N o o b

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

28

Long noncoding RNA NIHCOLE promotes ligation efficiency of
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ABSTRACT

Long noncoding RNAs (IncRNAs) are emerging as key players in cancer as parts of poorly
understood molecular mechanisms. Here, we investigated INcCRNAs that play a role in hepatocellular
carcinoma (HCC) and identified NIHCOLE, a novel IncRNA induced in HCC with oncogenic potential
and a role in the ligation efficiency of DNA double-stranded breaks (DSB). NIHCOLE expression was
associated with poor prognosis and survival of HCC patients. Depletion of NIHCOLE from HCC cells
led to impaired proliferation and increased apoptosis. NIHCOLE deficiency led to accumulation of
DNA damage due to a specific decrease in the activity of the non-homologous end-joining (NHEJ)
pathway of DSB repair. DNA damage induction in NIHCOLE-depleted cells further decreased HCC
cell growth. NIHCOLE was associated with DSB markers and recruited several molecules of the
Ku70/Ku80 heterodimer. Further, NIHCOLE putative structural domains supported stable multimeric
complexes formed by several NHEJ factors including Ku70/80, APLF, XRCC4, and DNA Ligase IV.
NHEJ reconstitution assays showed that NIHCOLE promoted the ligation efficiency of blunt-ended
DSBs. Collectively, these data show that NIHCOLE serves as a scaffold and facilitator of NHEJ
machinery and confers an advantage to HCC cells, which could be exploited as a targetable

vulnerability.

SIGNIFICANCE

This study characterizes the role of a IncRNA NIHCOLE in DNA repair and cellular fithess in

hepatocellular carcinoma, thus implicating it as a therapeutic target.

INTRODUCTION

Long noncoding RNAs (IncRNAs) have emerged as essential regulators of cell physiology and are
involved in the onset and progression of several diseases, including hepatocellular carcinoma (HCC)
(1,2). Although most IncRNAs lack protein-coding potential, they are biochemically indistinguishable
from messenger RNAs (mMRNAS) (3). However, compared to mRNAS, IncRNAs accumulate more in
the cell nucleus, are less abundant, and much more tissue- and tumor-specific (4,5).

Recently, a significant focus has been placed on the role of IncRNAs in the DNA damage response
(DDR). The accumulation of DNA damage due to defects in the DDR is the main contributor to the
genomic instability that characterizes most cancer cells (6). DNA damage can arise from endogenous
sources such as transcriptional and replicative stress or from genotoxic insults caused by ionizing
radiation (IR) and many chemotherapeutic agents (7). The DDR is divided into subpathways in charge
of repairing distinct types of damage, with double-stranded breaks (DSBs) among the most toxic type
of DNA lesions. The cell has evolved two main DSB repair mechanisms: homologous recombination
(HR) and non-homologous end-joining (NHEJ). HR is error-free as it uses a sister chromatid as a
template; therefore, it is only available in the S and G2 phases of the cell cycle and is significantly

slower than NHEJ. NHEJ is the preferred pathway to repair DSBs in eukaryatic cells; it is faster-acting
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and available throughout the cell cycle. However, it is error-prone and usually generates small indels
at the site of repair (8).

NHEJ occurs in a stepwise manner and requires the coordinated recruitment and assembly of a
repertoire of core and accessory proteins (9). The Ku70/Ku80 heterodimer (Ku) binds to DNA ends at
DSBs and recruits the DNA-dependent Protein Kinase catalytic subunit (DNA-PKcs) to assemble the
DNA-PK holoenzyme in a flexible long-range synaptic complex. The DNA-PK complex facilitates the
processing of incompatible DNA ends while setting the stage for later events (10,11). Through
molecular interactions that remain to be fully understood, factors such as Ku, APLF, XLF and XRCC4,
fine-tune the alignment of compatible DNA ends in a more compact short-range synaptic complex that
is competent for ligation by DNA ligase IV (LIG4), restoring the integrity of the phosphodiester
backbone of DNA (11-14). Depending on the complexity of the DNA ends, additional factors may be
required for successful ligation (15), and new NHEJ factors continue to be described to promote the
assembly and activity of the core NHEJ machinery (12,16). Interestingly, some of these NHEJ factors
can bind RNA. In fact, IncRNAs LINP1, SNHG12, and LRIK can interact with components of the
NHEJ machinery and contribute to the DDR (17-19).

Here we describe a novel IncRNA that we named NIHCOLE (Noncoding RNA Induced in
Hepatocellular Carcinoma with an Oncogenic role in Ligation Efficiency). NIHCOLE binds Ku,
supports the formation of multimeric NHEJ complexes, increases ligation efficiency, and is required
for effective DNA repair in HCC cells. NIHCOLE depletion increases radiosensitivity of HCC cells,
suggesting that NIHCOLE upregulation may be an advantageous malignant adaptation that could be
targeted with NIHCOLE inhibitors as a novel therapy for HCC.

MATERIALS AND METHODS

Cell lines and cell transfection

JHHS6 cells were kindly provided by Dr. Jessica Zucman-Rossi (INSERM, Paris, France). Huh7 cells
were kindly provided by Dr. Chisari (Scripps Research Institute, California, USA). JHH6 and Huh7
cells were not authenticated in our lab; however, the main results with these cell lines were
corroborated in recently purchased stocks (2021) from JCRB, Japan (Tebu-bio). All other cell lines,
HCC-derived: HEP3B, HepG2 and PLC, SK-HEP-1 (liver adenocarcinoma), 293T (embryonic kidney),
A549 (lung cancer) and BJ (foreskin fibroblasts), were obtained from ATCC. JHH6 cells were cultured
in Williams Medium E (ThermoFischer, 22551-022). All other cell lines were cultured in Dulbecco's
Modified Eagle Medium (DMEM) (Gibco, 41965-039). All media were supplemented with 2 mM L-
Glutamine (Gibco, 25030024), 1% Penicillin/Streptomycin (Gibco, 15140122) and enriched with 10%
fetal bovine serum (Gibco, 10270106). Cells were maintained at 37°C in a humidified atmosphere
containing 5% CO.,. Cell lines were routinely tested for Mycoplasma sp. contamination using the
MycoAlert kit (Lonza, LT07-318) following manufacturer's instructions. Cells were transfected using

Lipofectamine 3000 (Invitrogen) following manufacturer instructions. A final concentration of 50 nM of
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LNA-gapmers (Qiagen) was transfected in all knock-down experiments. For all plasmid transfections

250 ng of each plasmid were used.

Cell proliferation

Cell proliferation was measure by MTT assay or cell number. For the MTT assay, cells were either
transfected directly onto 24-well plates or transfected, trypsinized, counted and re-plated onto 96-well
plates at 5000 cells per well. After three hours of incubation with 0.5 mg/ml MTT (Sigma, M5655),
formazan crystals were solubilized with 100ul of 1:1 DMSO:methanol and quantified at 570 nm using
the SPECTROstar Nano 96-well plate reader (BMG Labtech). Alternatively, cell proliferation was
assessed by cell number using automated dual-fluorescence imaging with acridine orange and
propidium iodide in a Cellometer K2 Cell Counter (Nexcelom Bioscience) following manufacturer's

instructions.

Human samples

Three different sources of human samples were used. First, public clinical and histological data of
patients with HCC from the TCGA (Supplementary Table S1A, TCGA cohort). Second, human HCC
and peritumoral samples from patients who underwent hepatic resection or liver transplantation from
January 2011 to December 2017 in two hospitals, Clinica Universidad de Navarra in Pamplona and
Hospital Clinic in Barcelona (Supplementary Table S1A, BCL-CUN cohort). The study was approved
by the Institutional Ethics Committee of each hospital (reference number 121/2015). Third, data from
an external cohort of 198 patients from INSERM, Paris (20) (Supplementary Table S1B). All studies
were conducted in accordance with the Declaration of Helsinki ethical guidelines. Informed written
consent was obtained from all subjects. Clinical and histological features, as well as relevant

outcomes, were obtained from medical records. Missing data were not replaced for analysis.

RNA immunoprecipitation

Precipitation of RNA bound to target proteins was performed as previously described with
modifications (21). Cell extracts were prepared from sub-confluent 15 cm plates, rinsed twice with
cold 1x PBS and crosslinked with either 0.5% formaldehyde for 10min (FA, ThermoScientific, 28908)
or UV-light to with 1500 mJ at 254 nm. RIP was performed with whole-cell extracts obtained by
shearing 1.0x10’ cells in 1 ml of ice-cold RIP Buffer [150 mM KCI, 25 mM Tris-HCI pH 7.4, 5 mM
EDTA, 0.5% NP40, 0.5 mM DTT, 100 U/ml RNasin (Promega, N2115) and cOmplete Protease
Inhibitor Cocktail (Roche, 11697498001)] with 20 strokes using a Dounce homogenizer. For the RIP
using Ku80 and yH2AX antibodies, extracts were sonicated after IR 20 times for 10 seconds in 30-
second intervals. All extracts were cleared of debris by centrifugation at 16000x g for 10 min and
divided into 200 pl aliquots for different conditions. A 10% volume aliquot was set aside as input. An
isotypic IgG and antibodies against DNA-PKcs (Bethyl, A300-516A, Abcam, ab70250), Ku80 (Abcam,
ab232381), U1A (Abcam, ab166890) and yH2AX (Abcam, ab81299) were added into the aliquoted
extracts (5 pg/200 ul extract) and incubated overnight with gentle rotation. The next day, 40 pl of pre-
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washed protein G magnetic beads (Invitrogen, 10003D) were added to each tube and further
incubated for 1 h. After that, beads were washed 3 times with 500 pl of ice-cold RIP Buffer. Next, 200
pl of Reverse-crosslinking Buffer (2.5 mg/ml Proteinase K (Roche, 3115828001), 0.6% SDS, 60 mM
Tris-HCI pH 7.4) was added to the beads of FA- or UV-crosslinked samples and incubated for 45 min
at 65°C. Finally, beads were resuspended in 0.5 ml of TRIzol reagent for extraction of total
coprecipitated RNA. RNA was reverse transcribed and the enrichment of NIHCOLE and control RNAs
was measured with specific primers (Supplementary Table S1C) by gRT-PCR (Supplementary

methods). All centrifugations and incubations were carried out at 4°C.

RNA pulldown and mass spectrometry

Proteins bound to NIHCOLE were identified by mass spectrometry, based on a previously described
protocol with modifications (22). In summary, around 1x10’ cells were resuspended in 2 ml of ice-cold
PBS plus 2 ml of ice-cold Nuclear Isolation Buffer (1.28 M sucrose, 40 mM Tris-HCI pH 7.4, 20 mM
MgCI2 and 4 % Triton X-100 in DEPC water) and 6 ml of ice-cold DEPC water, mixed well and
incubated 20 min with intermittent mixing. Nuclei were spun down by centrifugation at 2500 g for
15min and resuspended in 1 ml of freshly prepared RIP Buffer. Nuclei were sheared on ice with 20
strokes of a Dounce homogenizer and cleared by centrifugation at 16000 g for 10 min. Protein
concentration of the supernatant (nuclear extract) was measured by Bradford assay and the nuclear
extract was diluted with RIP Buffer to ~ 2.5 pg/ul. The nuclear extract was pre-cleared with
Streptavidin T1 magnetic beads (Invitrogen, 65601) in RIP buffer for 1.5 h with rotation. After that, a
10 % volume aliquot was set aside as input. Then, 30 ug of in vitro transcribed biotinylated RNA was
incubated with 650 pl of 0.1 pg/pl tRNA-supplemented RIP Buffer and 650 pl of the pre-cleared
nuclear extract for 1 h in rotation. Next, 100 pl of pre-washed Streptavidin beads were added to the
mix and incubated for one extra hour. Finally, the beads were then washed 3 times with 450 pl of
tRNA-supplemented RIP Buffer and 2 more times with RIP Buffer. In the last wash, all the
supernatant was carefully removed, and the beads were either sent for mass spectrometry analysis
directly or resuspended in protein sample buffer, boiled at 95°C for 10 min, loaded and ran in precast
4-12 % Bis-Tris gel (Invitrogen, NP0321PK2) and stained with SilverQuest silver staining kit
(ThermoFischer, LC6070). Alternatively, proteins were transferred to a nitrocellulose membrane and
blotted for specific proteins as described in the methods for immunoblotting. All centrifugations and

incubations were carried out at 4°C.

Immunofluorescence analysis

Cells were seeded onto 12 mm glass coverslips (Zeiss, 474030-9000-000). After treatment, cells were
fixed with cold 3.7 % methanol-free FA for 10 min at RT and then washed with cold 1x TBS,
permeabilized with 0.5 % Triton X-100 (Sigma, T8787) for 10 min at RT, washed once with 1x TBS
and then incubated with 1 % BSA in TBS for 30 min at RT. Cells were washed twice with 1x TBST
(0.05 % Tween in 1x TBS) and immunostained for 1 h with anti-yH2AX (Upstate: 05-636, used at
1:1000 dilution in 1 % BSA). After that, coverslips were washed 6 times with 1x TBST, and then



182 incubated with Alexa 488 conjugated goat anti-mouse (Invitrogen, A28175, used at 1:500 dilution in 1 %
183 BSA) for 30 min in the dark. Cells were washed 6 times with 1x TBST and counterstained with DAPI
184  for 10 min at RT and briefly washed once with deionized water. Finally, coverslips were mounted on
185 microscope slides with Fluoromount-G (Invitrogen, 00-4958-02) and analyzed with a Zeiss Axio

186 ObserverZ1 platform microscope, with a Plan Apochromat 40x/1.3 (oil immersion) objective and an
187  AxioCam MRm Rev.3 camera. Images were captured with Zen Pro (Zeiss) software and analyzed
188  with the open-source software ImageJ.

189

190 Comet assay

191 The neutral comet assay was performed as previously described (23) with modifications. Briefly,

192 control and treated cells were harvested and resuspended in 150 pl of 1x PBS at 50 000

193 cells/condition and mixed with 150 pl of 1.2 % low-melting-point agarose (Invitrogen, 16520050)

194 prepared in 1x PBS and prewarmed to 40°C. The agarose cell suspension was quickly layered on top
195 of the previously set 0.8% agarose coat and covered with a coverslip in duplicates and left at 4°C to
196 set for 30 min. From this point and until after electrophoresis, slides were kept in the dark. During this
197  time, the lysis buffer was supplemented with 1 % N-lauryl sarcosine, 0.5 % Triton X-100, and 10%
198 DMSO. Then, slides were submerged in supplemented lysis buffer overnight in a dark container. After
199 lysis, slides were washed 3 times with electrophoresis buffer with freshly added 1% DMSO and

200 placed in a dark electrophoresis chamber covered with supplemented electrophoresis buffer for

201 30 min. Electrophoresis was carried out at 25V for 25 min. Slides were briefly washed with water and
202 stained with a 1:10000 dilution of SYBR gold (Invitrogen, S11494) with 4 pug/ul of antifade for 5 min at
203 RT. Excess staining solution was removed and slides were scored on a Zeiss Axioskop microscope
204 using the Comet Assay |V software (Perspective Instruments). At least 50 cells were scored per

205 condition. Tail moment was used as the measurement of the DNA damage extent.

206

207 DSB repair reporter assays

208  The activity of DSB pathways was measured using GFP reporter assays for homologous

209 recombination (DR-GFP), single-strand annealing (SSA-GFP), alternative end-joining (EJ2-GFP), total
210 NHEJ (EJ5-GFP), and distal NHEJ events without indels (EJ7-GFP). The reporters DR-GFP, SSA-
211 GFP, EJ2-GFPand EJ5-GFP were co-transfected with a plasmid encoding the I-Scel endonuclease to
212 introduce a DSB at I-Scel sites in the reporter constructs. The EJ7-GFP reporter was co-transfected
213  with a CRISPR-Cas9 plasmid to induce blunt DSBs at the recognition site of guide RNAs (sgRNA 7a
214  and 7b) in the construct. All reporters were co-transfected with control or NIHCOLE-targetting

215 gapmers. After 48 hours post-transfection GFP was measured in 1x10° cells by FACS. A GFP

216 expression vector was co-transfected in parallel to measure transfection efficiency. DR-GFP

217 (Addgene: 26475), SSA-GFP (Addgene: 41594) and I-Scel (Addgene: 26477) plasmids were a gift
218  from Maria Jasin. EJ2-GFP (Addgene: 44025), EJ5-GFP (Addgene: 44026) and EJ7-GFP reporter, 7a
219 and 7b sgRNA vectors (Addgene: 113617, 113620 and 113624, respectively) were a gift from Jeremy
220 Stark. S. pyogenes CRISPR-Cas9 plasmid (Addgene: 52961) was a gift from Feng Zhang.

221
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Atomic force microscopy

AFM measurements were performed by depositing a 20 pyL of sample solution on a mica pre-treated
with 50 uL of 30 mM spermidine for 10 minutes, as described previously (24). NIHCOLE samples
contained 0.5 nM RNA in 25 mM TrisAc pH 7.5, 12.5 mM KCI, and 5 nM Ku70/80 when incubated
with the protein. SM3 samples contained 0.25 nM RNA in 25 mM TrisAc pH 7.5, 12.5 mM KCI, and 10
nM Ku70/80 when incubated with the protein. In samples containing Ku70/80, both RNA and protein
were incubated for 5 min at room temperature, prior deposition. After ~60 s of deposition on the mica,
the sample was washed with 2 ml of Milli-Q water and dried using nitrogen. Images were taken in
tapping mode in air, using an AFM from Nanotech Electronica S.L. with PointProbePlus tips

(PPPNCH Nanosensors). Images were processed using the WSxM software (25).

Ku pulldown for electron microscopy

For the pulldown experiments full-length Ku70 containing a twin-strep-tag at the N-teminus and full-
length Ku80 including a 10xHis-tag at the N-terminus were co-expressed in baculovirus as previously
described (13) in order to produce the Ku heterodimer. Then 10 pmol of purified Ku was incubated
with 20 pl Strep-Tactin XT 4Flow (IBA) pre-equilibrated in equilibration buffer EB (25 mM HEPES, pH
7.7, 50 mM NaCl, 1 mM EDTA and 10 % (w/v) glycerol). The mixture was incubated in a thermomixer
(Eppendorf) for 20 min at 25°C and 800 rpm and then transferred to a spin column (SigmaPrep spin
column, SIGMA) and centrifuged for 1 min at 6,000 rpm. The resin was firstly washed with 50 ul of EB
buffer and spun for 1 min at 6,000 rpm. A second wash with 200 ul of EB buffer was performed
followed by 1 min centrifugation at 6,000 rpm. The resin with bound Ku was next divided in two tubes:
A, B and was further washed with 100 ul of EB buffer and spun for 1 min at 6,000 rpm. Resin in tube
B was incubated with 4.25 pmol of NIHCOLE and 100 units of RNasin ribonuclease inhibitor
(Promega) for 5 min at RT followed by 1 min centrifugation at 6,000 rpm. Next resins from both tubes
were washed with 100 pl of EB buffer and spun for 1 min at 6,000 rpm. Finally bound sample was
eluted after incubating resin from tubes A and B with EB buffer supplemented with 50mM biotin (IBA)
for 5 min at 25 °C and 800 rpm in a thermomixer (Eppendorf) followed by 1 min centrifugation at
6,000 rpm.

Electrophoretic Mobility Shift Assay

Human Ku70/His-Ku80 was purified from baculovirus-infected insect cells (26) and human APLF and
XRCC4 were expressed in bacteria as previously described (12,13). Unlabeled and 5' FAM labeled
RNA and DNA probes were RNase-free synthesized by Integrated DNA Technologies (IDT)
(Supplementary Table S1D). Recombinant proteins were incubated with the labeled probes in 1x
EMSA binding buffer (25 mM HEPES-KOH pH 7.5, 50 mM NaCl, 1 mM DTT, 1 mM EDTA, 10 %
glycerol) supplemented with 0.1 uM ultrapure BSA (Invitrogen, AM2616) in a final volume of 20 pl.
Samples were incubated at room temperature for 25-30 min in the dark. Then samples were loaded in

non-denaturing 5 % acrylamide gels and run in 1x EMSA running buffer (50 mM Tris, 380 mM glycine,
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2 mM EDTA) at 100V for 45 min in the dark. After that, gels were imaged using the ImageQuant LAS-
4000 (Fujitsu Life Sciences) or a Chemidoc MP Imaging System (Bio-Rad).

NHEJ reconstitution assay

The ligation reactions were conducted in reaction buffer pH 7.5 (20 mM Tris-acetate, 75 mM KAc, and
10 mM MgCl,). In all reactions 40 nM of substrate were first incubated with 0.1 mg/ml neutravidin
(Invitrogen, 22832) in reaction buffer for 5 min. Then 0.5 mM ATP, 1 mM DTT, 5% PEG-8000, RNAs,
50 nM Ku70/80 and 100 nM X4L4 were added into the DNA mixture to a final volume of 20 ul. The
reaction solution was mixed well and incubated at 37 °C for 90min. After that, reactions were diluted to
48 ul with TE buffer and treated with RNase A (2ug/ul) for 30min RT. The mixture then went through
phenol-chloroform (Sigma, 77617) extraction and ethanol precipitation. Then, the ligation products
were resolved using a 15% native PAGE in 1x TBE, then gels were stained in a 1/10000 solution of
SYBR safe (Invitrogen, S33102) in 1x TBE for 15min in agitation and were later imaged using a
Chemidoc MP instrument. Quantitation of ligation product was performed using the ImageLab
software (BioRad).

Data availability
RNA-seq data that support the findings of this study, have been deposited in the European Genome
Archive (EGA) repository under the study ID accession number EGAS00001002879 (INSERM cohort)

or can be accessed from http://cancergenome.nih.gov/ (TCGA cohort).

Statistical analyses

The GBA study was performed using the giTools software (27). Fisher's exact test using higher/lower
than median groups was used to find significant associations. Expression data are shown as means *
standard deviation (SD) or standard error of the mean (SEM) and statistical analyses were performed
using Prism 9 (GraphPad Software). A descriptive analysis was carried out to analyze the distribution
of the samples with D'Agostino and Pearson normality test. Non-parametric tests were used after
normality failure. Differences between two groups were analyzed using two-tailed Student's t-test or
U-Mann Whitney, whereas differences between three groups were analyzed using the Kruskal-Wallis
ANOVA-test followed by Dunn's multiple comparisons test. TCGA paired samples were evaluated
with paired t-tests while paired samples from the BCL-CUN cohort were analyzed with Wilcoxon
matched-pairs signed-rank tests. Pearson correlation analysis was used to compare functions and
associations between IncRNAs. The logrank test was used to compare survival curves between
groups of patients. Differences were deemed significant for a real alpha of 0.05 (p < 0.05). Statistical
significance is indicated by **** (p < 0.0001), *** (p < 0.001), ** (p < 0.01) or * (p < 0.05). ns indicates

non-significant differences.
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RESULTS

NIHCOLE is a IncRNA highly expressed in HCC patient samples that correlates with poor

prognosis

To identify recurrently deregulated IncRNAs in HCC, we previously analyzed the TCGA and GTEX
data sets in a pan-cancer and pan-tissue study (5). From this analysis, we selected LINC02163,
which we denote here as NIHCOLE, since further studies showed high expression levels in HCC,
good correlation with clinical parameters and positive association with cell cycle and DNA repair (see
below). NIHCOLE is mostly uncharacterized, polyadenylated, and shows no significant coding
potential, as addressed by PhyloCSF, CPAT, and CPC scores (28) (Fig. S1A). According to current
annotations, NIHCOLE is an intergenic IncRNA with chromatin marks consistent with a promoter near
its transcription start site (TSS) (Fig. S1B).

NIHCOLE was found significantly upregulated in HCC samples from the TCGA in the differential
expression analysis of both peritumor-tumor pairs (Fig. 1A) and all tumors compared to peritumoral
samples (Fig. 1B). We and others have found upregulation of NIHCOLE in other tumors (colorectal,
gastric, head and neck, lung and breast cancers) (29-32). NIHCOLE expression was not observed in
healthy tissues (median TPM < 0.1) according to the GTEXx dataset (https://gtexportal.org/home/). To
validate TCGA findings, we measured the levels of NIHCOLE in an independent cohort (BCL-CUN) of
HCC patient samples (Supplementary Table S1A). In agreement with TCGA data, NIHCOLE's levels
in tumor samples are significantly higher than in the paired peritumor samples or healthy liver biopsies
by gRT-PCR (Fig. 1C, D) or RNA-seq in a subset of the paired samples (Fig. 1E).

To evaluate the relevance of NIHCOLE overexpression in HCC, we studied its clinical associations.
Using TCGA data, we found that NIHCOLE associates with previously published molecular
classifications (Hoshida's and iCluster) (33,34) and clinical parameters such as the presence of the
macrotrabecular massive (MTM) histopathological finding, a feature of the G3 molecular subgroup in
Bouyault's classification that is strongly associated with bad prognosis (Fig. 1F) (35). Similarly,
significant associations were found with expression levels of TERT-related genes and mutations in
the TERT promoter, TP53, and CTNNB1, which are well-known HCC drivers. In these analyses, we
observed that the expression levels of NIHCOLE could segregate patients according to molecular
classifications and were significantly higher in samples from patients with more aggressive

phenotypes (i.e., high expression levels of TERT-regulated genes and mutated TP53) (Fig. 1G).

Clinical annotations of HCC samples from the TCGA are limited. Therefore, we analyzed NIHCOLE's
associations in an additional thoroughly annotated cohort of 198 patients (INSERM) (20). In this
cohort, around 90% of the patients present underlying liver cirrhosis with diverse etiologies that better
recapitulate the natural history of HCC (Supplementary Table S1B). Analysis of this cohort showed a
significant DNA copy number gain in NIHCOLE’s genomic location (Fig. S1C, D) which can partially
explain (in about 20% of the samples) the significant upregulation of NIHCOLE (p = 3.0 x 10™°) (Fig.

S2A) and correlates with Boyault's transcriptomic groups G3 and G6 (36), and with TP53 and
9
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CTNNBL1 gene mutations as in the TCGA data (Fig. 1F and Fig. S2B-D). Remarkably, when patients
were stratified according to NIHCOLE expression levels, there was a significant correlation between
decreased patient survival and high expression of NIHCOLE (Fig. 1H). NIHCOLE upregulation was
also associated with poor prognosis as per the 5-gene score (37) (Fig. S2E) and the presence of
vascular invasion (Fig. S2F); and with advanced disease stage (according to the Barcelona Clinic
Liver Cancer (BCLC) staging) and less differentiated tumors (following the World Health Organization
(WHO) differentiation score) (Fig. 1F and Fig. S2G, H). Interestingly, since NIHCOLE expression
associates with aggressive tumors and CTNNB1 mutations, which are usually less lethal tumors, we
evaluated whether NIHCOLE levels can segregate the CTNNB1-mutated tumors with a more
aggressive phenotype. Indeed, CTNNB1-mutated tumors with higher levels of NIHCOLE are

significantly associated with a worse prognosis using the 5-gene score (Fig. S2I).

To predict the function of NIHCOLE, we performed a guilt-by-association (GBA) analysis. The results
indicate that expression of NIHCOLE correlates positively (z-score >10) with cell cycle, DNA repair,
and gene expression, and negatively (z score <10) with cell adhesion and matility, signal transduction,

and the immune response, all of them key cancer hallmarks (Fig. 1I).
NIHCOLE is required for HCC cell proliferation

We measured NIHCOLE's expression levels in cell lines derived from HCC (JHH6, HEP3B,
PLC/PRF/5, Huh7 and HepG?2) or, as controls, liver adenocarcinoma (SK-HEP-1), embryonic kidney
(293T), and lung tumor (A549). NIHCOLE is expressed to higher levels in the HCC cancer cell lines
JHH6, Huh7, HepG2 and PLC but not in HEP3B or the other non-HCC cell lines (Fig. 2A). Absolute
copy number gquantification of NIHCOLE revealed that it is indeed highly expressed to an average of
293 + 33 copies per JHH6 cell, whereas Huh7 cells express around 385 + 77 copies per cell.
Expression analysis from RNA-seq data in a collection of 33 HCC-derived cell lines categorized in an
epithelial-mesenchymal transition (EMT) differentiation gradient (38), showed similar expression
levels of NIHCOLE in all three clusters without significant differences between groups (Fig. 2B),

suggesting NIHCOLE's levels are unlikely related to EMT.

Subcellular fractionation shows that NIHCOLE is highly enriched in the nucleus of HCC cells (Fig. 2C).
This enrichment is mostly due to its retention in the chromatin fraction, as happens with GAPDH pre-
MRNA used as control (Fig. 2D). Nuclear enrichment disfavors efficient targeting by siRNAs.
Therefore, we designed two antisense LNA-gapmers against NIHCOLE that target sequences in exon
three (N-1) and intron three (N-2) (Fig. S1B). NIHCOLE levels were efficiently decreased upon
gapmer transfection compared to a non-targeting negative control (NC) (Fig. 2E). Analysis of the
expression of neighboring genes sharing the same TAD as NIHCOLE showed no alteration after
NIHCOLE depletion. More importantly, NIHCOLE depletion dramatically decreased cell numbers in
NIHCOLE-expressing cells (Fig. 2F and Fig. S3A) while cells without NIHCOLE expression remained
unaffected (Fig. S3B). To validate the specificity of this effect, we cloned the cDNA of NIHCOLE in a

mammalian expression vector and performed adding-back experiments by co-transfecting the
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NIHCOLE-expressing vector (pN) or an empty vector (p@) with control or NIHCOLE-targeting
gapmers. Of note, much higher levels of NIHCOLE were observed for N-2 as this gapmer targets an
intronic sequence that is not found in the cloned transcript (Fig. 2G). Re-expression of NIHCOLE
restored the proliferation of NIHCOLE-depleted HCC cells (Fig. 2H). As expected, this effect was not
observed in cells co-transfected with a positive control gapmer (PC) that affects cell number by
targeting the essential structural protein actinin alpha-1 (ACTN1) (Fig. 2H). Of note, NIHCOLE
overexpression does not significantly increase cell proliferation beyond basal levels (Fig. 2H and Fig.
S3C, D). Overall, these results support specific targeting of NIHCOLE and strongly suggest NIHCOLE
is required for the growth of HCC cells, likely through a trans-acting mechanism. Further
characterization of NIHCOLE expression showed that NIHCOLE is more highly expressed in S-phase
cells (Fig. 2I). Interestingly, depletion of NIHCOLE leads to significant G2/M transition arrest (Fig. 2J),
apoptosis and necrosis (Fig. 2K, L), supporting the involvement of NIHCOLE in cell cycle-regulated

events such as cell cycle progression and DNA damage repair as suggested by the GBA analysis.
NIHCOLE binds to effector proteins of the NHEJ pathway of DSB repair

To gain mechanistic insights into NIHCOLE's function, we studied the NIHCOLE-binding proteome.
Since NIHCOLE is highly enriched in the nucleus, we incubated Huh7 nuclear extracts with in vitro
transcribed (ivt) and biotinylated full-length NIHCOLE (Fig. 3A). After precipitation with streptavidin
beads, electrophoresis, and silver staining, we observed a differential high molecular weight band
coprecipitating with NIHCOLE and not with the control RNA (Fig. 3B, blue arrow). We excised the
region of the differential band and a similar region in the control lane and analyzed them by mass-
spectrometry (MS). This analysis identified a significant enrichment for DNA-PKcs (Fig. 3C,
Supplementary Table S1E). DNA-PKcs binds to the Ku70/80 heterodimer through the C-terminal
domain of Ku80 to form the DNA-PK complex, part of the NHEJ machinery of DSB repair. Therefore,
we analyzed the NIHCOLE-bound material by immunoblotting for the presence of DNA-PKcs, Ku80,
and the abundant RNA-binding protein (RBP) U1A used as a control. We could detect DNA-PKcs and
Ku80 but not U1A, while no interaction was observed in the absence of RNA (Fig. 3D). Similarly,
when we used crosslinked nuclear extracts and specific DNA-PKcs and Ku80 antibodies or control
IgG to capture RNAs by immunoprecipitation (Fig. 3E), we found, by gRT-PCR, a significant
enrichment for NIHCOLE but not for control RNA or ACTB mRNA (Fig. 3F, G).

NIHCOLE-depleted cells accumulate DNA damage and show decreased NHEJ activity

Given that NIHCOLE interacts with DNA-PKcs and Ku80, we hypothesized that their binding could
mediate a potential role of NIHCOLE in the DDR. To address this, we performed a single cell
electrophoresis of damaged DNA also known as the “comet assay” (Fig. 4A). Quantitation of tail
moment in control and NIHCOLE-depleted cells, untreated (24h after gapmer transfection) and at
different time points after ionizing radiation, shows a drastic increase in tail moment at one-hour post-
IR. The tail moment gradually returns to background levels after 24h in control treated cells.

Surprisingly, NIHCOLE-depleted cells show a similar pattern than control cells except at 24h post-IR,
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when a highly significant accumulation of damage is observed (Fig. 4B). To corroborate this result, we
evaluated the number of DNA damage foci by immunostaining of histone H2AX serine 139
phosphorylation, also known as yH2AX, one of the most widely used read-outs of DNA damage. We
measured yH2AX foci of control and NIHCOLE-depleted in a similar scheme as in the comet assay
(Fig. 4C). Basal levels of yH2AX foci were observed in cells at 24 hours after transfection (No IR).
This is likely due to the high transcriptional stress of these cells, which can be a considerable source
of DSBs. After IR, as with the comet assay, NIHCOLE-depleted cells show a highly significant
accumulation of damage at 24h post radiation, contrary to control cells (Fig. 4D). A similar increase in
the number of foci is observed when cells are treated with the DNA-PKcs inhibitor NU7441 instead of
IR. Remarkably, both yH2AX and Ku80 antibodies are able to immunoprecipitate NIHCOLE at early
times after radiation (Fig. 4E and F), suggesting that NIHCOLE accumulates in the vicinity of DNA
damage sites, especially since NIHCOLE levels do not change significantly after damage (Fig. S3E).
These results support that NIHCOLE depletion could lead to a significant defect in DSB repair. To
evaluate if defective NHEJ mediates this defect, we used reporter assays in which NHEJ-mediated
repair reconstitutes a GFP gene in a substrate plasmid cleaved by the I-Scel endonuclease to
measure total NHEJ activity (39), or cleaved by CRISPR-Cas9 to measure distal NHEJ without indels
(40). Both reporter assays show significantly decreased NHEJ repair efficiency in NIHCOLE-depleted
Huh7 (Fig. 4G) and JHHG6 (Fig. 4H) cells compared to the same number of control cells. Importantly,
NHEJ activity was unaltered upon NIHCOLE gapmer transfection in cells that do not express
NIHCOLE (Fig. S3F). Further, the defect observed upon NIHCOLE depletion is specific for NHEJ-
mediated repair, since reporter assays to measure alternative DSB repair pathways including
homologous recombination (HR), single-strand annealing (SSA), and alternative end-joining (Alt-EJ),
did not show differences between NIHCOLE-depleted and control Huh7 or JHH6 cells (Fig. S3G-I).

Our results are compatible with a role of NIHCOLE in DNA repair that may be relevant for liver cancer
cell growth. To address this, we followed the viability of NIHCOLE-depleted HCC cells after DNA
damage induction with ionizing radiation. Under these conditions, NIHCOLE depletion caused an
additional impact on the growth of Huh7 (Fig. 41) and JHH6 (Fig. 4J) cells. Further cell death was
observed when the same cells were treated with 10Gy IR and increasing concentrations of DNA-PKcs
inhibitor NU7441 (Fig. 4K and L). Conversely, similarly treated HEP3B cells that do not express
NIHCOLE showed no differences in cell growth (Fig. S3J). Overall, these results suggest that
NIHCOLE depletion, together with DNA damage induction, have an additive antiproliferative effect on
NIHCOLE-expressing HCC cells.

NIHCOLE and predicted structural motifs bind to recombinant Ku

To directly address the ability of NIHCOLE to bind Ku70/80, we used single-molecule atomic force

microscopy imaging (AFM) of NIHCOLE alone or mixed with recombinant Ku. We observed that

NIHCOLE folds into what appear to be complex dsRNA secondary structures (Fig. 5A, NIHCOLE

alone, and Fig. S4A). In the presence of Ku, most NIHCOLE molecules colocalize with several

molecules of Ku, suggestive of cooperative binding (Fig. 5A, NIHCOLE + Ku and Fig. S4A). The
12
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images also support the possibility of the recruitment of Ku molecules around one or several
molecules of NIHCOLE, as Ku alone remains monodispersed (Fig. S4A, Ku alone). In fact, Ku
molecules can be distinguished from RNA molecules by image analysis of AFM experiments. This
allowed us to calculate that the average NIHCOLE-Ku cluster includes around three NIHCOLE
molecules that can bind an average of 14 Ku molecules (Fig. S4B, C). Such hyper stoichiometric
relationship would support the potential of NIHCOLE to promote phase separation as a way to favor
repair kinetics, especially given the apparent enrichment of NIHCOLE at DNA damage sites. As
expected, since Ku has been shown to be an RNA-binding protein, the RNA messenger of luciferase
(LUC) used as a control for these experiments also showed cooperative binding of Ku into clusters of

overall similar sizes (Fig. S4D) although through differential stoichiometries (Fig. S4B, C).

Since there are no reports in the literature of the interaction of RNAs and RBPs by AFM, to
substantiate this result, we performed a similar experiment using negative stain electron microscopy
(EM) of NIHCOLE alone (Fig. 5B, NIHCOLE alone and Fig. S4E) or incubated with Twin-Strep-tagged
Ku. After pulldown of Ku, we could observe Ku as globular densities decorating NIHCOLE clusters
(Fig. 5B, NIHCOLE + Ku, and Fig. S4E) while Ku alone remained monodispersed (Fig. S4E, Ku alone)
as previously observed in AFM. Negative stain EM does not allow the visualization of RNA and Ku at
the same time; however, Ku globular densities can be isolated by image analysis. Estimations from
hundreds of clusters suggest a mean of 8.2 + 2.9 Ku molecules per NIHCOLE-Ku cluster (Fig. S4F)

which is within the error range of our AFM-based estimations.

We next sought to characterize the interaction of NIHCOLE with Ku using electrophoretic mobility shift
assays (EMSA). To do this, the structure of NIHCOLE was analyzed using the RNAFold (41) and
UNAFold (42) tools. We selected three structural motifs (SMs): SM1, SM2, and SM3 as they
appeared in most NIHCOLE predicted structures with the highest base-pair probability and were small
enough to be assayed by EMSA (Fig. 5C).

To study the binding affinities of SMs to recombinant Ku, we synthesized 5' FAM-labeled SM1, SM2,
SM3, and a 25bp dsDNA was used as a positive control (Supplementary Table S1D). Then, equal
concentrations of labeled probes were incubated with increasing concentrations of purified Ku and
visualized after native gel electrophoresis (Fig. 5D) or by measuring fluorescence polarization
anisotropy (FPA) (Fig. 5E). As expected, dsDNA binds Ku efficiently (Fig. 5D, 25bp dsDNA); instead,
a linear poly(A) RNA and a control 25 bp dsRNA did not bind Ku (Fig. 5E). In contrast, SM1, SM2,
and SM3 bound Ku with similar affinity to dsDNA (Fig. 5D). In addition, the highest concentrations of
Ku led to a supershifted complex of lower mobility in all cases, which is consistent with published data
that suggests the binding of two heterodimers of Ku (43). The concentration of Ku required for the
supershift is lowest for SM3 compared to dsDNA, SM1, and SM2 (Fig. 5D). These results were
corroborated by calculating the dissociation constants (Kds) of the Ku-DNA/RNA complexes by FPA
(Fig. 5F). Interestingly, by non-linear regression estimations, the Kd of dsDNA corresponds with that
reported in the literature to be around 10° M (44). Similarly, SM1, SM2, and SM3 have calculated Kds
in the same order as DNA, suggesting a high affinity of Ku for NIHCOLE structures, especially for
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SM3 (Fig. 5F). In fact, when we analyzed SM3 by itself or in the presence of Ku by AFM, we observed
a direct interaction between SM3 and Ku (Fig. 5G).

Full-length NIHCOLE is too large to enter native gels. Nonetheless, we were able to use it in
competition experiments to help determine whether Ku releases dsDNA, SM1, SM2, or SM3, in the
presence of NIHCOLE. For these experiments, complexes between labeled dsDNA, SM1, SM2 or
SM3, and Ku were formed and evaluated by native electrophoresis in the absence or presence of
increasing concentrations of ivt NIHCOLE. Full-length NIHCOLE did not compete with DNA but
effectively competed with the SM RNAs for binding, as evidenced by the clear displacement of the
labeled probe with increasing concentration of NIHCOLE (Fig. 5H). Notably, the best competition was
observed for SM2, followed by SM1 and SM3, with the latter remaining in complex with Ku even in the
presence of a four-fold molar excess of NIHCOLE. To determine whether the sequence or the
structure of NIHCOLE was essential for outcompeting the SMs, we repeated this experiment using
NIHCOLE antisense (NIHCOLEas) (Fig. S5A) or LUC (Fig. S5B), and we observed similar results to
NIHCOLE, suggesting that large structured RNAs, can bind to Ku and compete with the binding of
smaller RNA structures depending on their affinity for Ku. When a similar competition was performed
using unlabeled 25 bp dsDNA (Fig. 51), as expected, we observed an equilibrium between labeled
and unlabeled DNA bound to Ku (Fig. 51, 25bp dsDNA). Instead, Ku-RNA complexes are
outcompeted by DNA binding, suggesting that Ku cannot bind DNA and RNA at the same time at
molar excess of DNA. However, SM1 and SM3 showed higher strength of binding to Ku, as they were
more difficult to displace than SM2. Also, SM3 supershift was retained until it was released from the
complex (Fig. 51, SM3 panel). It should be noted that the unlabeled 25 bp dsDNA used for competition
is likely able to bind only one Ku molecule, since structural analysis have shown that each Ku covers
about 20 bp, making 20 bp dsDNA approximately the unit site for Ku binding (43). Instead,
competition with full length NIHCOLE, with numerous SMs, should bind several molecules of Ku,
resulting in a stronger competitor than 25 bp dsDNA (compare Fig 5H and ). Competitions with DNA
were corroborated by FPA analysis (Fig. S5C). Using the same dsDNA as a competitor for the Ku-
RNA complex, binding curves and calculated constants of inhibition (Ki) showed that higher DNA
concentrations are required to inhibit SM1- or SM3-Ku binding compared to SM2 (Fig. S5C). Overall,
these results are in accordance with recent literature that describes Ku as an RNA binding protein (45)

and supports NIHCOLE, and particularly SM3, as a relevant structural motif for Ku binding.

NIHCOLE supports multimeric complexes with NHEJ factors and promotes the ligation

efficiency of DSBs

Ku is known to interact with several NHEJ factors besides DNA-PKcs (46). To test for binding to
additional NHEJ factors, we incubated the labeled SMs and control dsDNA with a battery of NHEJ
proteins available to us including XRCC4 alone, XRCC4 and LIG4 complex (X4L4), APLF or XLF and
evaluated complex formation by EMSA. Neither of these proteins alone could bind RNA or DNA (Fig.
S6A). However, APLF, a recently described accessory factor in the NHEJ response (13), was able to
interact with Ku and dsDNA or SM3 to form higher-order complexes (Fig. 6A). In fact, APLF can
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bridge the interaction between Ku and XRCC4 (12), likely stabilizing the binding between Ku and the
ligation complex X4L4 required for DNA repair (47). Therefore, to determine whether SM3 can form a
complex with Ku, APLF, and X4L4, we used purified proteins in band shift experiments. Under these
experimental conditions, Ku and X4L4 do not form a stable complex with SM3 or DNA (Fig. 6A, lanes
4 and 8). However, in the presence of APLF, there is a supershift of the Ku-APLF complex bound to
SM3 or DNA after incubation with X4L4 (Fig. 6A, lanes 2 and 3 for SM3 and lanes 6 and 7 for DNA).
This has been reported previously for DNA (13) but not for any RNA structure. Interestingly, in the
presence of equimolar concentrations, both SM3 and DNA supercomplexes can coexist (Fig. 6A, lane
11). Of note, as opposed to SM3, a similar SM2 complex was outcompeted by equimolar
concentrations of DNA (Fig. 6A, lanes 9), and even in the absence of competing DNA, multimeric

complexes were much less stable with SM2 (Fig. S6B) following our previous results.

To gain insights into the functional implications of NIHCOLE-mediated scaffolding, we performed
NHEJ reconstitution assays. To evaluate the effect of NIHCOLE on ligation efficiency, we
reconstituted the minimal NHEJ machinery required for the ligation of compatible unoxidized DNA
ends (Fig. 6B). As previously described, Ku and X4L4 alone are capable of ligating blunt-ended DSBs.
In fact, additional NHEJ factors such as DNA-PKcs and/or XLF actually reduce the ligation efficiency
in this setting (15,47). Recent structural insights into the ligation complex provide a mechanism in
which DNA-PKcs prevents the alignment of the DNA ends for ligation, likely to make room for end-
processing enzymes, and instead, release of DNA-PKcs from the ligation complex is required to allow
DNA end-ligation. Therefore, we combined human recombinant Ku and X4L4 proteins (expressed in
baculovirus-infected insect cells (Fig. S7A, B)) with a 60bp dsDNA substrate (Supplementary Table
S1D) in a ligation-competent buffer without or with increasing concentrations of RNAs. After ligation,
we treated the reaction with RNase, precipitated the DNA, and resolved the samples by gel
electrophoresis (Fig. 6C, D). Although highly inefficient, Ku and X4L4 alone are able to generate a
ligation product of 120bp (Fig. 6C, D lane 4). Strikingly, results show that the presence of SM3 and
NIHCOLE (Fig. 6D, lanes 8-13) but not control RNAs SM2 and LUC (Fig. 6D, lanes 5-7 and 14-16
respectively) increase the ligation efficiency in an RNA concentration-dependent manner as

corroborated after quantitation of the ligation product by gel electrophoresis (Fig. 6C).
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DISCUSSION

The number of identified and characterized IncRNAs continues to expand, challenging our
understanding of the multiple levels at which genomes are regulated. Since it became evident that
IncRNAs constitute a significant layer of genome regulation, many have been reported to act in the
loss of genomic integrity leading to disease, especially in cancer. To date, only a handful of IncRNAs
have been described to be involved in the repair of DSBs, the most toxic type of DNA lesion. The
NHEJ branch of DSB repair is a double-edged sword. It has been depicted as a genome guardian
(48), as it allows fast repair kinetics throughout the cell cycle, thereby protecting cells from agents that
induce DSBs. However, in cancer cells, DNA repair pathways, especially NHEJ, can be repurposed to
sustain malignant proliferation despite cumulating DNA damage arising from high replicative stress or
even from anticancer treatments, causing therapy resistance (7,49).

Using our previous pan-cancer and pan-tissue INcCRNA expression profiling study (32), we identified
the novel IncRNA NIHCOLE, and we now show that it is upregulated in HCC and expressed to higher
levels in patients with decreased survival, worse prognosis, and mutations in key HCC drivers (Fig. 1).
In addition, we show that NIHCOLE is essential for the proliferation and NHEJ-mediated DNA
damage repair of HCC cells (Fig. 2F, H; Fig. S3A and Fig. 4G, H). Importantly, we provide evidence to
support that NIHCOLE binds to Ku (Fig. 5A, B, and H) and enhances the ligation efficiency of DSBs
(Fig. 6C, D). Since all healthy tissues deposited to GTEX, healthy liver biopsies (Fig. 1C), and non-
HCC cell lines (Fig. 2A) lack significant NIHCOLE expression, it is unlikely that NIHCOLE is a core
factor of the NHEJ machinery but rather a specific adaptation of HCC and, possibly, other cancer cells.
We hypothesize that NIHCOLE is working as a scaffold for the NHEJ machinery, sustaining the
assembly of multimeric NHEJ repair complexes and thus promoting the efficiency of end-ligation (Fig.
7). Scaffolding and multimerization of repair factors at DNA breaks are crucial preconditions for repair.
Previous findings show that the interaction among APLF, Ku, DNA-PKcs, XRCC4, and LIG4, can
effectively bridge DNA ends and facilitate ligation (12,47). More recent studies suggest that such
complexes could be helped by DNA-PKcs dimers (10) and Ku dimer-of-dimers (17), facilitating
alignment and tethering of DNA ends prior to ligation (50). Interestingly, it has been described that
factors that transiently stabilize the interactions formed at DNA ends can promote short-range
synapsis. When the ligation complex is well-positioned, they could also contribute to enhancing
ligation efficiency (8). We propose that this is the case of NIHCOLE (Fig. 7). NIHCOLE can bind Ku,
and the addition of X4L4 and blunt DNA ends to the Ku/NIHCOLE mixture results in enhanced ligation,
consistent with a role of NIHCOLE in the short-range synaptic complex. Similar results are specifically
observed when the small dsRNA SM3 is used, allowing us to suggest that SM3 is a natural domain
within NIHCOLE that may contribute to NIHCOLE function in NHEJ. Interestingly, using SM3, but not
other putative small dsRNAs within NIHCOLE, we are able to detect a stable complex containing
SM3-Ku-APLF-X4L4 (Fig. 6A). Further experiments are required to understand whether this complex
releases the RNA to bind DNA ends and whether this transfer of the pre-assembled machinery results
in a more efficient reaction. Nonetheless, we cannot rule out the possibility of NIHCOLE working by

promoting macromolecular crowding through IncRNA-induced liquid-liquid phase separation (LLPS)

16



590
501
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626

that could modulate the physicochemical properties of the repair factors. LncRNAs have been
described to form RNA condensates through RNA-RNA interactions, as suggested for LINP1 (17) and
our in vitro results (Fig. 5A, B and Fig. S4A-C, E, F). In our case, binding to an intrinsically disordered
protein such as APLF could promote the formation of phase-separated repair hubs where NHEJ is
promoted (Fig. 7). In addition, APLF has been shown to favor NHEJ activity in vivo (13) and to have
histone chaperone functions working as an anchor (51) potentially favoring multimerization and
scaffolding in the repair condensates together with NIHCOLE in HCC cells. Nevertheless, the study of
LLPS in biologically-relevant models is currently limited (52). Other IncRNAs have been reported to
interact with Ku (19,53), DNA-PKcs (18) or both (54); however, only recently, mechanistic insights into
LINP1 function in NHEJ reported a Ku-DNA-PKcs-LINP1-mediated synapse stabilization, suggesting
that LINP1 works in the long-range synaptic complex as opposed to NIHCOLE (17). Remarkably, our
results showing the ability of an RNA to sustain multicomponent assemblies of NHEJ factors including
Ku70/80, APLF and X4L4, and to increase ligation efficiency (Fig. 6), raise interesting structural
guestions that need to be addressed in the future.

Indeed, we also show an observable and cooperative interaction between Ku and IncRNA NIHCOLE
(Fig. 5A and Fig. S4A, E) or NIHCOLE's structural motif SM3 by AFM (Fig. 5G). The use of AFM for
the imaging of INcCRNA-protein complexes offers a unique opportunity to face the challenges of
structural, biochemical, and biophysical studies of IncRNAs. While the basis of Ku-RNA interaction
remains to be elucidated, it is likely that it is sequence-independent as it happens for DNA (43).
Recent eCLIP data analysis found no specific RNA sequence motifs for Ku-RNA binding (17).
Interestingly, yeast Ku has been shown to bind a stem loop structure in TLC1, the RNA component of
yeast telomerase (55) and while yeast and human Ku differ significantly, the conservation of the RNA-
binding capacity of Ku highlights its importance for the cell. The observation of the interaction
between Ku and SM3 allows us to propose that the presence of SM3-like structural features in
IncRNAs could outperform other RNAs in their ability to functionally interact with the NHEJ machinery,
as suggested by previous studies (17,56).

Overall, our results support that IncRNA NIHCOLE confers an advantageous malignant adaptation to
HCC cells by promoting the ligation efficiency of NHEJ-mediated DSB repair. Cancer cells could have
evolutionarily favored the upregulation of specific IncRNAs that are especially suited to promote DNA
end ligation, likely imparting a fithess advantage to overcome the DNA damage overload arising from
higher replicative stress. Consequently, our findings could have significant repercussions for cancer
therapy, as increased DNA damage is one of the major outcomes of conventional radio and
chemotherapeutics, which could work in combination with INcRNA depletion to increase anti-tumor
efficacy. In this context, NIHCOLE appears as a novel and potentially useful therapeutic target for
tumors like HCC, where most genetic alterations are non-druggable, and systemic therapies remain

inefficient.
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FIGURE LEGENDS

Figure 1. Validation of NIHCOLE upregulation in HCC and clinical associations. A, B NIHCOLE
levels from RNA-Seq data were evaluated in paired peritumor (PT) and tumor (T) samples (n = 50
pairs) (A) orin all HCC samples (PT n =50, T n = 374) deposited to TCGA (B). C-E Validation by
gRT-PCR in the BCL-CUN cohort in all patient samples including healthy (H) liver biopsies (H n = 10,
PTn=17and T n=19) (C), in the paired PT/T pairs (n = 15 pairs) (D) or by RNA-seq (n = 10 pairs)
(E). F, G Clinical associations with data from the TCGA (F, G) and INSERM cohort (n = 198) (F). See
text for details. Scale, from lowest (red) to <0.05 (black) or >0.05 (blue), indicates p-value. H Survival
probability of HCC patients categorized according to median NIHCOLE expression (n is indicated at
each time point). | GBA analysis of NIHCOLE related coding-gene expression. Scale, from

positive >10 (red) to negative <-10 indicates z-score. The significance of the statistical analysis (two-
tailed Wilcoxon matched-pairs signed rank test in A, C, D, two-tailed Mann-Whitney test in B,
Kruskal-Wallis ANOVA-test in E, two-tailed Student’s t test in F, G, and the logrank test in H) is
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indicated in each graph and summarized as: not significant (ns); * <0.05; **<0.01; ***<0.001;
****<(0.0001. See algo Figures S1 and S2.

Figure 2. Characterization of NIHCOLE expression and depletion in HCC cells. A NIHCOLE
levels in HCC and non-HCC cell lines (in lighter shades) by gRT-PCR. Mean + SD (n = 3-6)

B Expression of NIHCOLE from RNA-Seq data of 33 HCC cell lines in a differentiation gradient from
hepatoblast-like (Hepat.-like, n = 11), mixed epithelial-mesenchymal (Mixed, n = 9) to mesenchymal-
like (Mesench.-like, n = 13). C, D Enrichment of NIHCOLE in the nucleus versus cytoplasm (C) or
nucleoplasm versus chromatin (D). Mean + SD (n = 3). GAPDH mRNA or pre-mRNA and MALAT1
levels were used as controls. E, F Huh7 cells were transfected with two specific gapmers (N-1 and N-
2) and a non-targeting negative control (NC). NIHCOLE expression 48 hours post-transfection (E;
mean = SD (n = 5)) and proliferation by MTT assays (F; mean = SEM (n = 3)). G, H Adding back
experiments. NIHCOLE expressing plasmid (pN) was co-transfected with NIHCOLE’s gapmers.
Empty plasmid (pg), NC gapmer or an ACTN1-specific gapmer (PC) were used as controls.
NIHCOLE levels were measured 48h post-transfection (n = 3) (G) and proliferation was measured by
MTT assays (H). Mean + SEM (n = 3). | NIHCOLE expression by gRT-PCR in synchronized Huh7
cells. Mean + SD (n = 3). J Cell cycle distribution of NIHCOLE-depleted cells. Mean + SD (n =3) K, L
Apoptosis was measured by Annexin V staining and FACs analysis (K) and by immunoblotting of
PARP cleavage (c-PARP) (L) in control and NIHCOLE-depleted cells. GAPDH was used as loading
control (n = 3). The significance of the statistical analysis (two-tailed Student’s t test

in B, E, F, G, H, | and two-way ANOVA in J) is indicated and summarized as: not significant (ns); *
<0.05; **<0.01; ***<0.001; ****<0.0001. See also Figure S3.

Figure 3. Proteomic analyses of NIHCOLE-binding proteins. A Schematic representation of the
RNA pull-down and mass spectrometry analysis. B Silver staining of protein complexes bound to
NIHCOLE or control RNAs. Blue arrow, differential band. Rectangles, gel fragment sent for MS. C
NIHCOLE-bound proteins identified in two independent experiments are plotted according to peptide
enrichment. Specific NIHCOLE interactors are highlighted with red dots while unspecific interactors
are depicted as gray dots. Proteins identified above 250 kDa are shown. D Immunoblotting for DNA-
PKcs, Ku80 and U1A in the protein complexes obtained from the pull-down of NIHCOLE or beads
alone. INPUT, 10% of the nuclear extract. E Schematic overview of the RNA immunoprecipitation
assays. F, G Relative levels of NIHCOLE, control RNA, and actin-beta mRNA (ACTB) from UV (F) or
formaldehyde (G) crosslinked co-precipitates, using Ku80 and DNA-PKcs specific antibodies and
mouse IgG as non-specific control. Graph shows mean + SD (n = 2, Ku80 antibody; n = 3 DNA-PKcs
antibody). Significance of the statistical analysis (two-way ANOVA in F and G) is indicated and
summarized as: not significant (ns); **<0.01; ***<0.001; ****<0.0001.

Figure 4. Evaluation of DNA damage defects in NIHCOLE-depleted HCC cells. A-D At 24h post-
transfection NIHCOLE-depleted, and control cells were either fixed (no IR) or irradiated and fixed at
one or 24 hours after irradiation. Cells were then submitted to single-cell electrophoresis for comet

scoring. Representative images are shown (A). DNA damage was measured as comet tail-moment
24
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(B). Mean + SEM is shown (n > 90 cells) from two independent experiments. Similarly treated cells
were immunostained for yH2AX to detect DNA damage foci (C) Representative images of yH2AX-
positive foci (green) and nuclear DNA with DAPI (blue) are shown. Scale bars, 20 um (D) Percentage
of yH2AX foci area over DAPI-stained nuclei. Graph shows mean = SEM (n > 45 cells) from two
independent experiments. E, F RNA immunoprecipitation of NIHCOLE by Ku80 and yH2AX
antibodies after radiation. Ku80 and yH2AX antibodies and IgG were used to immunoprecipitate RNA
in formaldehyde crosslinked Huh7 (E) and JHHG6 (B) cells at early time-points after ionizing irradiation
with 2Gy. NIHCOLE was quantified by gRT-PCR. Graph shows mean + SEM (h=3inE,n=2in F).
G, H Two GFP reporter assays were used to assess NHEJ repair of NIHCOLE-depleted Huh7 (G)
and JHH6 (H) cells. The percentage of GFP positive cells was normalized to transfection efficiency.
Graph shows mean = SEM (n =3 in G, n = 2 in H). I-L Cell growth was measured 48h post-gapmer
transfection in control (No IR) or at different times after damage induction by IR in Huh7 (I) and JHH6
(J) cells, or after IR, in mock treated (No Tx) or cells treated with increasing concentrations of DNA-
PKcs inhibitor NU7441 in Huh7 (K) and JHH6 (L) cells. Cell number in No IR and No Tx cells was
adjusted to 100% to discard the single effect of NIHCOLE depletion on cell growth. Graph shows
mean + SEM (n = 3). The significance of the statistical analysis (one-way ANOVA B, D, G and H; and
two-tailed Student’s t test in I-L) is indicated and summarized as: not significant (ns); **<0.01;
***<(0.001; ***<0.0001. See also Figure S3.

Figure 5. Characterization of Ku binding by NIHCOLE and NIHCOLE'’s putative structural
motifs. (A) Representative AFM images of full-length ivt NIHCOLE alone or bound to Ku. z-scale from
dark to bright is 0-2 nm. Scale bar, 100 nm (B) Representative negative staining-EM images of
NIHCOLE alone or bound to Ku. Representative molecules are indicated within circles. Scale bar, 100
nm. Right panels show two clusters of NIHCOLE-Ku complexes, showing Ku as globular densities
identified with light green circles). (C) Representative output from RNAfold predicted minimum free
energy structure for the full-length NIHCOLE and the three putative structural motifs (SMs). Location
of SM1, SM2 and SM3 is shown. Color scale shows base-pair probability. (D-F) Increasing
concentrations of recombinant Ku were assessed for binding to FAM-labeled RNA probes by native
electrophoresis (D) or fluorescence polarization anisotropy (E) Graph shows mean = SD (n = 3).
Duplex 25 bp DNA was used as control. Representative images from three independent experiments
are shown. Nonlinear regression based on FPA data was used to determine Kd, and R? (F). (G)
Representative AFM images of ivt SM3 alone or SM3 in the presence of Ku. Red arrow, SM3-Ku
complex; blue arrow, individual Ku molecule. Z-scale from dark to bright is 0-2 nm. (H, I) Recombinant
Ku was assessed for binding to RNA by native electrophoresis in the presence of increasing molar
ratios of ivt full-length NIHCOLE (H) or unlabeled duplex 25bp DNA (I). A representative image of two

independent experiments is shown. See algo Figure S4 and S5.

Figure 6. Analysis of NIHCOLE and SM3 binding to other NHEJ factors and their effect on
ligation efficiency. A Recombinant Ku, APLF, and X4L4 were assessed for binding to FAM-labeled

RNA and Cy3-labeled DNA by native electrophoresis. A representative image from three independent
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experiments is shown. B-D A NHEJ reconstitution assay with recombinant Ku and X4L4 (B) was used
to evaluate the effect of in vitro transcribed NIHCOLE, SM3 and control RNAs on the ligation of 60bp
dsDNA oligos. DNA was visualized by neutral PAGE in 15% acrylamide gel and imaged after
SYBRsafe staining (C). Ligation efficiency of the 120bp ligation product was calculated against

unligated substrate (D). Results show mean + SEM (n = 4). See also Figure S6.

Figure 7. Proposed mechanism of action of NIHCOLE. HCC cells expressing NIHCOLE IncRNA,
through its structural motifs, especially SM3, are able to cooperatively support the binding of several
molecules of Ku and the modular assembly of other repair factors into multimeric complexes to help
the scaffolding, multimerization and stabilization required by the short-range synaptic complex to
allow DNA-end ligation by the X4L4 complex. In addition, NIHCOLE’s multivalent interactions with Ku
and intrinsically disordered APLF could potentially induce phase-separation to form repair hubs where
NHEJ activity is promoted. In contrast, cells lacking NIHCOLE expression have less efficient repair

machineries that makes them more sensitive to radiation or DNA damaging agents.
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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