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Abstract

Multiple myeloma (MM) is a dreadful disease, marked by the uncontrolled proliferation of clonal plasma cells within the
bone marrow. It is characterized by a highly heterogeneous clinical and molecular background, supported by severe ge-
nomic alterations. Important de-regulation of long non-coding RNA (IncRNA) expression, which can influence progression
and therapy resistance, has been reported in MM patients. NEAT1 is a IncRNA essential for nuclear paraspeckles and is
involved in the regulation of gene expression. We showed that NEAT1 supports MM proliferation, making this IncRNA an
attractive therapeutic candidate. Here, we used a combinatorial strategy integrating transcriptomic and computational ap-
proaches with functional high-throughput drug screening to identify compounds that synergize with NEAT1 inhibition in
restraining MM cell growth. AURKA inhibitors were identified as top-scoring drugs in these analyses. We showed that the
combination of NEAT1 silencing and AURKA inhibitors in MM profoundly impairs microtubule organization and mitotic spin-
dle assembly, finally leading to cell death. Analysis of the large publicly available CoMMpass dataset showed that, in MM
patients, AURKA expression is strongly associated with reduced progression-free survival (P<0.0001) and overall survival
(P<0.0001) probabilities and patients with high levels of expression of both NEAT1 and AURKA have a worse clinical outcome.
Finally, using RNA-sequencing data from NEAT1 knockdown MM cells, we identified the AURKA allosteric regulator TPX2 as
a new NEAT1 target in MM and as a mediator of the interplay between AURKA and NEAT1, therefore providing a possible
explanation for the synergistic activity observed upon their combinatorial inhibition.

Introduction

Multiple myeloma (MM) is an incurable bone marrow-resi-
dent hematologic malignancy, characterized by uncontrolled
proliferation of clonal plasma cells! It is the second most
common type of blood cancer, after non-Hodgkin lympho-
ma, accounting for 10% of all hematologic tumors.? MM has
a highly heterogeneous clinical and genetic background,
characterized by both numerical and structural chromo-
somal abnormalities and gene mutations.®*

Long non-coding RNA (LncRNA) are a heterogeneous class
of transcripts that partake in all levels of genome organi-
zation.® These molecules are involved in the regulation of
cell differentiation, development, response to DNA damage
and regulation of metabolic processes. In cancer, IncRNA
contribute to altering cell growth potential, invasion and
metastatic ability, to impairing cell death mechanisms,
and to increasing antitumor drug resistance.®’ Due to their
biological relevance, it is not surprising that these mole-
cules are regarded as new potential targets for innovative
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cancer treatments.

In MM, the IncRNA expression profile was described to
be significantly different between malignant and normal
plasma cells, suggesting their pro-oncogenic function in
this scenario.? Aberrant IncRNA expression in myeloma
cells can further contribute to the acquisition of genomic
instability, inducing cell transcriptome modification and
interfering with chromatin structure.®®

NEAT1 (nuclear paraspeckle assembly transcript 1) is a mo-
no-exonic IncRNA transcribed from the MEN type | locus,
localized on human chromosome 11q13. The NEATT gene
produces two different isoforms that share the same 5’
terminus: a short and polyadenylated isoform (NEAT1_1) and
a longer one (NEAT1_2) lacking a poly-A tail but endowed
with a triple-helix structure that protects the transcript
from degradation™? As in other types of cancer, increased
NEAT1 expression has been shown to be a hallmark of MM
and plasma cell leukemia.®

NEAT1 mainly localizes in cell nuclei. The long NEAT1 iso-
form (NEAT1_2) acts as an essential architectural scaf-
fold for stress-induced paraspeckles® Paraspeckles are
sub-nuclear membrane-less organelles that regulate gene
expression through three main mechanisms: by acting as
RNA binding protein hubs, as microRNA sponges, and by
promoting mMRNA retention*"" By contrast, the short NEAT1
isoform (NEAT1_1) is the more abundant isoform but it is
dispensable for paraspeckle assembly and functioning,
suggesting a putative independent role!® It has already
been proven that NEAT1 is required to support MM cell
proliferation and viability, both in vitro and in vivo!®?° In line
with this observation, NEAT1 silencing causes decreased
resistance to standard myeloma treatments such as borte-
zomib, carfilzomib and melphalan and improves sensitivity
to olaparib, making this IncRNA an attractive candidate for
the development of novel anti-myeloma strategies.”

In this work, we took advantage of an integrated approach
combining computational predictive tools with a high
throughput functional screening to identify small com-
pounds that cooperate with NEAT1 inhibition in boosting its
lethal effect on MM cell viability and growth. We identified
Aurora kinase A (AURKA) inhibitors as top-scoring candi-
dates in both analyses and validated this synergy using
functional assays. Finally, we derived a potential model
to explain the cooperation between NEAT1 and AURKA in
controlling MM biology, providing novel insights into the
pathophysiology of this disease.

Methods

Full details of gymnotic delivery of gapmeRs, cell viability
assessment, live cell imaging, cell cycle and drug synergy
analyses, reverse transcription and quantitative polymerase
chain reaction, western blotting, immunofluorescence,
differentially expressed genes, CoMMpass and survival
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analyses are provided in the Online Supplementary Methods.

Multiple myeloma cell lines and drugs

AMO-1, NCI-H929, and MM1.S were purchased from the
German Collection of Microorganisms and Cell Cultures
(DSMZ). Using a CRISPR/Cas9 synergistic activation mediator
(SAM) system and guide RNA (gRNA) we obtained AMO-1
SAM gSCR and AMO-1 SAM gN#8 cell lines as previously
described.?® Human MM cell lines were immediately ex-
panded and frozen upon arrival and used from the original
stock within 6 months. These cell lines were cultured in
RPMI-1640 medium (Gibco®, Life Technologies, Carlsbad,
CA, USA) supplemented with 10% fetal bovine serum and
1% penicillin-streptomycin (Euroclone, Milan, Italy) at 37°C
in a 5% CO, atmosphere.

All cell lines were routinely tested for Mycoplasma contam-
ination using the Lonza Mycoalert Mycoplasma Detection
Kit (Euroclone, Milan, Italy). Re-authentication by single
nucleotide polymorphism profiling at Multiplexion GmbH
(Heidelberg, Germany) was performed for AMO-1, NCI-H929,
and MM1.S cell lines in 2023. Alisertib and AURKA inhibitor
I (AURKAI-I) were purchased from Selleckem and resus-
pended in dimethylsulfoxide at a stock concentration of
10 mM.

High throughput screening

A primary screening using a library of 320 small-molecule
inhibitors targeting 123 key proteins was conducted on
AMO-1 cells, as previously described.???2 The cells were
treated with gapmeR NEAT1 (gNEAT1 5 uM) or a control
at day O and after 24 hours were exposed to the inhibitor
library at three different concentrations or to dimethylsulf-
oxide (vehicle). Cell viability was measured by CellTiter-Glo
(Promega) luminescence assay at day 0 (d=0) and 3 days
after treatment (d=3), in duplicate. Full details are reported
in the Online Supplementary Methods.

RNA sequencing

RNA-sequencing libraries were obtained starting from 500
ng of total RNA following the TruSeq Stranded Total RNA
(San Diego, CA, USA) protocol. Sequencing was performed
with a NextSeq 500 sequencer (Illumina) using a 2 x 150
high-output flow cell with 8 samples/run.). Details are
described in the Online Supplementary Methods.

Ethical approval
All patients’ data are derived from the publicly available
CoMMpass dataset.

Results

AURKA inhibition mimics the NEAT1 knockdown
transcriptomic signature
To identify small compounds that could potentiate the ef-
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fect of NEAT1 inhibition in MM, we developed an integrated
combinatorial strategy (Figure 1A).

First, we used a computational approach to select drugs
whose activity could recapitulate the transcriptional per-
turbations induced by NEAT1 inhibition in MM cells. To
this end, we performed bulk RNA sequencing in the NEAT1
knockdown (KD) AMO-1 cell line and the relative control.
NEAT1 KD was obtained using LNA-gapmeR (gNEAT1), as
previously described™ (Online Supplementary Figure ST).
Differential analysis showed that NEAT1 KD strongly affected
the gene expression program in MM cells. A total of 1,710
genes resulted significantly deregulated (false discovery
rate <0.05) in NEAT1-silenced AMO-1 cells as compared
with control cells (Figure 1B). Of these, 753 genes (44%)
were downregulated, and 957 genes (56%) were upregu-
lated upon NEAT1 KD (Figure 1C).

We used this list to query the Connectivity Map database,
searching for compounds that could mimic the transcrip-
tional perturbation caused by NEAT1 silencing. We identified
66 small molecules as significantly associated with NEAT1
transcriptomic profiles, including CDK inhibitors, MTOR
inhibitors, and AURK inhibitors.

Of note, the AURKA inhibitor alisertib, identified among
the top-scoring drugs, has been used clinically in combi-

A NEAT1 KD in AMO-1
MM cell line
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The functional cooperation between NEAT1 and AURKA
supports the dual targeting of these molecules
to restrain MM progression
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nation with proteasome inhibitors in the treatment of MM
patients?® (Figure 1D, E).

High-throughput drug screening identified that AURKA
inhibitors synergize with NEAT1 inhibition in the AMO-1
cell line

To identify drugs that could potentiate the anti-tumor
effects of NEAT1 inhibition in MM cells and to support
our computational analyses, we conducted a functional
high-throughput screening using a library of 320 small-mol-
ecule inhibitors covering 123 pivotal signaling targets. On-
line Supplementary Table S1 lists the compounds included
in the screening. Figure 2A illustrates the experimental
timeline. Briefly, AMO-1 cells were exposed to the drugs at
three different concentrations (10 uM, 1 uM, or 100 nM) in
the presence or absence of previous NEAT1 silencing and
were evaluated at day O and 72 h after treatment, using
an ATP-based luminescent metabolic assay (Cell TiterGlo).
The combination effect assessed by the Excess over Bliss
(EOB) score with an arbitrary cut-off of EOB >0.2 defined
35 synergistic candidates, including four Aurora kinase
inhibitors (Figure 2B, C). A subsequent independent valida-
tion in AMO-1 cells measuring both metabolic activity and
apoptosis by tetramethylrhodamine methyl ester staining
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Figure 1. AURKA inhibition mimics the NEAT1
knockdown transcriptomic signature. (A)
Framework overview: computational and
functional approaches adopted to identify
compounds exerting a synergistic activity
with total NEAT1 silencing in multiple my-
eloma cells. (B) Volcano plot showing sig-
nificantly down- (green) and up- (red) reg-
ulated genes in AMO-1 NEAT1 knockdown
cells compared to the scramble condition
(InFC <£10.7| Padj <0.05). (C) Pie chart show-
ing the number of significantly down- and
up-regulated genes in AMO-1 NEAT1 knock-
down cells compared to the scramble con-
dition InFC £]0.7| Padj £0.05 (D) Alluvial plot
depicting top scoring molecules derived from
the connectivity map query, in particular:
inhibitors (left), the class of perturbation to
which they belong (middle), and their target
genes (right). (E) Heatmap showing the rel-
ative cMap score of the 33 top-scoring can-
didate compounds with a score >90. KD:
knockdown; MM: multiple myeloma; HT: high
throughput; cMAP: connectivity map; DEG:
differentially expressed genes; FDR: false
discovery rate; FC: fold change; gSCR: scram-
ble guide RNA; NOT DE: not differentially
expressed; NS: not significantly different.
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Figure 2. High throughput drug screening identifies AURKA inhibitors as promising synergistic agents when combined with NEAT1
inhibition. (A) Experimental overview of the drug screening. AMO-1 cells were seeded and silenced for NEAT1 expression (day -1)
through gymnotic delivery of LNA-GapmeR (gNEAT1). Cell viability was assessed using an ATP assay after 24 hours (day 0) followed
by treatment with three different concentrations of compounds. At 96 hours of NEAT1 silencing and 72 hours of treatment with
the compounds (day 3), cell viability was assessed by ATP assay and NEAT1 expression was quantified through quantitative
real-time polymerase chain reaction. The effect of the combined drugs was determined by Excess over Bliss (EOB) analysis. (B)
Diagram illustrating the top 35 candidates (EOB >0.2) exhibiting a synergistic effect when combined with NEAT1 silencing. (C)
Sunburst diagram depicting the categories of the compounds and the names of the drugs that exert a synergistic activity with
NEAT1 knockdown. (D) The viability of AMO-1 cells was evaluated by ATP assay (upper diagram) in duplicate and flow-cytometry
(lower diagram) in the presence or absence of gNEAT1. Statistical significance was measured with the Student t test. **P<0.01,
**%*P<0.001. TMRM: tetramethylrhodamine methyl ester; DMSO: dimethylsulfoxide.

confirmed the AURKA inhibitors alisertib and AURKAI-I
among the most effective drugs (Figure 2D), consistent
with the results of the in-silico predictions.

Aurora kinase inhibitors increase the cytostatic effect of
NEAT1 inhibition in multiple myeloma cells

To explore the potential synergy between NEAT1 and AURKA
inhibition, we performed an in-depth validation. The half
maximal inhibitory concentrations (IC, ) for alisertib and
AURKAI-I were assessed in three different MM cell lines
(AMO-1, NCI-H929, and MM1.S). All three cellular models
showed robust and consistent sensitivity to both drugs
with IC, values in the range of nanomoles for alisertib
and micromoles for AURKAI-I (Online Supplementary Table
S2). NEAT1 silencing was effective in all three cell models
tested (Online Supplementary Figure ST)

Due to the role of AURKA in promoting mitosis, we evalu-
ated the effect of the drugs on the cell cycle profile in the
three MM cell lines, through flow cytometry (Figure 3A, B
and Online Supplementary Figure S2A, B). As expected, the
drugs induced a significant increase in the percentage of
cells in G2/M, supported by a reduction of the pAURKA/
AURKA ratio (Figure 3C) and, as already described, an in-
crease of PLK1 and CyB1,%* (Figure 3D) confirming the proper
on-target effects in our system.

To assess the level of synergism between NEAT1 and AURKA
inhibition, we calculated the synergy score based on cell
proliferation. Two different sublethal concentrations of
anti-NEAT1 oligos and three different drug concentrations
(corresponding to IC,, IC_ and IC_)) were used (Figure 4A,
B). The combination matrix showed a global moderate syn-
ergism between NEAT1 inhibition and both AURKA inhibi-
tors in all three cell models tested (Online Supplementary
Figure S3A, B).

To corroborate these data, we monitored the effect of the
combination treatment on cell proliferation over time, using
a sublethal concentration of both targeting agents. Figure
5A-C shows the proliferation curves obtained in these ex-
periments. In all three MM cell models, the combination of
NEAT1 KD and alisertib produced a major effect compared
to the effect of the single agents alone. Similarly, AURKAI-I
used in combination with NEAT1 KD improved the prolif-
eration inhibition in AMO-1 and NCI-H929 cells, but not in
MM1.S cells.

NEAT1 transactivation reduces the effect of AURKA
inhibition on multiple myeloma cell proliferation

Given the synergy observed between NEAT1 and AURKA
inhibition in MM cells, we aimed to assess whether NEAT1
overexpression could rescue the cell growth inhibition
caused by AURKA inhibitors. Of note, we recently showed
that a high level of NEAT1 expression in MM cells provides
a pro-survival advantage upon cellular stressor stimuli.?®
To this end, we used an AMO-1 cell line engineered with
CRISPRa exploiting the SAM system to constitutively trans-
activate NEAT1.2°

As already reported by us, a 2-fold increase of NEAT1 ex-
pression in transactivated cells, namely AMO-1 SAM gN#8
cells, as compared to the scramble condition, namely
AMO-1 SAM gSCR, was observed (Online Supplementary
Figure S4). Of note, transactivation of NEAT1 determined
an increased resistance to AURKA inhibitor as shown by
the higher value of IC, observed in NEAT1 overexpressing
cells as compared to the scramble condition (Figure 6A, B)
Evaluation of the number of cells 72 hours after treatment
showed that NEAT1 transactivation exerted a significant
protective effect on MM cell viability at all doses of drugs
tested (Figure 6C).

This evidence is in line with the reported role of NEAT1 in
promoting drug resistance™ and supports the hypothesis
of a potential interplay between AURKA and NEAT1 in sus-
taining MM cell growth.

NEAT1 controls AURKA activity through modulation of
TPX2 transcription

We performed immunofluorescence staining using a-tubulin
antibodies to monitor the biological effects of NEAT1 KD on
mitosis in NCI-H929 and AMO-1 cells treated with alisertib.
We confirmed, as already reported,? that alisertib admin-
istration impaired proper bipolar mitotic spindle formation
by causing abnormal and unfunctional structures (Figure
7Aii). Interestingly, NEAT1 inhibition induces prominent
reorganization of microtubules within the cells with evi-
dent local alterations in mitotic spindle orientation (Figure
7Ai). Notably, NEAT1 KD in alisertib-treated cells resulted
in a dramatic increase of spindle abnormalities, which
worsened the effect of the drug alone. In particular, we
observed a marked increase in the number of monopolar
and/or multipolar spindles, as well as the presence of
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Figure 3. Human myeloma cell lines showed robust sensitivity to AURKA inhibitors. (A, B) Fluorescence activated cell sorting anal-
ysis of the distribution of cell cycle phases after treatment with alisertib (A) and an Aurora kinase A inhibitor | (AURKAI-1) (B) for 24
hours in AMO-1, NCI-H929 and MM1.S cells. The histograms show the percentages of cell cycle distribution; the standard deviation
of three replicates is reported. *P<0.05, *P<0.01, *P<0.001, Student t test. (C) Western blot analyses showing pAURKA and AURKA
protein expression after treatment with alisertib (24 hours) and AURKAI-I (6 hours) in AMO-1, NCI-H929 and MM1.S cells. (D) Western
blot analyses showing CyCB1 and PLK1 cell cycle checkpoint proteins after treatment with alisertib and AURKAI-I (24 hours).
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spindles with disorganized microtubules (Figure 7Aiii, B).
These morphological alterations are indicative of a de-
fective mechanism of division, in line with the observed
impairment of proliferation. Besides, these data indicate
a previously underscored interplay between NEAT1 and
AURKA in MM cells.

Our hypothesis was further confirmed by the analysis of
the RNA-sequencing data obtained in AMO-1 upon NEAT1
silencing (Figure 1B). Gene ontology analysis of the genes
downregulated upon NEAT1 KD highlighted several relevant
biological processes affected by this IncRNA. In particular,
microtubular cytoskeleton and mitotic spindle organiza-
tion upon cell division scored among the top ten enriched
pathways in this analysis (Figure 7C). Several genes involved
in microtubular organization during mitosis were observed
to be significantly downregulated upon NEAT1 KD in AMO-
1 cells (Online Supplementary Table S3). Most of these
genes were also validated through quantitative real-time
polymerase chain reaction analysis in both AMO-1 and
NCI-H929 cell lines (Online Supplementary Figure S5A, B).
Furthermore, we took advantage of our gene expression
profiling data previously obtained in NEAT1 KD NCI-H929
cells™ to perform gene ontology analysis. The results of
this analysis revealed the same enriched biological pro-
cesses also in NCI-H929 cells upon NEAT1 silencing (Online
Supplementary Figure S6).

Among these genes, we identified TPX2, which is an al-
losteric regulator of AURKA and serves to position AURKA
at the level of the mitotic spindle during cell division?®?"
(Figure 7D). We confirmed that upon NEAT1 KD, TPX2 is
downregulated at both the transcript and protein levels
in AMO-1 and NCI-H929 cells (Figure 7E). Besides, NEAT1
transactivation in AMO-1 cells resulted in a significant
trend toward upregulation of TPX2 transcript and protein
confirming a positive regulation of NEAT1 on this gene (Fig-
ure 7F). NEAT1-mediated perturbation of genes as TPX2,
involved in the control of AURKA activity could further
destabilize cell division upon AURKA inhibitors adminis-
tration, thus explaining the combinatorial effect observed
in drug screening.

AURKA and NEAT1 expression stratifies survival in
patients with multiple myeloma

We took advantage of the publicly available CoMMpass
dataset to explore the association of AURKA expression
with genetic and clinical features of MM patients. To assess
AURKA expression profiles in relation to major molecu-
lar aberrations in MM, we investigated 660 MM patients
from the CoMMpass cohort for whom data on expression,
non-synonymous somatic mutations, and copy number
alterations were available (Online Supplementary Methods
and Online Supplementary Table S4). Significantly higher
AURKA expression levels were observed in MM patients
carrying markers of highly aggressive disease, such as 1q
gain/amp, 1p loss, 17p deletions, TP53 alterations, MAF

N. Puccio et al.

and MYC translocations, and 13q deletion, whereas lower
expression levels were evidenced in hyperdiploid cases
(Online Supplementary Figure S7). No significant differenc-
es in AURKA expression levels were observed in relation
to t(11;14) and t(4;14) translocations, or the occurrence of
non-synonymous somatic mutations in RAS/BRAF, TRAF3,
DIS3, or FAM46C genes (data not shown). We investigated
the clinical impact of AURKA starting from a dataset of 761
patients for whom survival data were available, focusing
on those with low (first quartile) and high (fourth quar-
tile) expression of AURKA. Survival curve analysis showed
that AURKA expression was associated with both reduced
progression-free survival and overall survival probabilities
(Online Supplementary Figure S8A, B).

To verify whether high AURKA expression levels may be an
independent variable for predicting overall and progres-
sion-free survival, we tested high AURKA expression and
other main molecular or clinical features by Cox regres-
sion univariate analysis in 489 MM patients for whom all
information was available.

Concerning overall survival, a significantly higher risk of
death was observed for cases with higher AURKA expression
level (hazard ratio=1.54, 95% confidence interval: 111-213,
Benjamini-Hochberg adjusted P value=0.030). With regards
to progression-free survival, higher AURKA expression level
was associated with a significantly higher risk of disease
progression (hazard ratio=1.57, 95% confidence interval:
1.23-2.01, Benjamini-Hochberg adjusted P value=0.0016)
(Online Supplementary Table S5A, B). Interestingly, when all
significant variables were tested in multivariate analysis, we
observed that AURKA expression retained its independent
prognostic impact on progression-free survival, but not
on overall survival (Online Supplementary Figure S9A, B).
Finally, we evaluated whether AURKA and NEAT1 expression
levels, considered together, could affect patients’ clini-
cal outcomes. Despite the finding that NEAT1 expression
levels alone do not have a significant impact on patients’
survival,® patients with both high AURKA and high NEAT1
expression levels displayed the worst survival curve (Online
Supplementary Figure S10).

Discussion

Despite the significant improvement in treatment opportu-
nities for MM observed over the past years, most patients
with this malignancy suffer from relapse and frequent-
ly develop highly aggressive disease, experiencing drug
resistance to almost all currently available therapeutic
options.?®2° De-regulation of non-coding transcripts con-
tributes to the progression of this disease by affecting
essential plasma cell biological processes.? We previously
described that MM patients frequently show altered expres-
sion of IncRNA, which contribute to tumor progression.®°
Among them, we showed that the NEAT1 IncRNA is crucial
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in promoting the survival of MM cells and enhancing their
resistance to stress stimuli!®* NEAT1 represents the essen-
tial architectural structure of nuclear paraspeckles and is
involved in several types of cancer. Besides having a role in
transcription regulation, this Inc-RNA has been described
to modulate the expression of genes that are fundamental
for the subsistence of cancer cells, increasing their ability
to withstand treatments.® We previously demonstrated that
NEAT1 silencing reduces MM cell viability by modulating
several genome-associated processes. In particular, we
observed that NEAT1 is essential for a proficient activity
of the homologous recombination DNA repair process and
that its downregulation caused increased genomic dam-
agel® Furthermore, we showed that NEAT1 is essential for
the maintenance of the genome integrity, which it controls
through at least two separate mechanisms. On the one
hand, NEAT1 promotes paraspeckle assembly by sustaining
the stabilization of essential paraspeckle proteins such as
NONO, SFPQ and FUS. On the other hand, NEAT1 exercises a

N. Puccio et al.

tight regulation of the DNA damage response by modulating
the activation of the molecular axis involving ATM, DNA-PK
kinases and their direct targets pRPA32 and pCHK2.2° Taken
together, this evidence supports the rationale that MM pa-
tients with high genomic instability and with higher NEAT1
expression levels could benefit from NEAT1 inhibition. For
this reason, NEAT1 is currently regarded as an attractive
candidate for therapeutic intervention in MM, prompting
the need to develop strategic approaches to counteract
its pro-tumoral function. Therapeutic modalities targeting
IncRNA in cancer are currently under investigation, mostly
in in vivo models.*? Encouraging results have been obtained
after the implementation of delivery systems for antisense
oligonucleotides and antagomirs which can be conjugated
with cholesterol or delivered with lipid nanoparticles and
liposomes to improve intracellular affinity for target-spe-
cific IncRNA.33

Despite the advances in targeting IncRNA in human dis-
eases, it is currently challenging to find a robust strategy
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Figure 4. Synergy assessment through the calculation of combination indexes. (A, B) Histograms depicting raw data of combi-
nation indexes, i.e., the fraction of viable AMO-1, NCI-H929, and MM1.S cells after 4 days of NEAT1 silencing and 3 days of treat-
ment with the indicated concentrations of alisertib (A) or Aurora kinase A inhibitor | (AURKAI-I) (B).

that counteracts their action in RNA-based therapies in
clinical practice. Given the complexity of targeting RNA
molecules, approaches such as the one developed in this
work may be of relevance to identify combinations able
to boost the effect of specific IncRNA antisense oligonu-
cleotides, as well as alternative strategies that mimic the
transcript inhibition. Within this framework, we developed
an integrated computational and functional approach aimed
at identifying drug-based strategies that could potentiate
NEAT1 inhibition in impairing MM growth and survival. Two
separate strategies were employed. The first was based on
the transcriptional alterations induced in MM cells by NEAT1
silencing. The NEAT1 KD-associated gene expression profile
was used to search for compounds that could recapitulate
the NEAT1 KD transcriptional phenotype, by employing a
computational strategy. The second was based on functional

high-throughput screening of over 300 small compounds,
searching for molecules that could amplify the cytostatic
effect of NEAT1 KD on MM cell growth. Both these very
different approaches converged on identifying, for the first
time, AURKA inhibitors as a promising cooperating agent
for NEAT1 inhibition. AURKA has already been implicated
in the progression of MM by regulating the activation of
autophagy, which represents one of the main causes of
drug resistance in MM.***" Indeed, AURKA inhibitors were
tested in clinical trials in combination with bortezomib in
relapsed MM, confirming that targeting AURKA can poten-
tially overcome the issue of therapy resistance, likely by
restraining the activation of autophagy when the protea-
some is impaired.?®

AURKA is a central serine/threonine kinase for regulating the
cell cycle and promoting mitosis, participating in the correct
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Figure 5. AURKA inhibition increases the cytostatic effect of NEAT1 inhibition in multiple myeloma over time. (A-C) By live cell
imaging analysis, the proliferation rate was measured relative to T=0 h, in AMO-1 (A), NCI-H929 (B), and MM1.S (C) multiple my-
eloma cell lines with Incucyte S3 Live Cell Analysis (Sartorius). NEAT1 expression in the AMO-1, NCI-H929 and MM1.S cells was
silenced with different concentrations of GapmeR and then the cells were treated with an inhibitory concentration (IC,.) of ali-
sertib or Aurora kinase A inhibitor | (AURKAI-I). Values are represented as the ratio between the treated sample over the vehicle.
The graph shows the mean * standard error of the mean of two independent experiments. Statistical significance was determined
with the Student t test, *P<0.05, *P<0.01, **P<0.001.
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Figure 6. NEAT1 transactivation determines increased resistance to AURKA inhibitors. (A, B) Half maximal inhibitory concentration
(IC,,) curves of aisertib and Aurora kinase A inhibitor | (AURKAI-I) in AMO-1 SAM cell lines. The IC, value was calculated at 72
hours of treatment using Compusyn software. The fraction of alive cells (%) is provided on the vertical axis and the log (concen-
tration) [uM] of alisertib (A) and AURKAI-I (B) on the horizontal axis. (C) Histograms showing the biological effects obtained in
AMO-1 SCR and AMO-1 N#8 SAM cells treated with alisertib and AURKAI-I. Values are represented as the ratio between the treat-
ed samples over the vehicle. The graph shows the mean * standard error of the mean of two independent biological replicates.
Statistical significance was determined with the Student t test, "P<0.05, *P<0.01, **P<0.001.

maintenance of genome information. In mitotic cells, phos-
phorylation at Tyr288 promotes the activity of AURKA, which
localizes at centrosomes to control their maturation and at
the mitotic spindle to modulate microtubule dynamics and
chromosome segregation.® The full activation of AURKA re-
quires interaction with allosteric regulators, which favors its
proper activity during mitosis.***° Due to its central role in
cell cycle regulation, AURKA is considered as a pan-essen-
tial gene for cancer cells that need to maintain high-speed

cell proliferation.* For this reason, several AURKA inhibitors
have been developed and used in different clinical settings.
In our drug screening, four different compounds (over 20%
of all drugs identified) targeting this protein were identi-
fied. Of these, we fully validated two distinct compounds,
alisertib and AURKAI-I, using three different cell lines. Both
drugs target the active loop of AURKA, in proximity of Tyr288,
blocking its catalytic activity. When administered to MM cells,
both drugs resulted in a relevant inhibition of cell growth,
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Figure 7. NEAT1 is involved in mitotic spindle dynamics by controlling AURKA activity through TPX2 transcriptional modulation.
(A) Representative images of metaphase spindles. AMO-1 and NCI-H929 cells were treated with vehicle, gNEAT1, alisertib, or al-
isertib + gNEAT1. a-Tubulin was stained in green and DAPI was used to stain cell nuclei. Scale bar 20 um. (B) Bar plots represent-
ing the percentages of mitotic cells with defective spindles in AMO-1 and NCI-H929 cells treated with vehicle, gNEAT1, alisertib,
or alisertib + gNEAT1. (C) Dot plot of the top ten significantly down-regulated biological processes (false discovery rate <0.05)
obtained in AMO-1 NEAT1 knockdown cells. (D) STRING node depicting functional and physical protein-protein interactions among
the down-regulated genes related to mitotic spindle and microtubule organization in AMO-1 NEAT1 knockdown cells. (E) Quan-
titative real-time polymerase chain reaction of TPX2 in AMO-1 and NCI-H929 cells silenced for NEAT1 expression (gNEAT1) and in
the relative control condition (gSCR), after GapmeR delivery and western blot analysis of TPX2 protein in AMO-1 and NCI-H929
cells silenced for NEAT1 expression (gNEAT1) and in the relative control condition (gSCR), after GapmeR delivery (N=3). (F) Quan-
titative real-time polymerase chain reaction of TPX2 in AMO-1 SAM gSCR and AMO-1 SAM gN#8 cells and western blot analysis
of TPX2 protein in AMO-1 SAM gSCR and AMO-1 SAM gN#8 cells (N=2).

independently of the MM cellular model used. These effects
were maximized upon NEAT1 silencing. Indeed, combination
of NEAT1 KD and AURKA inhibition in all three models showed
the strongest impairment of cell proliferation, supporting
and further validating the synergistic action of these agents.
Conversely, we also demonstrated that overexpression of
NEAT1 reduces the inhibitory effect of AURKA inhibitors on
cell proliferation, confirming the potential interplay between
the mitotic kinase and this IncRNA.

Searching for the molecular basis of this cooperation, we
observed that NEAT1 KD deregulated a large set of genes
involved in cytoskeleton organization and microtubular as-
sembly during mitosis. Notably, when we looked at the mor-
phology of MM cells under treatment, we observed that the
combination of AURKA inhibitors and NEAT1 KD led to severe
cytoskeleton abnormalities with the appearance of monop-
olar and multipolar spindles, abnormal mitotic structure,
and incomplete cytokinesis. Consistent with this, among the
genes that were significantly altered upon NEAT1 silencing in
MM cells, we observed several genes that partake in these
functions and that affect AURKA function directly or indirectly.
Of particular interest, we identified TPX2 as a NEAT1 target in
MM. This gene encodes a microtubule-associated protein that
co-localizes at the spindle level during the M-phase. TPX2
acts as an allosteric regulator of AURKA helping its correct
positioning at the mitotic spindle and promoting the active
conformational state of the protein.?“24 Downregulation of
this mediator, as the consequence of NEAT1 silencing, could
further compromise AURKA activity supporting the effect of
the drugs. Indeed, it has already been shown that alisertib
also destabilizes the binding selectivity of TPX2 for AURKA.**
Even if preliminary and requiring further investigation, this
evidence points to a new potential nuclear function of NEAT1
in controlling the cytoskeleton dynamics associated with cell
division. A potential involvement of NEAT1 in cytoskeleton
dynamics was previously suggested in the context of Alzhei-
mer disease, in which this IncRNA was shown to modulate
microtubule polymerization in vitro and in vivo. Specifically,
NEAT1 KD mediates the depolymerization of microtubules
by regulating the FZD3/GSK3B/p-tau pathway, thus exerting
a relevant role in the etiology of the disease.*® Furthermore,
in hepatocellular carcinoma reactive oxygen species-stress
induction promotes nuclear paraspeckle disassembly and

NEAT1 translocation to the cytosol, where it interacts with
the kinesin KIF11 enhancing protein degradation and thus
contributing to defective spindle formation.*® Since AURKA is
the master regulator of the structural apparatus of mitosis,
the observation that NEAT1 controls the cytoskeleton during
cell division offers a potential readout of the synergistic ef-
fects that we observed by inhibiting both and highlights the
existence of a functional interplay between them. However,
we cannot exclude that the interaction between these two
molecules can occur also at different levels. In particular,
the functions of NEAT1 of maintaining genomic stability and
orchestrating the DNA damage response could be relevant.
Indeed, it has been reported that AURKA inhibition, in ovarian
cancer models, unbalances the DNA damage repair system
towards the non-homologous end-joining error-prone path-
way by DNA-PKC activity. In the meantime, AURKA inhibi-
tion impairs the mechanism of homologous recombination,
through the downregulation of PARP, mimicking a BRCA-ness
condition.*’

In line with a previous report, we confirmed that AURKA
is an unfavorable prognostic factor for MM patients, being
negatively associated with overall survival and progres-
sion-free survival.*® Conversely, NEAT1 alone, as previously
described, has limited impact on disease progression and
patients’ prognosis™ However, based on the CoMMpass
dataset, MM patients who have high levels of both AURKA
and NEAT1 have the worst outcome, compared with other
categories, suggesting that high expression of NEAT1 worsens
the prognostic effect of AURKA expression on MM patients.
Although this is not direct proof, this observation strongly
supports the hypothesis that NEAT1 and AURKA functionally
interact in supporting MM growth and progression, and that
combinatorial approaches to target both may represent an
effective strategy and a new opportunity in the treatment
of MM patients.
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