC overexpressing HCT116 clones are shown. (1) Overall numbers of
mice positive by macroscopically exploration of different sites (liver, pancreas, intra-cavity
of peritoneum and formation of bloody ascites) (J) The higher number of metastasis
correlated with significantly higher intensity of bioluminescence signal in the livers of the
group of FLANC overexpressing mice compared with those expressing empty vector
control. Data are presented as means + s.d. (Student’s t-test: **p < 0.01; ***p < 0.001;
****n<0.0001).
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Figure 5. Genome-wide gene expression variation after FLANC levels modulation.
(A) Hlustrative representation of the HCT116 clones used for the array comparison. (B)

FLANC stimulated signaling pathways negatively correlated in FLANC knock-down
(inhibited - blue) and overexpression clones (activated - red) of HCT116 cells. (C) FLANC
inhibited signaling pathways negatively correlated in FLANC knock-down (activated - red)
and overexpression clones (inhibited - blue) of HCT116 cells. (D) The genes regulated by
FLANC are key components of the TP53, WNT and C-MYC pathway, which negatively
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correlate in FLANC knock-down versus overexpression clones (red = activation, blue =
inhibition).
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Figure 6. Therapeutically In vivo intra-splenic colon cancer model.
(A) Representative chemiluminescent images from nude mice of untreated, sSiRNA scramble

and siRNA-FLANC groups, and (B) liver metastases after approximately seven weeks of
intra-splenic injection with HCT116 cells are shown. (C) Weekly imaging was performed
using the Xenogen IVIS spectrum system within 12 min following injection of D-Luciferin
(150 mg/mL). Living image 4.1 software was used to determine the regions of interest
(ROI), and average photon radiance (p/s/cm?/sr) was measured for each mouse. (C-E)
Representative images from liver macro-metastasis and quantification of macro-metastasis.
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(F) Immunohistochemistry for Ki-67 (proliferation marker) and the TUNEL assay (marks
apoptotic bodies) suggest that knock-down FLANC is able to reduce cell proliferation, and
to induce apoptosis. (G-H) Quantification analysis of ki-67 positive cells and number of
positive apoptotic cell. Data were log-transformed before analysis. n=10. Data are presented
as means = s.d. (Student’s t-test: *p < 0.05).
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Figure 7. FLANC induces angiogenesis in vitro and in vivo.
(A) Immunohistochemistry for CD31 (endothelial cell marker) suggested that knock-down

of FLANC is able to reduce angiogenesis /n vivo. (B) Endothelial cell tube formation assay
showing that SIRNA-FLANC-1 and siRNA FLANC-2 decreased the number of tubes
compared to siRNA scramble /n vitro. (C) Immunoblotting analysis showed that FLANC
overexpression compared to empty vector control increases the protein level of
phosphorylated STAT3 Tyr 705 (pSTAT3) and VEGFA, but not of total STAT3 (left panel).
The revers was observed after siRNA mediated knock-down of FLANC, both siRNA
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FLANC-1 and FLANC-2 decrease the level of pSTAT3 and VEGFA compared to siRNA
control (right panel). (D) Cycloheximide chase assay suggested that the half-life of pSTAT3,
but not of total STAT3 in HCT116 cells with FLANC overexpression was prolonged
compared to empty control vector (left panel). ImageJ quantification analysis showed that 4
hours after adding cycloheximide to the culture media the protein expression of pSTAT3 was
higher in FLANC overexpression clones (right panel). (E) Immunohistochemistry
expression of VEGFA in mouse tumors proved that sSiRNA FLANC treatment reduces the
protein expression of VEGFA compared to siRNA scramble and untreated control. (F)
Immunoblotting analysis showing that VEGFA protein level in mouse tumors is on average
higher in the siRNA scramble group (average intensity = 1) compared with the siRNA
FLANC group (average intensity = 0.53). (G) Schematic representation of the pathway
regulated by FLANC. FLANC increases the expression level of pSTAT3 by prolonging its
half-life and pSTAT3 is an established transcription factor for VEGFA, which in turn
induces neovascularization of the tumor. Data are presented as means * s.d. (Student’s t-test:
*p < 0.05; **p < 0.01; ***p < 0.001).
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