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LYMPHOID NEOPLASIA
An unbiased lncRNA dropout CRISPR-Cas9 screen
reveals RP11-350G8.5 as a novel therapeutic target for
multiple myeloma
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Francesco Conforti,5 Raffaele Graziano,3 Diego Brancaccio,3 Daniele Caracciolo,1 Stefano Alcaro,4,6 Bruno Pagano,3 Antonio Randazzo,3

Pierosandro Tagliaferri,1 Francesco Iorio,2,7,* and Pierfrancesco Tassone1,8,*

1Department of Experimental and Clinical Medicine, Magna Græcia University, Catanzaro, Italy; 2Computational Biology Research Centre, Human Technopole,
Milan, Italy; 3Department of Pharmacy, University of Naples Federico II, Naples, Italy; 4Net4Science srl, Magna Græcia University, Catanzaro, Italy; 5Pathology
Unit, Annunziata Hospital, Cosenza, Italy; 6Department of Health Sciences, Magna Græcia University, Catanzaro, Italy; 7Cancer Dependency Map Analytics,
Wellcome Sanger Institute, Genome Campus, Hinxton, Cambridge, United Kingdom; and 8Sbarro Health Research Organization, College of Science and
Technology, Temple University, Philadelphia, PA
ions.org/blood/article-pdf/144/16/1705/2247176/blood_bld-2023-021991
KEY PO INT S

•We unveiled 8 lncRNAs
essential for multiple
myeloma (MM) cell
fitness and associated
with poor prognosis
and high expression in
patients with MM.

•We identified lncRNA
RP11-350G8.5 as a
therapeutic target for
MM and characterized
its oncogenic role and
molecular and
structural features.
-m
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Multiple myeloma (MM) is an incurable malignancy characterized by altered expression of
coding and noncoding genes promoting tumor growth and drug resistance. Although the
crucial role of long noncoding RNAs (lncRNAs) in MM is clearly established, the function of
the noncoding RNAome, which might allow the design of novel therapeutics, is largely
unknown. We performed an unbiased CRISPR-Cas9 loss-of-function screen of 671 lncRNAs
in MM cells and their bortezomib (BZB)–resistant derivative. To rank functionally and
clinically relevant candidates, we designed and used a bioinformatic prioritization pipeline
combining functional data from cellular screens with prognostic and transcriptional data
from patients with MM. With this approach, we unveiled and prioritized 8 onco-lncRNAs
essential for MM cell fitness, associated with high expression and poor prognosis in
patients with MM. The previously uncharacterized RP11-350G8.5 emerged as the most
promising target, irrespective of BZB resistance. We (1) demonstrated the anti-tumoral
effect obtained by RP11-350G8.5 inhibition in vitro and in vivo; (2) highlighted a modu-
lation of the unfolded protein response and the induction of immunogenic cell death
triggered by the RP11-350G8.5 knockout, via RNA sequencing and molecular studies;
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(3) characterized its cytoplasmic homing through RNA fluorescence in situ hybridization; and (4) predicted its
2-dimensional structure and identified 2 G-quadruplex and 3 hairpin-forming regions by biophysical assays, including
thioflavin T, 1H nuclear magnetic resonance, and circular dichroism, to pave the way to the development of novel
targeted therapeutics. Overall, we provided innovative insights about unexplored lncRNAs in MM and identified
RP11-350G8.5 as an oncogenic target for treatment-naïve and BZB-resistant patients with MM.
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Introduction

Multiple myeloma (MM) is a hematological malignancy char-
acterized by multistep transformations of plasma cells in the
bone marrow and multiorgan end damage. The first-in-class
proteasome inhibitor bortezomib (BZB) is the leading drug in
clinical regimens; however, MM remains an incurable disease
because of the emergence of drug resistance.1

The dissection of MM molecular landscape has highlighted
aberrations of noncoding genes responsible for MM oncogen-
esis and drug responsiveness.2-4 Long noncoding RNAs
(lncRNAs), including transcripts of >200 nucleotides, have
recently emerged as cancer drivers5 and regulators of gene
expression at genomic, transcriptional, and posttranscriptional
levels.6,7 Therapeutic targeting of aberrant lncRNAs8-10 repre-
sents a challenging yet intriguing research avenue because of a
potentially reduced toxicity compared with mRNA targeting
and enhanced selectivity vs miRNA targeting.8 However,
although the relevance of lncRNAs in MM is established, the
functional role of most of the noncoding RNAome in this dis-
ease remains poorly understood.4

We investigated 671 lncRNAs in MM in vitro models through
pooled CRISPR-Cas9 screens,11 which represents the last rev-
olution in genome editing approaches for resolution and
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scale,12 allowing us to investigate cellular growth–dependency
from different genes simultaneously13 and the identification of
novel tumor-specific vulnerabilities.11,14-16

Combining screening results with prognostic and gene
expression data from patients with MM, we identified novel
lncRNA dependencies that could be relevant from a therapeutic
target development point of view.

Materials and methods
Cell cultures and viral transduction
Cells were cultured following vendor’s instructions. Details are
in the supplemental Materials and methods (available on the
Blood website). Monocyte-derived dendritic cells were
generated as previously described.17 Amplification of lentiviral
plasmids (supplemental Table 1), virus production, and trans-
duction are detailed in the supplemental Materials and
methods.

CRISPR screen and bioinformatic analyses
Cas9 activity was assessed as previously described15

(supplemental Figure 1; supplemental Table 1). The human
paired-guide RNA (pgRNA) library pool (supplemental Figure 2)
(Addgene number 89640)11 was used to perform the CRISPR-
Cas9 screens (supplemental Materials and methods;
supplemental Figures 2, 3, and 4). Resulting data were analyzed
with MAGeCK18 (supplemental Figure 5). Bioinformatics and
statistical analyses are detailed in the supplemental Materials
and methods.

PCRs and Sanger sequencing
Quantitative real-time polymerase chain reaction (qRT-PCR) was
performed using the probes indicated in supplemental Table 2.
Genomic PCRs were performed with primers listed in
supplemental Table 3. Sanger sequencing was performed by
Eurofins Genomics Company (Ebersberg, Germany). Details are
in the supplemental Materials and methods.

Cell viability, clonogenic and apoptosis assays, and
siRNA silencing
Cell viability assay was performed by using CellTiter Glo assay
(Promega) following manufacturer’s instructions. Clonogenic
assay was performed as in the supplemental Materials and
methods. Apoptosis was assessed through annexin V/7-ami-
noactinomycin D (7AAD) staining (BD). A total of 100 nM of
Silencer Select siRNAs against RP11-350G8.5 or negative con-
trol (Thermo Fisher Scientific) was delivered in cells via
electroporation.

Flow cytometric analyses
All flow cytometric analyses were performed via Attune NxT
Flow Cytometer (Thermo Fisher Scientific). Indirect staining of
membrane expression of interleukin 6 receptor (IL-6R) or cal-
reticulin (CRT) was performed as previously described,17 using
1 μg/mL of anti–IL-6R (562090; BD), or anti-CRT (ab2907;
Abcam, United Kingdom).

RNA-FISH
RNA fluorescence in situ hybridization (FISH) was performed
through Stellaris RNA FISH Probes (Biosearch Technologies,
1706 17 OCTOBER 2024 | VOLUME 144, NUMBER 16
United Kingdom). Details about RNA-FISH and colocalization
immunofluorescence (IF) are reported in the supplemental
Materials and methods.

RNA sequencing, western blot, and phagocytosis
assay
RNA sequencing was performed by Eurofins Genomics,
according to their INVIEW Transcriptome Discover Protocol.
Details are in the supplemental Materials and methods. West-
ern blot (WB) analysis was performed as previously reported3 by
using the antibodies listed in supplemental Table 4. Phagocy-
tosis was assessed as previously reported17 and described in
the supplemental Materials and methods.

In vivo experiments
In vivo experiments were conducted as in the supplemental
Materials and methods. Tumor volume and imaging were
acquired as previously reported via digital caliper and IVIS
system (Perkin Elmer).19 Histologic analyses were conducted as
in the supplemental Materials and methods.

Biophysical assays
RP11-350G8.5 secondary structure was generated by RNA-
fold.20 Putative quadruplex-forming G-rich sequences (QGRS)
were predicted by QGRS Mapper.21 RNA sequences (proven to
be >98% pure by nuclear magnetic resonance [NMR])
(supplemental Figure 20A-E), listed in the supplemental Mate-
rials and methods, were synthesized as previously reported.22

Thioflavin T assay,23 nuclear magnetic resonance,24 and circu-
lar dichroism25 spectroscopies were used. Antisense oligonu-
cleotides (ASOs), listed in supplemental Table 5, were delivered
in cells via electroporation. Details are in the supplemental
Materials and methods.

Results
lncRNA dropout CRISPR-Cas9 screen of MM cell
lines
We performed a recessive pooled CRISPR-Cas9 screen of 671
lncRNAs (Figure 1A; supplemental Materials and methods),
using a previously validated third-generation lentiviral CRISPR-
Cas9 library, the Zhu library,11 on the MM cell line AMO-1
and its derivative BZB-resistant subclone (ABZB; Figure 1B).
Thirty days after library transduction we tracked through next-
generation sequencing the pgRNA cassettes integrated in
DNA of surviving cells, thus quantifying cell-growth depen-
dency on the targeted lncRNAs based on overrepresentation/
underrepresentation with respect to initial amounts.

AMO-1 and ABZB screens’ quality was within expected ranges
for screens performed with the Zhu library or other previously
published screens11 (supplemental Materials and methods;
supplemental Figure 6A-C).

lncRNA-targeting pgRNAs exhibited wide ranges of depletion
log fold changes (FCs) compared with nontargeting guides and
control essential genes (Figure 1C). Excluding ribosomal protein
genes and other controls in the CRISPR library, we identified 42
non–protein-coding loci significantly reducing cell growth or
inducing death in MM cells on CRISPR-Cas9 targeting (14 in
AMO-1 and 37 in ABZB) at a MAGeCK18 false discovery rate
GRILLONE et al
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Figure 1. lncRNA dropout CRISPR-Cas9 screen in MM cell lines. (A) Schematic representation of the CRISPR screening pipeline. (B) Spearman’s correlation between pgRNA
read count profiles (from DNA collected 30 days after transduction and selection of the library) across screen replicates = 0.85 and 0.88, respectively, for AMO-1 and ABZB,
with color bars on top/left indicating cluster membership obtained via hierarchical clustering (complete distance method). (C) Representation of pgRNA abundance log fold
changes (logFCs) in DNA collected 30 days after library transduction and selection vs plasmidic amounts for 3 groups of pgRNAs: nontargeting (negative controls [median
logFC = 0.27 and 0.35, respectively, for AMO-1 and ABZB]), targeting ribosomal protein genes (control essential genes, median logFC = −0.68 and −0.43, with a logFC ≤−0.5,
corresponding to a MAGeCK FDR ≤20%), and lncRNAs, across the 2 screens. Each point represents 1 of the 12 472 pgRNAs in the library with coordinates on the y-axis
indicating the median logFC across screen replicates. (D) Gene-wise MAGeCK robust rank aggregation (RRA) scores for significant dependencies identified in the 2 screens at
an FDR ≤20%. Top essential control genes, dependencies that are private to each cell line and shared across them (as per the color scheme) are highligted. (E) Number of
significantly essential lncRNAs (at an FDR ≤20%) in the 2 screened cell lines and their overlap. MOI, multiplicity of infection.
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(FDR) ≤20% (supplemental Table 6; Figure 1D; supplemental
Materials and methods). Of these, 9 dependencies were in
common across the 2 cell lines (Figure 1E) and tended to be
more significantly essential than the 33 dependencies exclusive
to only 1 cell line (Student t test P = .006 and .001, respectively,
for ABZB and AMO-1; supplemental Figure 6D). This supports
the MM specificity and genomic-context independence of
these hits. Only 4% of the depleted hits in at least 1 of the
screened cell lines was previously associated with cancer
(supplemental Table 7), according to the CRlncRNA database,26

with most of them being functionally uncharacterized.

Prioritization of oncogenic lncRNA candidates
To prioritize candidate lncRNAs emerging from the CRISPR-
Cas9 screen based on their putative oncogenic potential,
RP11-350G8.5 AS A NEW TARGET FOR MULTIPLE MYELOMA
we designed and used a computational pipeline combining
screening results with prognostic and gene expression
data from patients with MM, similar to our previous approach14

(supplemental Materials and methods; Figure 2A; supplemental
Tables 8-10).

First, we identified lncRNAs significantly affecting MM cellular
fitness upon CRISPR-Cas9 targeting using MAGeCK18 (supple-
mental Materials and methods). We filtered out control essential
genes and nontargeting pgRNAs alongside lncRNAs not
showing a significant effect on fitness on CRISPR targeting
(MAGeCK FDR >20%) in any of the screened cell lines. Next, we
selected lncRNAs whose basal expression in 768 patients with
MM, annotated on the coMMpass data set27 for overall survival
(OS) and progression-free survival, showed significant prognostic
17 OCTOBER 2024 | VOLUME 144, NUMBER 16 1707
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power (Cox proportional-hazards regression P < .05) (Figure 2C;
supplemental Table 8). Moreover, we considered lncRNAs that
were significantly overexpressed in 768 patients with MM pro-
filed through RNA sequencing (RNA-seq) on coMMpass,27 in
contrast to 120 normal tissues, 4 bone marrow normal plasma
cells profiled on The Cancer Genome Atlas,28 and 14 healthy
plasma cell samples from published studies (supplemental
Materials and methods; Figure 2D). We filtered out lncRNAs
down-regulated in patients with MM. With this approach, we
prioritized 8 uncharacterized lncRNAs as putatively oncogenic
and potential therapeutic targets for MM (supplemental Mate-
rials and methods; Figure 2E; supplemental Table 9).

Selection of high-priority oncogenic lncRNA
candidates
Among the 8 prioritized lncRNAs essential for AMO-1 and/or
ABZB cell fitness, the previously uncharacterized RP11-350G8.5
(ENST00000424435, alias IL6R-AS1), emerged as top-priority
hit (supplemental Table 9). The high priority score of RP11-
350G8.5 was due to its significant strong essentiality in both
AMO-1 and ABZB (Figure 1D) (depletion logFC = −1.53
and −2.02, MAGeCK FDR = 6.5 × 10−4 and 2.6 × 10−4;
Figure 2B), significant association with poor prognosis in
patients with MM (OS Cox proportional-hazards regression
P = .008; Figure 2C), and upregulation in patients with MM
compared with normal tissues (FDR = 5.46 × 10−9; Figure 2D).

Comparing expression levels of RP11-350G8.5 and its antisense
gene (IL-6R) in baseline or BZB-treated patients (Figure 2F) did
not provide evidence of a possible negative regulation of the
oncogenic IL-6R that can be ascribed to RP11-350G8.5,
regardless of drug response. In addition, because IL-6R is not
essential in AMO-1 (as per Project Score data29; supplemental
Table 11; supplemental Figure 6E), the detrimental effect on
cellular fitness exerted by CRISPR-Cas9 targeting of RP11-
350G8.5 does not involve the modulation of its antisense gene.

To validate the sensitivity of our prioritization scheme con-
cerning milder hits (Figure 2E), we selected the ABZB-exclusive
dependency LINC00467 (ENST00000423222). LINC00467 had
a lower priority score but was among the top significantly
depleted lncRNAs yielded by a direct MAGeCK comparison of
ABZB vs AMO-1 pgRNA abundance after library transduction/
selection and cells’ expansion (supplemental Table 6;
supplemental Figure 6F). Furthermore, it was one of the
lncRNAs with the highest positive differential expression in
patients with MM vs normal plasma cells (logFC = 2.46;
FDR = 5.93 × 10−7) (supplemental Table 9), or other normal
tissues (logFC = 0.64; FDR = 1.16 × 10−12) (supplemental
Figure 7A), and showed predictive prognostic ability of the
OS of patients with MMD (P = 3.05 × 10−2; supplemental
Figure 2 (continued) with MM (from the MMRF/coMMpass study). Reported P values are
test performed across a partition induced by the best discriminating patient-percentile t
which was determined in a supervised manner, for visualization purposes. (D) Basal expre
bone marrow, and plasma cells. In the prioritization pipeline, DE is computed via a ge
performed across groups and resulting P values are reported. (E) High-priority oncoge
coordinates on the 2 axes indicating, respectively, best scaled -log transformed P values
priority scores (y-axis). Shapes indicate the cell line in which the lncRNAs were found sig
best P value from OS/PSF based on the lncRNA expression observed in patients with MM
gene (IL-6R) showing only a mild significant positive correlation between sense and antise
on the basis of their response to bortezomib treatment.

RP11-350G8.5 AS A NEW TARGET FOR MULTIPLE MYELOMA
Figure 7B). Interestingly, by mining publicly available in vitro
drug response data30 paired with the basal expression profiles
of the screened cell lines,31 we observed a significant effect size
association (Cohen D = 0.88; Student t test P < .15; supple-
mental Materials and methods) between increased expression
of LINC00467 and reduced sensitivity to bortezomib, but not to
other drugs affecting protein stability and degradation
(supplemental Figure 7C-D).

LINC00467 has been described as onco-lncRNA for several
cancers,32 but to our knowledge, we report the first evidence of
its oncogenic potential in BZB-resistant MM.

RP11-350G8.5 and LINC00467 expression
assessment
Consistent with our analysis of RNA-seq data from the coMM-
pass data set, we observed through quantitative real time PCR
that RP11-350G8.5 and LINC00467 are overexpressed in both
ABZB and AMO-1 cell lines compared with peripheral blood
mononuclear cells from healthy donors (Figure 3A). In addition,
RP11-350G8.5 showed a lower basal expression compared with
LINC00467 in cells, as well as patients with MM (supplemental
Table 9). In agreement with our CRISPR screen results, the
significant LINC00467 overexpression in ABZB compared with
AMO-1 (Figure 3A) suggests a potential driving role of this
lncRNA in BZB-resistant cells only. Although warranting addi-
tional study, if further demonstrated, this finding will pave the
way to multiple approaches to tackling BZB resistance in MM.

Confirmation of RP11-350G8.5 and LINC00467
essentiality in MM cells
We induced a selective knockout (KO) of RP11-350G8.5 and
LINC00467 in the AMO-1 and ABZB Cas9-expressing cells via a
CRISPR–green fluorescent protein (GFP) lentiviral vector
encoding for the most efficient and selective pgRNAs among
those included in the Zhu library (Figure 2B; supplemental
Figure 8A-C). A CRISPR-GFP vector encoding for a non-
targeting pgRNA was used as negative control (SCRAMBLE).
After verifying the genomic cutting at the desired regions via
Sanger sequencing (Figure 3B), by monitoring GFP expression
over time via flow cytometry, we observed a selective reduction
of GFP+ cells only when using the targeting pgRNAs
(Figure 3C). Consistent with the pooled CRISPR screen results
and prioritization score, we observed a strong reduction of the
population of KO-GFP+ cells (Figure 3C), 3-dimensional (3D)
colony formation (Figure 3D-E) of RP11-350G8.5 KO in both cell
lines, and a moderate effect of LINC00467 KO in ABZB cells
only. Moreover, we observed a significant increase of sensitivity
to BZB treatment in AMO-1 following the KO of both lncRNAs
(Figure 3F).
from a Cox proportional hazards regression model and from a Kaplan-Meier log-rank
hreshold of RP11-350G8.5 expression (40% and 31%, respectively, for OS and PFS),
ssion comparison for RP11-350G8.5 across patients with MM, normal tissues, healthy
neralized linear model. Here, for visualization purposes, a Student t test has been
nic lncRNAs outputted by the prioritization pipeline. Each point is an lncRNA with
from 2 DE analyses comparing patients with MM with normal samples (x-axis), and
nificantly essential, according to the screen; color intensities are proportional to the
. (F) Comparison of basal expression of RP11-350G8.5 (IL-6R-AS1) and its antisense
nse genes in each group of patients across groups of patients with MM segmented

17 OCTOBER 2024 | VOLUME 144, NUMBER 16 1709



B

LINC00467

SC
R

K
O

1 
K

b

250

500
750

1000
1500
2000
2500

10000

bp SC
R

K
O

1 
K

b

250

500
750

1000
1500
2000
2500

10000

RP11-350G8.5

bp

SCRFw

Fw

Rev

Rev

gRNA #1A gRNA #1B

KO

Forward sequence

SCRAMBLE

KO

SCRAMBLE

KO

gRNA #1A
binding site

gRNA #1A
binding site

gRNA #1B
binding site

Reverse sequence

gRNA #1B
binding site

LI
N

C
00

46
7

R
P

11
-3

50
G

8.
5

A

40

30

20

10
10

5

0

LINC00467

Re
la

tiv
e 

ex
pr

es
sio

n 
le

ve
l 

RP11-350G8.5

***

**

**

***

ABZB

AMO-1

PBMC

C

GFP (BL1-A)

Pe
rc

en
t o

f M
ax

100

75

50

25

0

100 101 102 103 104 105 106

SCRAMBLE
100

75

50

25

0

100 101 102 103 104 105 106

100

75

50

25

0

100 101 102 103 104 105 106

LINC00467
KO

100

75

50

25

0

100 101 102 103 104 105 106

A
B

ZB

100

75

50

25

0

100 101 102 103 104 105 106

RP11-350G8.5
KO

A
M

O
-1

100

75

50

25

0

100 101 102 103 104 105 106

D

AMO-1 ABZB

R
P

11-350G
8.5 K

O
LIN

C
00467 K

O
SC

R
A

M
B

LE

50

40

30

20

10

0

Nu
m

be
r o

f c
ol

on
ie

s

AMO-1

SC
RAM

BLE

LIN
C00

46
7 

KO

RP11
-3

50
G8.

5 
KO

**

***

50

40

30

20

10

0Nu
m

be
r o

f c
ol

on
ie

s

ABZB

SC
RAM

BLE

LIN
C00

46
7 

KO

RP11
-3

50
G8.

5 
KO

**

**

F

E

120

100

80

60

40

20

0

DMSO 1 2,5 7,5 105

Ce
ll 

via
bi

lit
y (

%
)

Bortezomib (nM)

**

ABZB

AMO-1

SCRAMBLE

RP11-350G8.5 KO

LINC00467 KO
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genomic PCR products before and after KO of LINC00467 and RP11-350G8.5 in AMO-1 cells, visualized on 1.5% agarose gels. On the right: Sanger sequence of the amplicons
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Characterization of RP11-350G8.5 as a new target
for MM
After confirming the target-dependent reduction of cell viability
on AMO-1 and ABZB using custom-designed pgRNAs, not
included in the library, for both LINC00467 and RP11-350G8.5
(Figure 4A; supplemental Figure 9A-F), we sought to function-
ally characterize the top-priority oncogenic lncRNA candidate
RP11-350G8.5. Before this, we validated the biological effect of
a siRNA targeting RP11-350G8.5. Consistent with our CRISPR
data, we observed an ~60% reduced cell viability and a 2-fold
increase in apoptosis in AMO-1 and ABZB cells compared
with controls (supplemental Figure 9G). Further validation
comparing the effects of RP11-350G8.5 depletion with a ribo-
somal protein gene (RPL8) KO showed similar viability reduction
(Figure 4A; supplemental Figures 10 and 11), indicating RP11-
350G8.5’s essential role in MM cell survival. Moreover, cocul-
ture experiments revealed that the loss of RP11-350G8.5
increased apoptotic MM cells even in presence of protective
human-derived bone marrow stromal cells (supplemental
Figure 12).

Additionally, we confirmed the selectivity of the pgRNAs used
by assessing the RNA level of IL-6R, following RP11-350G8.5
KO (Figure 4B). This was expected as the pgRNA binding sites
are not overlapping with the coding sequence of IL-6R
(supplemental Figure 13). Furthermore, in the context of
RP11-350G8.5 overexpression (UP), we found no significant
alteration in the IL-6R transcript. This confirmation underscores
that the expression of IL-6R is independent from its antisense
lncRNA (Figure 4B).

Next, we extended our validation to other in vitro models: the
MM cell lines JJN.3 and NCI-H929 and the nontumor cell line
with stromal origin HS5 (supplemental Figure 14A-B), observing
a strong and moderate detrimental effect on viability for RP11-
350G8.5 KO JJN.3 and NCI-H929, respectively (Figure 4C;
supplemental Figure 14C), and no reduction of viability in HS5,
which was nevertheless sensitive to the KO of RPL8 (Figure 4D).
The strong sensitivity to RP11-350G8.5 KO of JJN.3 was also
reflected in the impairment of clonogenic potential
(supplemental Figure 14D). Taken together, these results
confirmed the model unspecificity of RP11-350G8.5 essentiality
and its tumor-cell selectivity. Because the biological effect
triggered by the RP11-350G8.5 KO was not pgRNA specific,
and the 2 pgRNAs had a similar on-target efficiency and effect
on cell viability (Figure 4A-B; supplemental Figure 15A-C), and
BZB sensitization (Figure 3E; supplemental Figure 15D), we
used only 1 pgRNA (number 1) for further investigations.

Moreover, because the intracellular localization of lncRNAs
provides an effective means to unveil their functions,6,33,34 we
determined the subcellular homing of RP11-350G8.5, which we
Figure 3 (continued) encompassing the CRISPR-targeted region. Blue rectangles highlig
KO reported above the gel picture (on the left). (C) Representative image of flow cytomet
vector (dark gray) or LINC00467/KO-GFP-CRISPR vector (light blue) or RP11-350G8.5/KO-
at day 0 (48 hours after lentiviral transduction) with overlapping colored curves at day 20.
days after plating, were generated using EVOS XL-Core microscope (Invitrogen by The
Dose-response curves 24 hours after treatment with bortezomib (1-10 nM). Percentage of
(vehicle) for each experimental condition. Statistical differences were assessed across al

RP11-350G8.5 AS A NEW TARGET FOR MULTIPLE MYELOMA
found slightly expressed compared with the housekeeping
GAPDH (Figure 4E, left panel) and localized in the cytoplasm
(Figure 4E).

On the other hand, following the overexpression of RP11-
350G8.5 on AMO-1 and ABZB through a lentiviral-GFP vec-
tor, we observed a moderate increase in colony formation
(supplemental Figure 16A), a positive shift in GFP median
fluorescent intensity 4 days after transduction (supplemental
Figure 16B) in both cellular models, and a decrease in BZB-
treatment sensitivity in AMO-1 (Figure 4F).

Finally, we initiated an investigation of the effect of RP11-
350G8.5 loss on tumor growth in vivo. We observed a signifi-
cant impairment of tumor growth in ABZB RP11-350G8.5 KO on
a limited population of xenografted mice (n = 2 per group;
Figure 4G) with a significant reduction of the tumor volume
(Figure 4H-I) and of the weights of the retrieved tumor masses
(Figure 4J) over time, compared with xenografted mice injected
with SCRAMBLE vectors. Although these results are highly
suggestive, the expiration of the funded project time frame
after manuscript submission did not allow a further investigation
in a larger cohort of mice. Therefore, the conclusion from our
in vivo preliminary study is tentative until more animals can be
investigated to confirm the critical role of RP11-350G8.5 in MM
in vivo.

Molecular and functional characterization of RP11-
350G8.5 KO in MM cells
To reveal the molecular changes triggered by RP11-350G8.5
KO, we profiled ABZB SCRAMBLE and KO cells via RNA-seq.
Differential expression analysis across the 2 conditions
revealed 815 upregulated genes (FC >1.5 and FDR <5%) and
511 downregulated genes (FC <−1.5 and FDR <5%) (Figure 5A;
supplemental Figure 17; supplemental Table 12). A DoRothEA
analysis35 highlighted a strong modulation of the regulatory
activity of transcription factors downstream of key cancer
pathways (Figure 5B).

Moreover, a gene ontology enrichment analysis revealed an
expected overactivation of pathways involved in nucleotide-
excision DNA repair/gap-filling system (Fisher exact test
[FET] adjusted P = 8.8 × 10−16) and DNA strand elongation/
replication (FET P = 1.34 × 10−10) that occur to repair the
double-strand break induced by the RNA-guided CRISPR-Cas9
cutting (Figure 5C). Interestingly, when looking at down-
regulated genes, we found significant enrichments of the
endoplasmic reticulum (ER) unfolded protein response (UPR)
system (FET P = 3.00 × 10−4; Figure 5D), widely considered as
an actionable therapeutic target for MM and known to be
involved in mechanisms of resistance to proteasome inhibitors,
including BZB.36,37 Reactome Pathway Enrichment and Kyoto
ht pgRNA binding sites, whereas colored lines refer to the schematic picture of the
ric monitoring of AMO-1 and ABZB cells transduced with a SCRAMBLE-GFP-CRISPR
GFP-CRISPR vector (red). Light-gray curves represent the percentage of viable cells
(D) Representative images of colony assay of AMO-1 and ABZB GFP-sorted cells, 15
rmo Fisher) (magnification ×10). (E) Number of colonies in 3 independent wells. (F)
viable cells ± standard deviation are normalized with respect to DMSO-treated cells
l plots via Student t test; *P < .05, **P < .01, and ***P < .001.
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Figure 4. RP11-350G8.5 putative oncogenic role: in vitro validation and preliminary data from in vivo models. (A) Flow cytometric monitoring of GFP expression in
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(blue signal), whereas C3-fluorescein–conjugated GAPDH (green signal) has been used as cytoplasmic marker. Customly designed Stellaris probes targeting RP11-350G8.5
have been conjugated with 5-carboxytetramethylrhodamine (TAMRA) dye (red signal). Representative pictures acquired with a DMI6000-AF6000 Leica (Wetzlar, Germany)
fluorescence microscope at magnification ×63 are reported, followed by specific regions of interest (ROIs), which are represented as enlarged images. (F) Dose-response
curves 24 hours after treatment with bortezomib in AMO-1 cells overexpressing RP11-350G8.5 (1-10 nM). Statistics were analyzed using multiple t-tests (cutoff *P < .05,
**P < .01). (G) In vivo imaging of engrafted ABZB cells. A total of 5 × 106 ABZB cells, which previously underwent highly efficient transduction (multiplicity of infection = 1) of
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Encyclopedia of Genes and Genomes analyses revealed a
perturbed network surrounding PERK, ATF6 and IRE1a (ERN1)
as main regulators (Figures 5E and 6A; supplemental
Figure S18).
RP11-350G8.5 AS A NEW TARGET FOR MULTIPLE MYELOMA
WB data confirmed the ATF6 and IRE1α down-modulation, and
the increase of eIF2α (downstream of PERK kinase) phosphor-
ylated (p) form after KO, and the reverted phenotype, following
overexpression (Figure 6B). Moreover, we observed the
17 OCTOBER 2024 | VOLUME 144, NUMBER 16 1713
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modulation of the same players of the UPR system also in AMO-
1 KO cells (Figure 6C-D). Furthermore, because a Reactome
analysis specifically highlighted a PERK-dependent UPR mod-
ulation (Figure 5E), we focused on PERK status in AMO-1
(Figure 6D) and ABZB (Figure 6E) RP11-350G8.5 KO or BZB
treated cells to investigate the effect of target depletion on BZB
sensitivity. We observed an increase in PERK-phosphorylation
cascade after KO in both cell lines like that observed upon
BZB treatment at 5 nM in AMO-1 cells. This confirmed that the
KO of RP11-350G8.5 in ABZB (cultured in the presence of BZB
10 nM) can restore PERK phosphorylation cascade, which is
reduced in the case of BZB resistance. This activation could
trigger the switch from the adaptive to the terminal UPR,
allowing apoptotic tumor cell death,38 as demonstrated by
observing the increase of cleaved caspase-3 in KO cells
(Figure 6F), and the increase of late apoptotic events, detected
by flow cytometry (Figure 6G).

On the other hand, consistent with previous findings,17,39 we
supposed the PERK-dependent induction of immunogenic cell
death,40 which is triggered by the translocation on tumor cell
surface of the ER marker CRT.39 We validated (1) the over-
expression of CRT following KO via WB (Figure 6F) and (2) the
increase in CRT cell-surface translocation via IF (Figure 6H, left)
and flow cytometry (Figure 6H, right) in KO cells with respect to
SCRAMBLE cells.

After 18 hours of coculture of ABZB SCRAMBLE or KO cells with
monocyte-derived dendritic cells from healthy donors (at a 5:1
effector:target ratio), we demonstrated the increase of engulfed
cells on RP11-350G8.5 depletion, confirmed by both IF and
flow cytometric analysis (Figure 6I; supplemental Figure S19).

Finally, to confirm our in vitro findings, we assessed PERK
phosphorylation level in RP11-350G8.5 KO tumors explanted
from animals observing the expected strong increase, with both
immunohistochemistry and WB analysis (Figure 6J).
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Characterization of RP11-350G8.5 structural
features and selection of G-rich oligonucleotides
in vitro
To structurally characterize RP11-350G8.5, we used the RNA-
fold computational tool20 to predict its 2-dimensional structure,
which showed large regions of folding complexity (Figure 7A).
Moreover, we investigated the structural features of RP11-
350G8.5 sequence available on RNAcentral database41 to
identify functional domains, by focusing on RNA G-quadruplex
(G4) forming-regions, of great relevance for biological and
therapeutic purposes.42 Via QGRS mapper,21 we identified 10
putative G4-forming sequences, each containing 4 repeats of 2
consecutive guanines (supplemental Table 13). We selected
and synthesised the top scoring sequences (named 202, 840,
885, 1051, and 1421, based on their starting position on RP11-
350G8.5 transcript; Table 1) for further experimental charac-
terization in K+-containing buffer43 via thioflavin T (ThT) assay,
NMR, and circular dichroism (CD) spectroscopies.
Figure 5. Differential expression and pathway enrichment analysis of ABZB cell line
significantly differentially expressed genes in RP11-350G8.5 KO vs SCRAMBLE (SCR) are
factors differentially active in RP11-350G8.5 KO vs SCR computed by DoRothEA. (C-D) G
genes. (E) Cnet plot details for the Reactome Pathway Enrichment Analysis of the down

RP11-350G8.5 AS A NEW TARGET FOR MULTIPLE MYELOMA
Biophysical characterization of G-rich
oligonucleotides in vitro
We performed ThT assay to distinguish G4 and non-G4 RNA
structures.23,38 ThT fluorescence intensity (FI) increases signifi-
cantly on specific binding to a G4, whereas it remains weak in
the presence of other RNA forms (Figure 7B). Because G4-
forming sequences lead to FI/FI0 values >40 on average, only
885 and 1051 clearly showed the ability to form it (Figure 7C).

We then recorded 1-dimensional 1H-NMR spectra to assess G4
formation,39 with respect to other nucleic acid conformations,44

such as hairpin structures.45 Direct evidence of G4 formation is
provided by peaks only in the 10.0- to 12.0-ppm spectral region
(Hoogsteen base pairing), as observed for 1051 (Figure 7D).
The 885 also showed signals in that region only, but with broad
and low-intensity resonances (supplemental Figure 21C), sug-
gesting a heterogeneous mixture of G4s, probably including
higher-order G4 species. The spectra of 202, 840, and 1421
suggest that they are more likely to form hairpin structures
(supplemental Figure 21A-B-D).

These results were supported by RNAfold web server analysis20

showing that 1051 has no tendency to form a hairpin, whereas
885 may form a hairpin only poorly favored from a thermody-
namic point of view, suggesting its greater propension for G4
formation (Figure 7E; Table 1). Conversely, the other RNAs
could form hairpin structures with some stability.

Finally, we performed CD experiments to validate the confor-
mational properties of the RNAs according to the band posi-
tivity (supplemental Materials and methods). CD spectra
suggested that all RNA sequences form secondary structures in
solution (Figure 7F). By analyzing the differences at shorter
wavelengths, to discriminate G4 formation from A-type
duplexes (positive and negative bands at 210 nm),25,42 we
confirmed the ability of 1051 and 885 to form a G4s, whereas
the spectra of 202, 840, and 1421 supported the formation of
A-type duplexes rather than G4s (Figure 7F).

Sigmoidal melting curves were obtained by CD melting
experiments (supplemental Figure 21E-I) giving melting tem-
perature values above 50◦C (Table 1), which indicate the for-
mation of stable secondary structures at physiological
temperature. Almost identical heating and cooling curves for
202, 840, 1051, and 1421 imply unimolecular formation: G4 for
1051, hairpin for others. Conversely, 885 showed hysteresis,
suggesting intermolecular G4s or higher-order structures via G4
self-association (supported by ThT and NMR results).
ASO-mediated targeting of RP11-350G8.5
To validate the effect of RP11-350G8.5 loss with an indepen-
dent method, we sought to target it at the transcript level
through antisense oligonucleotides (ASOs), an efficient and
well-established system for targeting lncRNAs,2,46,47 which is
also potentially translatable into clinical practice.48,49 To this
aim, we screened a panel of ASOs binding the sites upstream or
s on RP11-350G8.5 KO. (A) Differential expression analysis: each point is a gene,
highlighted, with top 10 differentially expressed ones in the insets. (B) Transcription
ene Ontology (GO) BP Enrichment Analysis of the upregulated and downregulated
regulated genes.
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Genomes (KEGG) analysis (full image is provided in supplemental Figure 18) of differentially expressed genes in RP11-350G8.5 KO ABZB cells revealing a network of genes
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of immunofluorescent assay show ABZB tumor cells in green and monocyte-derived dendritic cells (MoDCs) in red. After RP11-350G8.5 KO, there is an

1716 17 OCTOBER 2024 | VOLUME 144, NUMBER 16 GRILLONE et al

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/144/16/1705/2247176/blood_bld-2023-021991-m

ain.pdf by Katia G
rillone on 23 O

ctober 2024



DAPI CRT MERGE
RP11-

350G8.5 KO

A
B

ZB
A

B
ZB

 K
O

H

I

H
&

E
p

-P
E

R
K

H
&

E
p

-P
E

R
K

21

p-PERK

-ACTIN

ABZB

SCR1 KO1 SCR2 KO2

p-eIF2 

42

kDa

140

38

RP11-350G8.5 KOSCRAMBLE RP11-350G8.5 KOSCRAMBLEJ
MoDCs + ABZB SCR

MoDCs + ABZB KO

Pe
rc

en
t o

f M
ax

CRT

ABZB

0

100 101 102 103 104 105 106

25

50

75

100

ABZB
SCRAMBLE

CR
T M

FI
 (F

C 
to

sc
ra

m
bl

e)

0.5

1.0

1.5

ABZB SCRAMBLE
ABZB RP11-350G8.5 KO

ABZB RP11-
350G8.5 KO

Figure 6 (continued) evident increase of cancer cells engulfed in MoDCs, as indicated by arrows. (Enlarged images of phagocytosed cells are reported near the pictures with
magnification ×20.) The images were obtained with a DMI6000-AF6000 Leica microscope. A quantification of engulfed cells following KO was provided by a flow cytometric
analysis (supplemental Figure 19). (J) Hematoxylin and eosin (H&E) and p-PERK immunohistochemistry staining of retrieved tumors from animals engrafted with ABZB
SCRAMBLE or ABZB RP11-350G8.5 KO cells revealed the high grade of engrafted tumors, based on histologic evaluation of nuclear atypia, necrosis, and mitotic pattern.
Visualization was performed with a Leica DM 2500 optical microscope (magnification ×20) (upper panel). WB analysis of p-PERK and the downstream effector p-eIF2 α on
whole protein extracted from tumors retrieved from mice 16 days after engraftment (lower panel).

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/144/16/1705/2247176/blood_bld-2023-021991-m

ain.pdf by Katia G
rillone on 23 O

ctober 2024
downstream the 5 RNA sequences in supplemental Table 5 to
hamper the formation of functional pockets by targeting the
adjacent, more accessible, regions and to validate the effect
induced by the loss of RP11-350G8.5 at the transcriptomic
level. Once we verified the ASO uptake efficiency and stability
(supplemental Figure 22A), we observed a significant increase
of apoptosis, detected by annexin V/7AAD staining, 24 and 48
hours after electroporation, mainly induced by the 4 ASOs
targeting RP11-350G8.5 transcript in correspondence of
regions flanking the hairpin-like structure 840 (Figure 7G;
supplemental Figure 22B), and the G-quadruplex forming
structure 1051 (Figure 7G). However, because we observed
variability among the biological replicates, further efforts will be
required to optimize the delivery strategy as well as the
chemical structure of ASOs to increase their effectiveness,
before moving toward in vivo validation.

Discussion
MM is a lethal plasma cell malignancy in which high and
multistep genetic heterogeneity and the protective role of bone
marrow milieu cause resistance to therapy.1 Several studies
have demonstrated that MM is susceptible to the targeting of
onco-lncRNAs because of their key role in MM onset,
RP11-350G8.5 AS A NEW TARGET FOR MULTIPLE MYELOMA
progression, crosstalk with microenvironment, and drug
response.4 Nevertheless, protein–noncoding RNAs continue to
be largely unexplored,2 and there is a burgeoning trend in
systematically using genome editing technologies to address
this research gap.50 Morelli and colleagues50 aimed at identi-
fying novel MM vulnerabilities through systematic CRISPRi
screens of MM cells, assembling a gRNA library in a MM
patient- and model-guided manner. Pursuing an orthogonal
strategy, we performed an unbiased CRISPR-Cas9 loss-of-
function screen of MM cell lines (AMO-1 and its BZB resistant
derivative, named ABZB). Similarly to our previous approach,14

we designed a computational lncRNA prioritization strategy
combining screening results with transcriptional data and
prognostic relevance of the targeted lncRNAs. Our study
revealed RP11-350G8.5 (IL-6R-antisense lncRNA) as the most
relevant vulnerability. The important role of IL-6R for MM cell
progression has been previously demonstrated,51 whereas, to
the best of our knowledge, no information is available for the
antisense gene. Our results exclude a reciprocal regulation
between IL-6R and RP11-350G8.5 and highlight the anti-
tumoral effect exerted by RP11-350G8.5 inhibition in vitro
and in vivo. Molecular studies on MM RP11-350G8.5 knocked-
out cells highlighted a down-modulation in the UPR system,
which is considered one of the main pathways essential for MM
17 OCTOBER 2024 | VOLUME 144, NUMBER 16 1717
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Figure 7. Characterization of RP11-350G8.5 structural features. (A) RNA secondary structure prediction of RP11-350G8.5 computed using the RNAfold web server: (left)
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cell survival,52 because of the overproduction of a monoclonal
immunoglobulin (protein M) by the malignant plasma cells,
which induces ER stress and then activation of proteasome
degradation to escape the ER stress-induced cell death.53
Table 1. Putative QGRS within RP11-350G8.5 lncRNA, their
prediction analyzed by RNAfold (ΔG), and T1/2 values for th
containing 100 mM KCl, obtained by CD melting experimen

QGRS Position

GGCCAGGCAUGGACGG 202

GGCCAGGCCGGACGUGG 840

GGGAGGCCAAGGUGGG 885

GGAGGCGGAGG 1051

GGUGAGGUCUGGCUCCUGG 1421

CD, circular dichroism; QGRS, quadruplex-forming G-rich sequences; T1/2, melting temperatu
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Because of this tumor-specific feature, the proteasome inhibi-
tor BZB is administered as anti-MM first-line treatment.54

However, drug resistance commonly occurs.55 We demon-
strated that the activation of PERK-phosphorylation cascade is
position, results of thermodynamic ensemble
e oligonucleotides in 10 mM Tris-HCl buffer (pH 7.0)
ts at 0.2◦C/min

ΔG, kcal/mol T1/2, ◦C

−2.37 50.0 (±0.2)

−3.04 58.8 (±0.2)

−1.91 58.7 (±0.2)

0 59.4 (±0.4)

−3.34 57.4 (±0.4)
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able to trigger the shift from the proadaptive to the proapo-
ptotic UPR-mediated effect,38,52,56 to activate an immunogenic
cascade34 on tumor cells and to stimulate the phagocytic
activity of primary immune cells, which was also observed in
BZB-resistant models. These findings are particularly important
considering that MM is a tumor characterized by an immuno-
suppressive microenvironment, and resistance to BZB negates
its recently discovered ability to act as immunogenic inducer.57

Moreover, the selective targeting of a tumor-specific lncRNA
regulating the UPR system may provide a great advantage in
terms of efficacy and reduced toxicity compared with other pan
inhibitors. Considering the insights into lncRNA subcellular
localization and structural features presented in this study,
future research will leverage this information to unravel the
RNA-interactome map. The objective will be to achieve a more
comprehensive understanding of the molecular axis governing
our observed biological effects. This, in turn, will contribute to
refining targeted therapeutic strategies for use in conjunction
with conventional treatments, including BZB.

RP11-350G8.5 might be targeted in patients by small molecules
or effective locked nucleic acid ASOs, which have been just
successfully translated into clinical practice for noncoding RNA
silencing by our group.48,58 Given the absence of 3D structural
information for RP11-350G8.5 and the inherent limitations
posed by its extensive sequence (1756 bp), which compromises
the reliability of prediction tools59 and demands substantial
time and resources for exploration, our findings provide valu-
able insights into the structural features of this lncRNA. Spe-
cifically, we highlight more accessible regions for ASO binding,
located between positions 821 and 1080. This revelation is
anticipated to facilitate the development of targeted thera-
peutics, as it suggests a focused investigation into a constrained
region of 411 bp. Such studies can then be directed toward
reconstructing the 3D conformation of functionally relevant
pockets within our candidate. This approach will pave the way
to a deeper understanding of the interactive partners of this
cytoplasmic-homed lncRNA and then to the design and vali-
dation of a therapeutic strategy on patient-derived in vivo
models that better recapitulate MM pathophysiology.

In conclusion, our findings, based on an unbiased functional
screen and a bioinformatic target prioritization pipeline, provide
novel information on 8 genetic vulnerabilities never associated
before to MM, moving a step forward correlative studies so far
mostly based on expression analyses only and not relying on
functional validation. Moreover, we demonstrated, for the first
time, the oncogenic role of RP11-350G8.5, providing a
molecular, biological, and structural overview, which might
pave the way to the design of next-generation therapeutics for
MM and other incurable diseases.

Acknowledgments
The authors thank Gabriele Picco and Piero Carninci for reading their
manuscript and providing valuable suggestions and critical feedback.
They thank Christoph Driessen for kindly providing AMO-1 and
ABZB cell lines, and Wensheng Wei and Kosuke Yusa for providing
all the plasmid DNAs used in their study and deposited on Addgene.
They thank the members of Giuseppe Viglietto’s research team
(Donatella Malanga, Maria Chiara Sarubbi, Carmela De Marco, and
Gemma Antonucci) for allowing them to use some instruments in
RP11-350G8.5 AS A NEW TARGET FOR MULTIPLE MYELOMA
their laboratory at the Magna Græcia University of Catanzaro. They
thank the members of Giovanni Cuda’s research team (Elvira
Immacolata Parrotta, Valeria Lucchino, and Stefania Scalise) for
allowing them to use the fluorescence microscope in their laboratory
at the Magna Græcia University of Catanzaro by providing technical
support when required. They acknowledge the efforts of the Multiple
Myeloma Research Foundation and all the centers that contribute
to the coMMpass data set and The Cancer Genome Atlas research
network.

This work has mainly been supported by an Italian Association for
Cancer Research (AIRC) investigator grant, project number 21588, to P.
Tassone), and partially supported by an AIRC investigator grant, project
number 28772, to F.I. Moreover, this work was partially supported by
contributions from the Italian Ministry of Health PSC SALUTE 2014-
2020–POS4 “Cal-Hub-Ria” (grant T4-AN-09) and from PNRR project
CN00000041 “National Center for Gene Therapy and Drugs based on
RNA Technology.”
Authorship
Contribution: K.G. conceptualized and designed the study, contrib-
uted to the execution of the experiments, performed data analysis/
representation, and wrote and edited the manuscript; S. Ascrizzi
contributed to biological experiments and analyzed and curated
results; P.C. executed bioinformatic analyses, curated results, and
designed figures; J.A. and B.P. conceptualized and designed the
biophysical experiments and contributed to the manuscript writing;
O.C. contributed to bioinformatic analysis revision, curated results
and designed figures; N.P. contributed to in vitro and in vivo exper-
iments; R.R. performed in silico computational predictions and
curated results; D.C. contributed to performing in vivo experiments;
C.R. contributed to performing biological experiments; F.C. per-
formed immunohistochemistry analysis; R.G. and D.B. performed
biophysical experiments; S. Alcaro supervised structural predictive
analyses; A.R. supervised the biophysical analysis; P. Tagliaferri edi-
ted and reviewed the manuscript by providing critical feedback; F.I.
conceived the prioritization pipeline, designed and supervised bio-
informatic analyses, wrote and edited the manuscript, and contrib-
uted to overall study supervision; and P. Tassone supervised the
study and supervised manuscript writing and editing; and all authors
read and approved the final manuscript.

Conflict-of-interest disclosure: F.I. receives funds from Open Targets, a
public-private initiative involving academia and industry, and performs
consultancy for the Cancer Research Horizons–AstraZeneca Functional
Genomics Centre and Mosaic Therapeutics. The remaining authors
declare no competing financial interests.

ORCID profiles: K.G., 0000-0003-0268-5536; S. Ascrizzi, 0000-0002-
7741-4119; P.C., 0000-0001-5349-4188; J.A., 0000-0001-6096-3544;
N.P., 0000-0002-0636-0774; O.C., 0000-0003-1566-4451; R.R., 0000-
0002-0680-7097; C.R., 0000-0002-7983-5099; F.C., 0009-0001-1835-
6078; R.G., 0000-0002-9428-2277; D.B., 0000-0002-2256-5534; D.C.,
0000-0001-7870-7565; S. Alcaro, 0000-0002-0437-358X; B.P., 0000-
0002-7716-9010; A.R., 0000-0002-9192-7586; P. Tagliaferri, 0000-0002-
1535-2477; F.I., 0000-0001-7063-8913; P. Tassone, 0000-0002-8298-
6787.

Correspondence: Francesco Iorio, Computational Biology Research
Centre, Human Technopole, Viale Rita Levi Montalcini, 1, 20157 Milan,
Italy; email: francesco.iorio@fht.org; and Pierfrancesco Tassone, Dipar-
timento di Medicina Sperimentale e Clinica, Università Magna Græcia di
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