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AS1411 is a G-rich DNA aptamer that targets the multifunctional RNA-binding protein nucleolin. AS1411
has both antiproliferative and cell size-regulating activities and has been evaluated for clinical utility,
reaching phase Il trials as an anticancer agent. The mechanisms underlying cell size effects of AS1411
are not well understood and broad characterization of its molecular effects is lacking. Here, we used a
multi-omics approach to profile transcriptome, proteome and lipidome changes in AS1411-treated NIH-
3T3 cells, which increase in size in response to the aptamer. We found that AS1411 caused
downregulation of cholesterol biosynthesis pathway enzymes at both mRNA and protein levels, without

Received 12th May 2025, an accompanying reduction in cellular cholesterol levels or cholesterol uptake. In addition, AS1411

Accepted 3rd October 2025 induced changes in several lipid classes, including increases in phosphatidylethanolamine levels.
Ratiometric imaging of Di-4-ANEPPS-labeled cells showed that AS1411 decreases the fluidity of

intracellular membranes. Thus, aptamer engagement of nucleolin affects lipid biosynthesis and
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1. Introduction

Nucleolin is a ubiquitous RNA-binding protein (RBP) in eukar-
yotic cells, with roles in many cellular processes, including
regulation of cell division, viability, and size." The earliest
identified molecular functions of nucleolin were associated
with its nucleolar localization, where it regulates transcription
of rRNA and ribosome maturation.* Nucleolin was also shown
to have a role in polymerase II transcription, posttranscrip-
tional regulation, and chromatin remodeling."*” In addition to
being one of the most abundant nucleolar proteins, it is also
shuttled to the cytoplasm and the plasma membrane.®® Over-
expression and enhanced plasma membrane localization of
nucleolin has been reported in several cancers,>° offering a
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homeostasis, likely contributing to its roles in cell size control.

target for antitumor therapies.”'® AS1411 is a nucleolin-
binding 26-mer G-rich DNA aptamer with antiproliferative
effects in a broad range of tumor cells, and has shown limited
efficacy in clinical trials for acute myeloid leukemia and renal
cell carcinoma.'*"!

We have recently identified a key role for nucleolin in neuronal
mRNA transport complexes, where it acts as an adapter between
axonal kinesin motors and mRNA cargo.””* We have further
suggested that cytoplasmic and axonal nucleolin functions in cell
size and neuron growth regulation.'*'*'>® The AS1411 aptamer
interferes with the formation of a nucleolin-kinesin complex for
axonal mRNA transport,"® by binding to the C-terminal glycine
arginine-rich (GAR) domain of nucleolin."? How this mechanism
might be linked to size and growth-promoting effects of AS1411
remains unclear. Several nucleolin-dependent and nucleolin-
independent mechanisms for AS1411 effects have been proposed,
including cell cycle arrest, Bcl-2 inhibition, interference with
EGFR signaling and hyperactivated macropinocytosis; however
its precise mechanism of action remains elusive."

Here, we conducted a multi-omics investigation to analyze
the molecular pathways affected by AS1411, focusing our ana-
lyses on a cell type that responds with specific size changes
upon exposure to AS1411. We combined RNA-seq transcrip-
tomics, SILAC proteomics and lipidomics analyses to this end.
Unexpectedly, these analyses revealed broad effects on cellular
lipids and lipid biosynthesis pathways.
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2. Experimental section
2.1 Cell culture and AS1411 treatment

NIH-3T3 cells (mouse embryonic fibroblasts, ATCC CRL-1658)
and HeLa cells (HeLa 229, ATCC CCL-2.1) were grown at 37 °C
and 5% CO, in DMEM (Gibco), supplemented with 10% fetal
bovine serum (Gibco), 100 U mL ™" penicillin and 100 ug mL ™"
streptomycin (Biological Industries). Cells were seeded at den-
sities of 2000 cells per cm”® (NIH-3T3) or 3000 cells per cm?
(HeLa). AS1411 (GGTGGTGGTGGTTGTGGTGGTGGTGG) and
control DNA (CCTCCTCCTCCTTCTCCTCCTCCTCC) oligonu-
cleotides (Integrated DNA Technologies) were dissolved in
culture medium (vehicle) as 10x stock solutions. Unsupple-
mented DMEM was used as a vehicle in treatments (10% of
total medium volume).

2.2 Cell volume and proliferation measurements

For cell volume measurements, cells were seeded at a density of
3000 cm ™2 on 6-well plates and treated with AS1411 or controls
as indicated. Cells were detached from plates with 200 pL
0.25% trypsin - 0.05% EDTA (Biological Industries), resus-
pended in 2 mL growth medium, washed and resuspended in
1 mL ice-cold PBS with propidium iodide and passed through a
cell strainer to obtain a single-cell suspension. Cell volume was
measured by forward scatter (FSC-A) using the LSR II flow
cytometer (BD Biosciences), excluding dead cells by gating
out the population with high propidium iodide signal. Cell
volumes are expressed as FCS-A readings relative to vehicle-
treated controls. For cell proliferation analysis, the MTT assay
kit (ab211091, Abcam) was used according to the manufac-
turer’s instructions.

2.3 SILAC proteomics

NIH-3T3 cells were cultivated in Stable Isotope Labeling by
Amino acids in cell Culture (SILAC) DMEM medium (Thermo
Fisher Scientific) supplemented with 10% dialyzed fetal calf
serum (Biological Industries), 100 U mL™' penicillin and
100 ug mL™" streptomycin, containing isotopically labelled
“heavy” 13Cé6-lysine (0.8 mM) and 13Cé6-arginine (0.4 mM)
(Cambridge Isotope Laboratories). Control cells were grown in
SILAC DMEM medium supplemented with the same concen-
trations of “light” (with natural 13C abundances) lysine and
arginine. Cell cultures were maintained at 37 °C and 5% CO,
and collected after at least 5 doubling times. Cells were treated
with 10 pM AS1411 or control aptamer for 24 or 48 h, rinsed
with ice-cold PBS 3 times, collected by gentle scraping, trans-
ferred in PBS to 1.5 mL low protein binding tubes, pelleted at
200 g and supernatant carefully discarded, then cell pellets
were flash frozen in liquid nitrogen and kept at —80 °C until
digestion. Cell pellets were thawed and homogenized in 200 pl
of 8 M urea on ice, using a probe sonicator. Samples were
centrifuged at 15 000g for 10 min, and supernatants recovered.
The total protein content in the extracts was determined
utilizing a Micro BCA Protein Assay Kit (Thermo Scientific).
Equal amounts (200 pg) of heavy and light-labelled samples
(AS1411 treated and untreated, respectively) were mixed, and
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the combined sample added ammonium bicarbonate to a
concentration of 80 mM, then treated with 8.8 mM DTT at
56 °C for 10 min, followed by a 30-min incubation at room
temperature in the dark with 15 mM iodoacetamide. For tryptic
digestion, the samples were then diluted 4-fold with 100 mM
ammonium bicarbonate to reduce urea concentration to 2 M
and then added 5% (W/W) modified trypsin (Promega, Madi-
son, WI). The pH was adjusted to 8.0 with 250 mM ammonium
bicarbonate, and the samples were incubated for 12 h at 37 °C.
After that, another aliquot of trypsin was added (2% W/W) and
digested for an additional 6 hours. After this, samples were
acidified with formic acid to a final concentration of 5%. The
digests were then desalted using a MAX-RP Sep Pak™ classic
C18 cartridge (Waters) following the manufacturer’s protocol.
Sep Pak eluates were dried-evaporated in preparation for chro-
matographic fractionation. Digested samples were fractionated
on an AKTA purifier system utilizing a Phenomenex Gemini 5u
C18 110A 150 x 4.60 mm column, operating at a flow rate of
0.550 mL min~". Buffer A consisted of 20 mM ammonium
formate (pH 10), and buffer B consisted of 20 mM ammonium
formate in 90% acetonitrile (pH 10). Gradient details were as
follows: 1% to 9% B in 14 min, 9% B to 49% B in 4 min, 49% B
to 70% B in 36 min, 70% B back down to 1% B in 3 min.
50 peptide-containing fractions were collected, evaporated and
resuspended in 0.1% formic acid. Aliquots (containing around
3 pg of digested material) of 8 non-consecutive chromato-
graphic fractions were run onto a 2 um 75 pum x 50 cm PepMap
RSLC C18 EasySpray column (Thermo Scientific). 3 h MeCN
gradients (2-30% in 0.1% formic acid) were used to elute
peptides, at a flow rate of 200 nL min~', for analysis in a
QExactive Plus (Thermo Scientific) in positive ion mode. MS
spectra were acquired between 350 and 1500 m/z with a resolu-
tion of 70 000. For each MS spectrum, up to 10 multiply charged
ions over the selected threshold (1.7E4) were selected for MSMS
with an isolation window of 4 m/z. Precursor ions were frag-
mented by HCD using a normalized collision energy of 25.
MSMS spectra were acquired in centroid mode with a resolu-
tion of 17500 from m/z = 10. A dynamic exclusion window was
applied which prevented the same m/z from being selected for
10 s after its acquisition. Peak lists were generated using PAVA
in-house software.'”” All generated peak lists were searched
against the mouse subset of the UniProtKB 2013.6.17 database,
using Protein Prospector'® with the following parameters:
enzyme specificity was set as Trypsin, and up to 2 missed
cleavages per peptide were allowed. Carbamidomethylation of
cysteine residues was allowed as a fixed modification. N-
Acetylation of the N-terminus of the protein, loss of protein
N-terminal methionine, pyroglutamate formation from of pep-
tide N-terminal glutamines, oxidation of methionine and
13C(6) labelling in lysine or arginine were allowed as variable
modifications. Search space was limited with the “linked”
option (6C12K linked to 6C12R, and 6C13K linked to 6C13R),
thus excluding theoretical peptides simultaneously including
an unlabelled and a labelled lysine or arginine. Mass tolerance
was 20 ppm in MS and 30 ppm in MS/MS. Identifications with
10 ppm tolerance in MS yielded very similar results, and were

This journal is © The Royal Society of Chemistry 2025
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not used for further analysis. The false positive rate was
estimated by searching the data using a concatenated database
which contains the original UniprotKB database, as well as a
version of each original entry where the sequence has been
randomized. A 1% FDR was permitted at the protein and
peptide level. For quantitation, only unique peptides were
considered; peptides common to several proteins were not used
for quantitative analysis. Relative quantization of peptide abun-
dance was performed via integration with Protein Prospector of
the areas of precursor ions of the identified peptides, using the
3 lightest ions of the isotopic envelopes for both the light
(natural isotopic abundances) and heavy (13C(6) lysine and/or
arginine containing) forms. Integration was performed from
—10 s to +30 s from the time at which the MS/MS spectrum
identifying the peptide was acquired. Relative abundances were
calculated as ratios vs. control (light, untreated). For total
protein relative levels, peptide ratios were aggregated to the
protein levels using median values of the log2 ratios. P values
were calculated from 3 biological replicates of the experiment.

2.4 RNA-seq analysis

NIH-3T3 cells (3 independent repeats) grown in 6-well dishes
were treated for 24 h or 48 h with 10 uM AS1411 or 10 uM
control aptamer and total RNA was extracted using RNeasy
Mini kit according to manufacturer’s instructions. RNA integ-
rity was verified using TapeStation analysis (Agilent) and high-
integrity samples (RIN > 9) were processed using an in-house
polyA-based RNA seq protocol (INCPM mRNA Seq) at the Crown
Institute for Genomics (G-INCPM, Weizmann Institute of
Science). SR60 reads were sequenced on 1 lane of an Illumina
HiSeq2500v4. The output was ~ 22 million reads per sample.
Poly-A/T stretches and Illumina adapters were trimmed from
the reads using cutadapt;'® resulting reads shorter than 30 bp
were discarded. Reads for each sample were aligned indepen-
dently to the Mus musculus reference genome GRCm38 using
STAR,*® supplied with gene annotations downloaded from
Ensembl (and with EndToEnd option). Expression levels for
each gene were quantified using htseq-count.”’ Differentially
expressed genes were identified, and analysis was performed
using DESeq2>” with the betaPrior, cooksCutoff and indepen-
dentFiltering parameters set to False. Raw P values were
adjusted for multiple tests using the procedure of Benjamini
and Hochberg. Differentially expressed genes were determined
by a p-adj of <0.05, fold changes >1.5 and max raw counts
>30.

2.5 Colorimetric and GC-MS cholesterol assays

For colorimetric detection, 10° cells were extracted with 200 pL of
chloroform : isopropanol : NP-40 (7:11:0.1), organic phase con-
taining cholesterol was air-dried at 50 °C and total cholesterol
was quantified using a Cell Biolabs kit (STA-384) according to the
manufacturer’s instructions. For GC-MS detection, 2 x 10° NIH-
3T3 cells were dried in a lyophilizer. The obtained material was
extracted sequentially with methanol (400 pL), methanol-chloro-
form (1:1, 400 pL), and chloroform (200 uL), alternating vortex
(30 s) with centrifugal precipitation of insoluble material

This journal is © The Royal Society of Chemistry 2025
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(21000g, 5 min) and isolation of supernatants. The combined
extracts were dried in speedvac, and finally in a lyophilizer. The
obtained sample residues were derivatized with N-methyl-N-
trimethylsilyl trifluoroacetamide (MSTFA, 70 pL per sample) by
shaking at room temperature for 15 min. The mixtures were
transferred to a 2 mL autosampler glass vial with a 100 pl glass
insert. The GC-MS system comprised an Agilent 7890A gas
chromatograph equipped with split/splitless injector, and LECO
Pegasus HT time-of-flight mass spectrometer (TOFMS). GC was
performed on a 30 m x 0.25 mm X 0.25 pm Rxi-55il MS column
(Restek). Samples were analyzed in the splitless mode; injector
and transfer line temperatures were set at 280 °C. Analytes (1 pL
injections) were separated using the following chromatographic
conditions: helium was used as carrier gas at a flow rate of
1 mL min . The thermal gradient started at 170 °C, was held at
this temperature for 2 min, ramped to 280 °C at 37 °C min~ ' and
then ramped to 300 °C at 1.5 °C min~" and held at 300 °C for 5
min. Eluents were fragmented in the electron impact mode with
an ionization voltage of 70 eV. The MS mass range was 50-750 m/
z with an acquisition rate of 20 spectra per second. The ion
source chamber was set to 230 °C and the detector voltage was
1650 V. Cholesterol was analyzed using unique mass 458.
Quantitation was done by peak areas, using standard curve 1-
50 pg per sample, and normalized by total protein in the pellet.

2.6 Lipidomics analysis

Metabolite extraction. Extraction and analysis of lipids was
performed as previously described in ref. 23 with some mod-
ifications. Cell pellets were extracted with 1 mL of a pre-cooled
(—20 °C) homogenous methanol:methyl-ter¢-butyl-ether (MTBE)
1:3 (v/v) mixture, containing following internal standards:
0.1 pug mL™' of phosphatidylcholine (17:0/17:0) (Avanti),
0.4 ug mL™" of phosphatidylethanolamine (17:0/17:0, 0.15)
nmol mL ™" of ceramide/sphingoid internal standard mixture
I (Avanti, LM6005), 0.0267 pg mL ' d5-TG internal standard
mixture I (Avanti, LM6000) and 0.1 pg mL ™' palmitic acid-13C
(Sigma, 605573). The tubes were vortexed and then sonicated
for 30 min in an ice-cold sonication bath (taken for a brief
vortex every 10 min). Then, double deionized water (DDW):
methanol (3:1, v/v) solution (0.5 mL) was added to the tubes,
followed by centrifugation. The upper organic phase was trans-
ferred into a 2 mL Eppendorf tube. The polar phase was re-
extracted as described above, with 0.5 mL of MTBE. Both
organic phases were combined and dried in speedvac and then
stored at —80 °C until analysis. For analysis, the dried lipid
extracts were re-suspended in 150 pl mobile phase B (see below)
and centrifuged again at 20 800g and 4 °C for 5 min.

LC-MS for lipidomics analysis. Lipid extracts were analyzed
using a Waters ACQUITY UPLC system coupled to a Vion IMS QTof
mass spectrometer (Waters Corp., MA, USA). Chromatographic
conditions were as described in Malitsky et al. (2016) with small
alterations. Briefly, the chromatographic separation was
performed on an ACQUITY UPLC BEH C8 column (2.1 X
100 mm, i.d., 1.7 pm) (Waters Corp., MA, USA). The mobile
phase A consisted of DDW : acetonitrile : isopropanol 46:38:16
(v/v/v) with 1% 1 M NH,Ac, 0.1% glacial acetic acid. Mobile
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phase B composition is DDW:acetonitrile:isopropanol
1:69:30 (v/v/v) with 1% 1 M NH,Ac, 0.1% glacial acetic acid.
The column was maintained at 40 °C; the flow rate of the
mobile phase was 0.4 mL min ', the run time was 25 min. The
gradient was as follows: mobile phase A was run for 1 min at
100%, then it was reduced to 25% for 11 min, followed by a
decrease to 0% for 4 min. Then, mobile phase B was run at
100% for 5.5 min, followed by setting mobile phase A to 100%
for 0.5 min. Finally, the column was equilibrated at 100% A for
3 min. MS parameters were as follows: the source and
desolvation temperatures were maintained at 120 °C and
450 °C, respectively. The capillary voltage was set to 3 kV and
2 kv for positive and negative ionization mode, respectively;
cone voltage was set to 40 V. Nitrogen was used as desolvation
gas and cone gas at a flow rate of 800 L h™' and 30 L h™,
respectively. The mass spectrometer was operated in full scan
HDMS® resolution mode over a mass range of 50-2000 Da. For
the high-energy scan function, a collision energy ramp of 20-
80 eV was applied, and for the low-energy scan function —4 eV
was applied.

Lipid identification and quantification. LC-MS data were
analyzed and processed with UNIFI (Version 1.9.4, Waters
Corp., MA, USA). The putative annotation of the lipid species
was performed by comparison of accurate mass (below 5 ppm),
fragmentation pattern, retention time (RT), and ion mobility
(CCS) values to an in-house-generated lipid database (Table S6).
Peak intensities of the identified lipids were normalized to the
relative abundance of internal standards and to the protein
concentration measured in the extracted sample.

2.7 qRT-PCR analysis

RNA was isolated with RNeasy Mini kit (Qiagen) and treated on-
column with DNase (Qiagen) according to manufacturer’s
instructions. cDNA was synthesized from 100-200 ng of RNA
with Superscript IV reverse transcriptase (Thermo Scientific)
using 1:1 mix of oligo(dT),, and random hexamer primers.
Quantitative PCR was performed on a LightCycler 480 instru-
ment using HOT FIREPol EvaGreen qPCR Supermix (Solis
BioDyne). All qPCR reactions were performed in duplicates
and target expression was normalized to 18S or UBC mRNA
levels. Relative expression of target genes was calculated using
the AACt method. Primers used in this study are listed in
Table S7.

2.8 Western blot

Cells grown in 24-well dishes were washed with PBS and lysed
directly in 100 pl Laemmli buffer. Proteins (20 pl of lysate) were
separated by 10% PAGE and transferred to PVDF membrane
using the Trans-Blot Turbo Transfer System (Bio-Rad). 5%
skimmed milk in PBST buffer (0.1% Tween-20) was used for
blocking membranes and 2% milk-PBST was used for incuba-
tions with primary and secondary antibodies. Membranes were
incubated overnight at 4 °C with anti-HMGCR (ab242315,
Abcam, 1:1000) or anti-tubulin beta (DSHB clone E7, 1:2000)
antibodies. Anti-mouse HRP-conjugated antibody (A16066,
Thermo Scientific, 1:5000) was used as the secondary antibody.
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Chemiluminescence was detected by SuperSignal West Atto
Chemiluminescent Substrate (Thermo Scientific, for HMGCR
blots) SuperSignal West Dura Substrate (Thermo Scientific, for
tubulin beta), and quantified using ImageQuant LAS 4000
imager and ImageQuant TL software (GE Healthcare).

2.9 Ratiometric imaging of membrane fluidity

NIH-3T3 cells were seeded in growth medium at the density of
30000 cells per dish on 35-mm glass-bottom dishes (MatTek)
coated with poly-i-lysine (100 pg mL™", P4832, Sigma) and
treated on the following day with AS1411 (10 pM), control
aptamer (10 uM) or vehicle for 48 h. Before imaging, medium
was replaced with phenol red-free medium with Di-4-ANEPPS
(2.5 uM). The cells were subsequently imaged live using a Leica
TCS SP8 scanning confocal microscope inside a 37 °C, 5% CO,
incubation chamber. Imaging was carried out in a time window
of 15-60 minutes following Di-4-ANEPPS labeling. Single con-
focal images at the widest cross-section of each cell were taken
with a 60 x oil-immersion objective and 488 nm laser excitation.
Quantification was carried out using custom written Fiji
(Image]) software.>® Membrane fluidity was quantified by cal-
culating Di-4-ANEPPS general polarization (GP) per pixel:

(500580 nm) — £(620-670 nm)

GPw =
Y Iis00—580 nm) + 1(620-670 nm)

where I is the fluorescnce intensity at defined wavelenght and G
is a GP of a reference sample determined as described pre-
viously (Pokorna et al., 2022).
Relative GP was calculated as follows:
Gpref + Gpraw : GPref - GPmW

GP.yy + GPryy - GPrep — GPrer — 1 ( ef )

The mean GP signal at the plasma membrane was measured
in a manually drawn region of interest (ROI) around the
circumference of the cell (11 pixels wide, 0.065 um per pixel)
per cell. Intracellular GP signal was measured in the entire cell
area excluding the designated plasma membrane ROI.

2.10 Cholesterol uptake analysis

Cholesterol-NBD (Thermo Fisher, N1148) was dissolved at
1 mg ml~" in Ethanol and added directly into the media (final
concentration 5 pg ml™") of cells grown on glass bottom
multiwell plates that were pre-treated for 48 h with 10 uM
AS1411, control aptamer or media only (vehicle). After 2 hours,
cells were washed once with fresh media and promptly imaged
using an ImageXpress micro confocal microscope (MDC) inside
a chamber maintaining 37 °C and 5% CO, environment. NBD
fluorescence (491 nm laser excitation) and transmission light
images were taken using 20x air objective and were analyzed
using Fiji (Image]) as follows: cells were selected from relatively
sparse regions in the well, so only cells that are clearly
separated from their neighbors were marked for analysis. The
diffuse signal of NBD was used to manually trace the area of the
cell and NBD signal was measured per cell. Mean background

This journal is © The Royal Society of Chemistry 2025
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signal (regions without cells) was subtracted and mean and
total signal per cell were calculated.

LDL:cholesterol oleate-BODIPY uptake experiments were
done as described previously with minor modifications.?®
Briefly, human LDL was purified by sequential flotation
ultracentrifugation®® Chylomicrons and VLDL were removed
from the top layer at d = 1.006 g ml~", followed by separation of
LDL at d = 1.063 g ml~". Total protein in LDL fractions was
quantified using a BCA assay (Merck, #71285). BODIPY-
cholesterol oleate solution in methyl acetate (Cayman
Chemical, #39685) was dried under nitrogen and dissolved in
DMSO to 0.5 mg mL~". 50 nmol of BODIPY-cholesterol oleate
per 1 mg mL ™" of LDL was added to the purified LDL solution.
The reaction was carried out at 40 °C for 2 h while shaking at
350 rpm using an Eppendorf Thermomixer comfort Incubator.
The mixture was loaded onto a Superose 6 Increase 10/300 GL
column equilibrated with 1x PBS pH 7.4 for size exclusion. LDL
fractions were collected. Fluorescence of fractions was mea-
sured at excitation 480 nm, emission 500-600 nm (Shimadzu
RF-5301 PC spectrophotometer). LDL fractions that displayed
the highest fluorescence intensity were subsequently pooled
and concentrated using a 10 kDa MWCO Vivaspin 500 centri-
fugal filter (Merck, #GE28-9322-25). Protein concentration in
the purified LDL:cholesterol oleate-BODIPY complex was mea-
sured using a BCA assay (Thermo Scientific). 50 pg of protein
equivalent of the LDL:cholesterol oleate-BODIPY complex was
added to serum-free DMEM medium together with 10 pM
AS1411 or 10 pM control aptamer and incubated for 24 h, fixed
with 4% PFA for 15 min, counterstained with Phalloidin-
Alexa594 and imaged using Zeiss LSM900 confocal microscope.
Signal measurements per cell were performed as described for
NBD-cholesterol above, with the difference that cell area was
delineated using Phalloidin counterstain.

3. Results
3.1 AS1411 affects NIH-3T3 size and viability

We carried out our multi-omics investigation on NIH-3T3 cells as
this line strongly responds to AS1411 by an increase in cell size,
accompanied by a reduction in viability (Fig. 1(A) and (B)).*®
Control aptamer, in which deoxyguanosines were replaced by
deoxycytidines, did not affect either of these measures compared
to vehicle control without aptamer DNA (Fig. 1(A) and (B)).

3.2 AS1411-induced transcriptome changes

Next, we studied the transcriptomic changes in AS1411-treated
NIH-3T3 cells by RNA-seq analysis. Comparing AS1411 vs.
control aptamer-treated cells, we identified 273 differentially
expressed mRNAs at 24 h and 2204 differentially expressed
mRNAs at 48 h (minimum fold-change 1.5 and p < 0.05,
Fig. 1(C) and Table S1). Gene ontology analysis of the regulated
genes identified the cholesterol biosynthesis pathway as signifi-
cantly regulated by AS1411 (Fig. 1(D) and (E) and Table S2).
Transcript levels for several enzymes in this pathway were
downregulated after both 24 h and 48 h AS1411 treatment
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(Fig. 1(E)). Note that the average effect size of this pathway
regulation was larger at 48 h than 24 h (average downregulation
of 2.34-fold vs. 1.58-fold across pathway genes Acat2, Cyp51,
Dhcr7, Dhcr24, Fdftl, Fdps, Hmgcr, Hmgcs1, Idi1, Lss, Msmol,
Mvd, Mvk, Nsdhl, Pmvk, Sqle).

In addition, we observed changes in expression of several
mRNAs associated with the expected antiproliferative and
cytotoxic effects of AS1411. At 24 h we observed 1.67-fold
upregulation of Nuprl, a cellular stress-response integrating
transcriptional regulator, 1.57-fold increase in Gadd45g, a cell
cycle regulator reponsive to DNA damage, and a 1.56-fold
downregulation of a cell cycle regulator Aurka. Upon 48 h of
AS1411 treatment, a broader and more pronounced cellular
stress response was unfolding at the mRNA level. Gadd45g was
upregulated 5.27-fold, the stress-response transcription factor
Atf3 increased 6.96-fold and the cell cycle inhibitor Mxd1
increased 2.41-fold. (top GO category “negative regulation of
transcription from RNA polymerase II promoter”, Fig. 1(D)).

3.3 AS1411-induced proteome changes

Next, we conducted a SILAC analysis®’ to study the effects of
AS1411 on the NIH-3T3 cell proteome (Fig. 2(A)). We identified
101 and 480 differentially expressed proteins at 24 h and 48 h,
respectively (AS1411 vs. control aptamer 1.5x fold change and
p < 0.05 threshold; Fig. 2(B) and Table S3). Among these hits,
we identified a number of proteins associated with ribosome
biogenesis and ribosomal RNA maturation (Fig. 2(C) and
Fig. S1A). At 24 h, we observed downregulation of protein
MAK16 homolog involved in ribosome biogenesis (Mak16,
1.73-fold downregulation), DEAD-box helicase 56, a nucleolar
helicase involved in ribosome biogenesis (Ddx56, down 1.55-
fold) and GTPase Era, a mitochondrial rRNA chaperone (Eral1,
down 1.53-fold). At 48 h, this molecular program was more
pronounced and we detected a broad downregulation of several
ribosome biogenesis and rRNA maturation proteins (Fig. S1A).
In addition, a small but consistent decrease in ribosome
proteins was detected at 48 h (Fig. S1B). We also detected
decreases in RNA polymerase I and III subunits — RNA poly-
merase I subunit RPA49 (Polrie, down 1.5-fold at 48 h), RNA
polymerase III subunit RPC7 (Polr3g, down 1.66-fold) and RNA
polymerases I and III subunit RPAC1 (Polric, down 1.5-fold).
Collectively, these changes indicate a reduction in ribosome
biosynthesis and translation upon AS1411-mediated perturba-
tion of nucleolin function.

In agreement with the antiproliferative effect of AS1411, we
detected downregulation of DNA replication origin recognition
complex subunits 2,4,5 and 6 at 48 h (Orc2, 3-6, 1.86-fold, 2.32-
fold, 1.54-fold and 1.81-fold, respectively). In addition, we
observed downregulation of histone proteins H1.1 (Hist1h1a,
3.42-fold), H1.5 (Hist1h1b, 2.0-fold), H3.1 (Hist1h3a, 1.65-fold)
and H4 (Hist1h4a, 1.62-fold), indicating chromatin remodeling
by AS1411.

Gene ontology pathway analysis showed that AS1411
induced downregulation of cholesterol biosynthesis pathway
enzymes also at the protein level (Fig. 2(C) and (D) and Table
S4). We also noted a twofold increase in Npc1 (Niemann-Pick C1),
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Fig. 1 AS1411 increases NIH-3T3 cell size, inhibits cell proliferation and downregulates cholesterol biosynthesis pathway mRNAs. Cells were treated with
AS1411 or control aptamers (both 10 uM) or vehicle as indicated for 24 or 48 h and analyzed by FACS (cell size, A), MTT assay (proliferation, B) or RNA-seq
(transcriptomics, C—E). (A) Forward scatter measurements for cell size. Mean values &+ SEM of three independent experiments are shown. *p < 0.05, ANOVA
with Tukey's post hoc test. (B) MTT assay from three independent experiments (means + SEM) are shown, normalized with values from vehicle-treated cells.
**p < 0.01, Student's unpaired t-test. (C) Number of differentially expressed genes (DEG) in RNA-seq analysis in 24 h and 48 h treatment groups. Up- and
downregulated indicates the effect of AS1411 relative to the control aptamer. 1.5x fold change and p < 0.05 were used as thresholds. (D) DAVID gene ontology
analysis (“biological process” terms) of significantly regulated genes from RNA-seq at 24 h (left) and 48 h (right) AS1411 treatment. The top 10 terms with the
smallest p-values are shown. Cholesterol biosynthesis-related terms are indicated in yellow. (E) Volcano plots showing all detected mRNAs in RNA-seq analysis
of NIH-3T3 cells, treated with AS1411 or control aptamer for 24 h (left) or 48 h (right). Log2FC indicates log2 fold changes for individual genes in samples treated
with AS1411 vs. control aptamer. Dotted lines indicate used significance thresholds in fold changes (1.5-fold) and FDR-adjusted p-values (p < 0.05), black dots
indicate significantly regulated genes. Cholesterol biosynthesis pathway genes are shown in red.

a protein responsible for the transfer of endocytosed cholesterol
from late endosomes to the endoplasmic reticulum,*® as well as a
70% increase in Scp2, a lipid carrier protein that has been
implicated in intracellular cholesterol distribution.>® In addition
to regulation of sterol metabolism, we detected a concerted
upregulation of several fatty acid beta-oxidation pathway enzymes
(Fig. 2(C) and (E)).

Taken together, AS1411 consistently downregulated the
expression of cholesterol biosynthesis enzymes at both mRNA

728 | Mol. Omics, 2025, 21, 723-735

and protein levels (Fig. 2(F)), with mRNA and protein levels of
cholesterol biosynthesis enzymes strongly correlated at 48 h
after AS411 treatment (Fig. S1C).

3.4 Validation of cholesterol biosynthesis gene expression
changes

We selected four cholesterol pathway genes that showed the
most consistent regulation in both RNA-seq and SILAC analyses
- Sqle, Fdft1, Hmgcr and Hmgcsl - and validated these using

This journal is © The Royal Society of Chemistry 2025
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(both 10 uM). 1.5x fold change and p < 0.05 were used as thresholds. (C) DAVID gene ontology analysis ("biological process” GO terms) of significantly
regulated genes from SILAC at 24 h (left) and 48 h (right) AS1411 treatment. The top 10 DAVID GO terms with the smallest p-values are shown.
Cholesterol biosynthesis-related terms are indicated in yellow, and a cholesterol-unrelated category (“fatty acid beta-oxidation”) is indicated in red. (D)
Volcano plots showing all detected proteins in SILAC analysis of NIH-3T3 cells, treated with AS1411 or control aptamer for 24 h (left) or 48 h (right).
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Log2FC indicates log2 fold changes for individual proteins in samples treated with AS1411 vs. control aptamer. Dotted lines indicate significance
thresholds used for fold changes (1.5-fold) and FDR-adjusted p-values (p < 0.05), black dots indicate significantly regulated proteins. Cholesterol
biosynthesis pathway proteins are shown in red. (E) AS1411-induced changes in proteins at 48 h in the “lipid metabolic process” GO term in C (right
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transport proteins (Npcl and Scp2) in orange and fatty acid beta-oxidation proteins in red. (F) Schematic of the cholesterol biosynthesis pathway showing
intermediates and enzymes catalyzing the conversion steps. Arrows indicate significant (set at fold change >1.5x = log2FC > 0.58, p-value <0.05)

downregulation of the mRNA or protein at 48 h.

gRT-PCR analysis after treating NIH-3T3 cells for 48 h with
AS1411 or controls (Fig. 3(A)). In addition, we also validated
downregulation of Hmgcr - a rate-limiting enzyme in cholesterol
biosynthesis - by western blot (Fig. 3(B) and (C)). We then repeated
these validation experiments in HeLa cells, where nucleolin knock-
down has previously been shown to result in downregulation of
the cholesterol biosynthesis pathway.*® In both HeLa and NIH-3T3
cells nucleolin can be found on the cell surface, potentially
allowing internalization of AS1411 by a nucleolin-dependent

HMGCR and HMGCS1 mRNAs in HelLa cells (Fig. 3(D)), as well as
reduced levels of the Hmgcr protein (Fig. 3(E) and (F)), suggesting
a shared mechanism in the regulation of cholesterol biosynthesis
pathway gene expression by AS1411 and nucleolin knockdown.

3.5 AS1411-induced changes in cellular lipid composition

The findings above strongly suggest that nucleolin engagement
by AS1411 causes changes in cellular lipids. We tested this
prediction by analyzing AS1411-induced lipidome changes,

mechanism.”"* We also observed downregulation of SQLE, FDFT1, using targeted assays for cholesterol and by performing lipid
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Fig. 3 Validation of RNA-Seq and SILAC results in NIH-3T3 and Hela cells. NIH-3T3 (A)-(C) or HeLa (D)—(F) cells were treated with 10 pM AS1411, 10 pM
control aptamer or vehicle for 48 h and analyzed by gRT-PCR (A, D) or western blot (B, C, E, F). For gRT-PCR, data was normalized to 18 s expression in
NIH-3T3 cells and UBC in Hela cells, and shown as relative to expression levels in vehicle-treated cells. For western blot analysis, Hmgcr protein signal
was normalized with tubulin beta signal intensity. Shown are results from 3—4 independent cultures and means with SEM. *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001, Student’s unpaired t-test.
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Fig. 4 AS1411-induced changes in cellular lipids. (A) NIH-3T3 cells were treated with AS1411, control aptamer (both 10 puM) or vehicle (culture medium)
for 48 h, followed by lipid extraction and targeted measurements of total cellular cholesterol or lipidomics analysis of other lipid classes. (B) Left:
Cholesterol levels per cell, quantified by gas chromatography/mass spectrometry (GC—MS) using a cholesterol standard curve. n = 3; *p < 0.05, one-
way ANOVA with Tukey's post hoc test; right: cholesterol levels per mg cellular protein in the same samples. Mean values + SEM of three independent
experiments are shown. (C) Left: Cholesterol levels per cell, quantified by a colorimetric assay. n = 3; means + SEM; *p < 0.05, **p < 0.01, one-way
ANOVA with Tukey's post-test; right: cholesterol levels per mg cellular protein in the same samples. (D) Lipid profiling results (normalized by cellular
protein) with lipid classes grouped by abundance. Relative abundances of individual lipids in a subclass were normalized by total protein levels in the
sample and summed (assuming similar ionization efficiency; indicated as abundance in a.u. — arbitrary units). Mean values + SEM in 4 repeats from
independent cultures; *p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA with Tukey's post hoc test.

profiling of the cells (Fig. 4(A)). Two different assays for summed) showed differential levels (Fig. 4(D) and Table S5).

cholesterol quantification (GC-MS and colorimetric) showed
that AS1411 treatment increased cholesterol levels per cell and
did not change cholesterol levels per cellular dry mass (Fig. 4(B)
and (C)); while at 48 h AS1411 treatment increased also cellular
protein content (Fig. S2). Among the 178 identified lipid
species, 73 exhibited differential accumulation, and 5 out of
12 lipid classes (when individual lipid intensities were

This journal is © The Royal Society of Chemistry 2025

No significant AS1411-induced changes were observed in sto-
rage lipids (triglycerides, fatty acids and sterol esters) and
ceramides. In contrast, the abundances of several phospholipid
classes were affected (Fig. 4(D)). We observed a robust, ~ 2-fold
increase in phosphatidylethanolamines and a similar increase
in lysophosphatidylcholines and lysophosphatidylethanola-

mines, two minor phospholipid classes that regulate
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Fig. 5 Membrane fluidity and cholesterol uptake analyses. (A)—(C) Ratiometric imaging analysis of membrane fluidity. (A) Generalized polarization (GP)
values per pixel in NIH-3T3 cells, treated with AS1411 (10 uM), control aptamer (10 uM) or vehicle for 48 h, stained with di-4-ANEPPS and live imaged by
confocal microscopy. Lower GP values correspond to higher membrane fluidity. (B) GP values in a plasma membrane region of interest (ROI). n = 56
(control) or n = 45 (AS1411). (C) GP values in an intracellular region of interest (ROI). n = 59 (control) or n = 46 (AS1411). *p < 0.05, Student's t-test. Mean
values + SEM are shown. (D) Uptake of NBD-cholesterol into NIH-3T3 cells, measured 48 h after AS1411 treatment by adding 20 pg mL~* NBD-
cholesterol for 2 h (with serum and AS1411 or control aptamer remaining in the medium). NBD fluorescence and phase-contrast images were captured in
live cells using spinning disc confocal imaging. Scale bar — 50 um. (E) Quantification of cholesterol uptake per cell from 30-31 cells per condition. Data is
based on a representative experiment out of two biological repeats. Mean integrated density (total fluorescent signal per cell) values + SEM are shown.

inflammation, tumor cells invasiveness and neuronal growth 3.7 AS1411 does not increase cholesterol uptake
signaling.>'** Finally, we detected a significant decrease in
glycosphingolipids as well as a modest decrease in sphingo-
myelins (Fig. 4(D)).

Next, we investigated if enhanced cellular uptake of cholesterol
from the medium could cause transcriptional downregulation
of the mevalonate pathway. To this end, we quantified choles-
terol uptake into NIH-3T3 cells using fluorescent, NBD-labeled
cholesterol which was freely dissolved in the growth media and
Considering the amount of cellular cholesterol per dry cell ;,cubated for 2 hours following 48 h of aptamer treatment.>®
mass remained unchanged, downregulation of the cholesterol  yye did not detect increased cholesterol uptake using this assay
synthesis pathway by AS1411 may be related to cholesterol (pjg. 5(D) and (E)). To further test the effect of AS1411 specifi-
redistribution in cells. If such redistribution indeed occurs cally on LDLR-mediated cholesterol uptake, we measured the
and leads to higher ER accumulation, the fluidity of the ypake of LDL:cholesterol oleate-BODIPY complex,?® which was

. 24,34
corresponding membranes should decrease. We therefore  jower after AS1411 treatment compared to control aptamer and
examined the effect of AS1411 on NIH-3T3 membrane fluidity ehicle (Fig. S3).

by staining cells with the ratiometric fluorescence probe Di-4-

ANEPPS.* Generalized polarization (GP) measurements of Di-

4-ANEPPS in NIH-3T3 cells showed that AS1411 treatment did 4 Dijscussion

not affect plasma membrane fluidity, but decreased fluidity in

membranes of intracellular compartments (Fig. 5(A)-(C)), sug- The molecular mechanisms that underlie cell size and prolif-
gesting possible redistribution of cholesterol in intracellular eration regulation upon nucleolin engagement by AS1411
compartments upon AS1411 treatment. remain poorly understood.'®'? Our study now reveals broad

3.6 AS1411 decreases intracellular membrane fluidity
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changes in lipid metabolism-associated mRNAs and proteins,
as well as cellular abundance of several lipid classes. Nucleolin
was previously implicated in the regulation of cellular lipid
homeostasis, but the role of these effects was unclear. Nucleo-
lin co-fractionates with lipid rafts in HeLa cells,’” and associ-
ates with flotillin®” and integrin®® in a lipid raft-dependent
manner. Indeed, we previously demonstrated that localization
of nucleolin to the plasma membrane is facilitated by its
glycine arginine-rich (GAR) domain.'* In macrophages, nucleo-
lin was identified as a receptor for acetylated low density
lipoprotein (LDL) particles.?® Another study reported that
nucleolin interacts and enhances the stability of ABCA1 mRNA
encoding for a cholesterol efflux transporter in macrophages.*’
Overexpression of nucleolin was shown to attenuate oxidized
LDL-induced lipid overload and facilitate cholesterol efflux in
macrophages.*°

One of our main findings is a coordinated downregulation of
cholesterol biosynthesis gene expression, both at mRNA and
protein levels. This is in accordance with a previous study
reporting down regulation of sterol biosynthesis pathway genes
after nucleolin knockdown in HeLa cells.*® That prior study
found also lower cellular cholesterol levels in HeLa cells targeted
by nucleolin siRNA.*® In contrast, we did not observe a reduction
in cellular cholesterol by either of two analysis methods, GC-MS
and a colorimetric enzyme-based assay (while both cholesterol
and protein content per cell were found increased by AS1411 due
to the gross increase in cell size). Interestingly, another study
reported increased cholesterol to cellular dry mass upon Ncl
knockdown by shRNA in RAW264.7 macrophages.’® Possible
explanations for the non-concordant results between these three
studies are the use of different cell types and nucleolin perturba-
tion methods. The underlying regulation mechanism likely
involves different nucleolin-dependent processes affecting lipid
synthesis, uptake and cellular redistribution. Further studies are
needed to address these questions in depth.

What mode of action can explain our findings that down-
regulated cholesterol biosynthesis gene program was not
coupled with decreased cholesterol levels? At first, we hypothe-
sized that downregulation of cholesterol biosynthesis pathways by
AS1411 may be a homeostatic response to increased cholesterol
uptake. AS1411 has been shown to enhance micropinocytosis,**
which could lead to engulfment of additional cholesterol bound
to serum LDL proteins in the medium.*> However, under our
experimental conditions, cholesterol uptake experiments did not
reveal increased uptake in AS1411 treated cells, suggesting alter-
native explanations such as cholesterol redistribution in the cell.
Possibly, AS1411-driven increased local cholesterol concentrations
are detected at the cellular “sensor unit”’, the SCAP-SREBP
complex in the ER, leading to a decrease in SREBP-driven
transcription of cholesterol pathway genes.** In agreement with
this, we observed a decrease in intracellular membrane fluidity,
which may be caused by increased cholesterol content*** or
increased phosphatidylethanolamines.***> In addition, we
detected AS1411-induced upregulation of the cholesterol trans-
porter Npc1, which may contribute to shuttling of endocytosed
cholesterol to the ER."

This journal is © The Royal Society of Chemistry 2025
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We also found that AS1411 reduced the expression of
ribosomal and ribosome assembly components at the protein
level. One of nucleolin’s prominent roles is in ribosome bio-
genesis, binding pre-rRNA*®*” and acting as a nucleolar RNA
chaperone.”® In addition, nucleolin can also interact with
ribosomal proteins via its GAR domain,'®*® which we have
recently shown to bind AS1411."> Our results suggest that in
addition to its roles in ribosome assembly, nucleolin may also
regulate the expression of ribosome components. The mechan-
isms by which nucleolin performs this role and how it is
perturbed by AS1411 will be of interest for future investigation.

5. Conclusions and limitations of the
study

Here, we conducted a set of omics analyses to characterize
transcriptome, proteome and lipidome changes induced by the
nucleolin-targeted aptamer AS1411 in a cell type where the
aptamer mainly affects cell size. This analysis revealed mRNA
and protein expression changes in a number of lipid biosynthesis
enzymes, abundance changes in several lipid classes and also in
lipid-related biophysical properties of intracellular membranes.
These changes in lipid metabolism and membrane fluidity may
mediate the effects of nucleolin in cell size regulation. Together
with two previous reports where nucleolin levels were manipu-
lated by either knockdown®® or overexpression,* our study high-
lights nucleolin’s essential role in regulating lipid metabolism.

The current study focused on multi-omics characterization
of the effects of AS1411 using NIH-3T3 cells, due to their
primary size response to the aptamer. This may be a limitation
for assessment of AS1411 effects in a broad range of cell types,
but has the advantage of directly addressing nucleolin func-
tions in normal cells.
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