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ABSTRACT: Recent studies have proven that the genetic
landscape of pancreatic cancer is dominated by the KRAS
oncogene. Its transcription is controlled by a G-rich motif (called
32R) located immediately upstream of the TSS. 32R may fold into
a G-quadruplex (G4) in equilibrium between two G4 conformers:
G9T (TM = 61.2 °C) and G25T (TM = 54.7 °C). We found that
both G4s bind to hnRNPA1 and its proteolytic fragment UP1,
promoting several contacts with the RRM protein domains. 1D
NMR analysis of DNA imino protons shows that, upon binding to
UP1, G25T is readily unfolded at both 5′ and 3′ tetrads, while
G9T is only partially unfolded. The impact of hnRNPA1 on KRAS
expression was determined by comparing Panc-1 cells with two
Panc-1 knockout cell lines in which hnRNPA1 was deleted by the CRISPR/Cas9 technology. The results showed that the expression
of KRAS is inhibited in the knockout cell lines, indicating that hnRNPA1 is essential for the transcription of KRAS. In addition, the
knockout cell lines, compared to normal Panc-1 cells, show a dramatic decrease in cell growth and capacity of colony formation. Pull-
down and Western blot experiments indicate that conformer G25T is a better platform than conformer G9T for the assembly of the
transcription preinitiation complex with PARP1, Ku70, MAZ, and hnRNPA1. Together, our data prove that hnRNPA1, being a key
transcription factor for the activation of KRAS, can be a new therapeutic target for the rational design of anticancer strategies.

■ INTRODUCTION

The transcription of human Kirsten ras gene (KRAS) is
regulated by a G-rich element (called 32R) located between
−144 and −112 from the transcription start site (TSS).1,2

Sequence 32R forms a stable G-quadruplex (G4) structure
recognized by nuclear proteins including PARP-1, Ku70, and
hnRNPA1. These proteins have been identified by biotin−
streptavidin pull-down assays coupled to mass spectrometry.3

In addition, a DNA-binding protein tool (Matinspector,
Genomatix) predicted that the Myc-associated zinc-finger
protein (MAZ) should also recognize 32R. This was indeed
confirmed by EMSA and chromatin immunoprecipitation.4,5

Further studies suggested that the 32R G4 should act as a
platform for the recruitment of TFs to the promoter to form
the transcription preinitiation complex.6 Indeed, by silencing
MAZ or PARP-1 with specific siRNA, we observed a
downregulation of KRAS transcription.5,6 Within this frame-
work, a question still remains unanswered: what is the role of
hnRNPA1 in the KRAS promoter?
HnRNPA1 is a multifunctional protein regulating several

aspects of mRNA metabolism, nuclear export,7−12 trans-
lation,13,14 and telomerase activity.15 Protein hnRNPA1 is
composed of 322 amino acids, and its N-terminal contains two
RNA recognition motif (RRM) domains followed by a highly

flexible glycine-rich (Gly-rich) C-terminal region, which acts as
an RNA-binding domain and as a nuclear targeting sequence.16

Its N-terminal portion of 195 amino acids containing the RRM
domains, called UP1, has been extensively studied by X-ray
crystallography and NMR spectroscopy.17 Some high-reso-
lution crystal structures of the two tandem RRMs of hnRNPA1
have been obtained with the free protein or with the protein
bound to telomeric DNA repeats at a resolution of 1 Å.18−20 In
addition to RNA, hnRNPA1 has been found to be associated
with promoter sequences and to participate in the regulation of
transcriptional events.7−9 The association of hnRNPA1 with
the promoters of thymidine kinase (TK)7 and gamma-
fibrinogen8 was found to repress transcription, while
hnRNPA1 acts as an activator in the promoters of the
ApoE9 and interferon-inducible RNA-dependent protein
kinase genes.21
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Some authors have reported that hnRNPA1 is able to
recognize and unfold DNA and RNA G4 structures. The first
paper reporting this feature was published in 2002 by Fukuda
et al.,22 who demonstrated that the G4 structures from the
minisatellite repeat and telomeric DNA are unfolded by UP1.
Some years later, our laboratory discovered that the G4
structure formed by 32R is recognized and unfolded by
hnRNPA1 and UP1.23 Moreover, single molecule FRET
experiments showed that the telomeric DNA overhang is
partially unfolded by hnRNPA1.24 It has been reported that
the RGG-box of hnRNPA1 recognizes telomeric G4 DNA and
enhances the G4 unfolding of UP1.25 The same authors also
reported that the glycine−arginine-rich domain (RGG-box) of
hnRNPA1 specifically recognizes TERRA G4 RNA but not
single-stranded RNA.26 All these studies suggest that
hnRNPA1 is a nuclear protein associated with unusual DNA
and RNA G4 structures, for which the association model and
role are still unknown.
A recent NMR study from our laboratories showed that 32R

folds into two co-existing conformers, called G25T and G9T,
characterized by a different structure. Here, by EMSA and
NMR, we explored the interaction between UP1 and the two
KRAS G4 conformers. In addition, we tried to define the role
of hnRNPA1 in the KRAS promoter. Previous work showed
that hnRNPA1 is able to interact with the G4 formed by
32R23,27 and that KRAS is controlled by the KRAS-ILK-
hnRNPA1 regulatory loop.28 To further address this issue, we
employed CRISPR/Cas9 technology to obtain hnRNPA1
knockouts of Panc-1 cells (koA1). We compared the
expression of the ras genes in the normal and knockout cells
and the capacity of these cells to survive and grow. We

concluded that hnRNPA1 is an essential TF for the
transcription of KRAS. Our study opens a new therapeutic
window for designing anticancer drugs to treat pancreatic
ductal adenocarcinomas (PDACs).

■ RESULTS AND DISCUSSION

The KRAS 32R Sequence Forms Two G4 Structures.
Although KRAS holds two G4 motifs (32R and G4-mid), the
vast majority of the studies reported in the literature focused
on 32R, as this G-rich motif overlaps with a nuclease
hypersensitive site and is an important platform for the
recruitment of TFs.3 The first evidence that 32R spontaneously
folds into a G4 structure was observed by running primer-
extension experiments using two plasmids as DNA templates:
one bearing the human 32R sequence and the other bearing its
murine homolog.2,3 The finding that DNA polymerase I
paused at the 3′-end of both G-rich motifs suggested the
formation of a folded G4 structure by both templates. To
determine the guanines of the G4 motif involved in the
formation of the G-tetrad core, DMS footprinting experiments
were carried out.2,3 In Figure 1A,B, we report a typical cleavage
pattern of the human 32R motif. The expected folding
involving G-runs I, III, IV, and V was not observed. The
footprinting showed that G-run IV (G18-G19-G20) is strongly
reactive to DMS, while guanines G6 and G7 are instead
protected and G9 partially protected. This indicates that G-run
II (GGTG) takes part in the formation of the G-tetrad core,
while G-run IV does not. Combining footprinting and CD data
for the critical 32R motif of the human KRAS promoter, we
proposed a tri-stacked G-tetrad parallel G4 structure with two

Figure 1. (A, B) 32R sequence and its typical DMS footprinting in 0, 50, and 100 mM KCl, (C) CD and UV-melting profiles in 50 mM Na-
cacodylate (pH 7.4) and 100 mM KCl of 3 μM G25T and G9T. Guanines in red form the G-tetrads according to DMS-footprinting; (D) NMR
structure of the two G4 conformers formed by 32R adapted from ref 29 (Nucleic Acids Res. 2020, 48, 9336−9345), Oxford University Press.
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1-nt and one 11-nt loops and a T-bulge in one strand (1/1/11
topology)3 (Figure S1).
Recently, we carried out an NMR study to gain insight into

the folding of 32R.29 The results indicated that 32R assumes
two major G4 conformations, which are reported in Figure
1C,D (Table 1). The one called G25T has a structure similar

to that proposed for 32R on the basis of CD and DMS
footprinting: a tri-stacked G-tetrad G4 with a T-bulge in one
strand, two 1-nt, a 12-nt loop, and all guanines in anti-
conformation. G25T (TM = 54.7 °C) is in equilibrium with
G9T (TM = 61.2 °C), which exhibits a structure characterized
by a fold-back guanine in syn conformation (G32) and a triad
(G29, A30, and G31) capping the 3′-end. In addition, in
previous studies,30,31 we observed by primer extension
experiments that G-runs I, II, III, and IV may fold into an
alternative G4 with a 1/1/4 topology in the presence of a G4-
stabilizing phthalocyanine (DIGP). However, the fact that, in
the absence of DIGP, Taq polymerase paused only at G32
clearly suggests that 32R folds spontaneously into the G9T/
G25T G4 conformers, which can be considered the major G4
structures of sequence 32R.
The Two G4 Structures of KRAS Interact with

hnRNPA1 and UP1. In 2008, we carried out pull-down and
mass spectrometry experiments and found that the critical 32R
G4 motif is recognized by several nuclear proteins including
PARP-1, Ku70, and hnRNPA1.3 Later on, we discovered that
MAZ also binds to 32R.4,5,32 As stated above, in this study, we
focused on the role played by hnRNPA1 in the KRAS
promoter. First, we investigated by EMSA if both 32R G4
conformers are recognized by hnRNPA1/UP1. Figure 2A
shows that G9T and G25T with hnRNPA1 form two DNA−
protein complexes, c1 and c2, of different electrophoretic
mobility. The wild-type 32R sequence forms, in addition to c2,
another complex of very low mobility. In contrast, the 32R
duplex shows little affinity for hnRNPA1. We also examined
the proteolytic fragment of 196 amino acids of hnRNPA1
called unfolding protein 1 (UP1), which maintains both the
binding and G4-unfolding capacity of the entire protein.22 It
can be seen that UP1 also forms with the two G4 conformers
DNA−protein complexes. The fact that these complexes do
not run with sharp bands may be due to the complexity of the
interaction involving the disruption of the G4 structures.
Considering that the protein upon binding to G4 unfolds the
structure, a 32R mutant unable to form a G4 (32Rmut) is also
bound by UP1. The structure of the DNA−protein complexes

observed by EMSA can be predicted from the crystal of UP1
bound to the telomeric d(TTAGGG)2 oligonucleotide
(TR2).20 TR2 and UP1 form a dimeric complex consisting
of two oligonucleotides and two protein molecules. The two
TR2 strands are antiparallel to one another and completely
unfolded. The complex is stabilized by multiple interactions
occurring between the TTAGGG hexamers and the two RRM
protein domains. In keeping with the TR2−UP1 crystal,20 a
structural model for the complexes formed by the G4
conformers G25T/G9T and hnRNPA1/UP1 is proposed: a
U-shaped complex with (1:1, c1) and (1:2, c2) stoichiom-
etry.23,24

Subsequently, we determined the KD’s of the interaction
between the G4 structures and UP1 by isothermal titration
calorimetry. Owing to low yields in expressing UP1 and
hnRNPA1, titrations were conducted with UP1 in the sample
cell and G4 in the injection syringe (reverse titration). Figure
2B shows the binding curves obtained by plotting the area of
the peak versus the G4/protein molar ratios. The binding curve
analysis gave dissociation constants (KD’s) between 0.49 and
1.1 μM and ΔG of complex formation between −8.5 and − 8.9
kcal/mol (Table 2). We also obtained a 1:2 stoichiometry for
complex G9T−UP1, in keeping with EMSA. Instead, the
binding curves of G25T−UP1 and 32R−UP1 suggested a
more complex stoichiometry, >1:2, probably owing to the
apparent extra degree of flexibility that these sequences seem
to have from NMR spectra.

Interaction between hnRNPA1/UP1 and KRAS G4s by
NMR. The interaction between G25T/G9T and UP1 was
investigated by NMR. We performed titrations with uniformly
{13C and 15N} isotopically labeled UP1 followed by the
evolution of each protein residue upon the addition of either
G9T or G25T by 2D 1H-15N HSQC NMR experiments. The
analysis of the chemical shift deviations (Δδ/ppm) of the
amide group for the most affected amino acids is proportional
to the change in the chemical environment caused by the
interaction with G4. To better assess the chemical shift
differences, we superimposed the spectra before and after each
successive G4 addition and depicted the most important Δδ as
a function of the residues (Figure 3A−C).
The spectrum of UP1 alone showed peaks that were

separated and well resolved as described in the literature.17

Upon the addition of G4, the UP1 spectrum became more
complex and some peaks, especially in a central region around
8.5 ppm for the 1H dimension and around 122.5 ppm for the
15N dimension, faded in intensity, which are typical of peaks
undergoing chemical exchange from local unfolding events and
dynamics. Although these perturbations are complex to
interpret, they were accurately examined to determine the
binding with the G4s. Nevertheless, the vast majority of peaks
were identifiable up to molar ratios of 1:1. Among the
remaining peaks that could be analyzed, some peaks either did
not shift or disappeared. While the former are probably not
involved in the interaction, the latter ones may play a specific,
yet undefined, role. We compared the global chemical shift
peak pattern in the HSQC, and we identified unambiguously
some residues, such as R7, K45, and R75 (purple arrows), that
have relatively important shifts. The same residues are also
involved through hydrogen bonding in the binding of UP1
with a telomeric repeat sequence.33 These residues belong to a
nucleic-acid binding region β-sheet platform and a short α-
helical turn interdomain that connects both RRM domains.
The global shifts, calculated from eq 1 described in the

Table 1. Oligonucleotides Used in this Studya

aoxG = 8-oxoguanine; b = biotin; red T = G/T substitution in G9T
and G25T compared to 32R.
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experimental procedures, are plotted in Figure 3C. The plot
shows that interactions with the G9T and G25T G4
conformers involve residues in both RRM domains of UP1,
with some preference for domain 1. This observation is in
agreement with the crystal structure between UP1 and TR220

and the results supported by other NMR and ITC experiments
available in the literature.25 The residues with the most intense
Δδ have been plotted in red and orange within the UP1
structure (Figure 3C). To probe the effect of UP1 on the
folding of both 32R G4 conformers, we performed 1D 1H

Figure 2. (A) EMSA showing the binding of hnRNPA1 and UP1 to G9T, G25T, and 32R G4 structures. Samples with hnRNPA1, containing 50
nM G4 labeled with Cy5.5 and 0, 2.5, 5, or 10 μg of protein, were incubated in 50 mM Tris−HCl (pH 7.4), 50 mM KCl, 2.5 ng/mL poly[dI-dC], 1
mM EDTA, 50 mM Zn-acetate, 1 mM NaV, 5 mM NaF, 0.01% phosphatase inhibitor, 1 mM DTT, and 8% glycerol for 30 min at 25 °C and then
run in 5% PAGE in TBE. EMSA with UP1 were run in a 10% PAGE. 32Rmut is unable to assume a G4 structure (Table 1). Proposed models for
the complexes c1 and c2 between hnRNPA1/UP1 and G9T/G25T are shown. (B) Isothermal calorimetry titrations relative to the binding of UP1
to 32R, G9T, and G25T G4 structures at 37 °C in a phosphate buffer and 50 mM KCl (pH 6.6). Binding isotherms from which the thermodynamic
parameters of the interaction were obtained (Table 2).
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NMR experiments as a function of time, looking at the G-
quadruplex imino signatures at a 1:1 molar ratio. The NMR
spectra were acquired at different time periods, and the
samples were kept at 37 °C for a week (Figure 4). Ninety
minutes after the addition of UP1, we observed a significant
decrease in the intensity of all imino peaks of G25T, suggesting
that the sequence bound to UP1 was unfolded, although
probably not completely. Instead, the G9T showed a far lower
drop in the intensity of the imino peaks. It can be seen that the
G9T most affected imino protons, showing broadening and
decline in intensity after 90 min incubation with UP1, are
those of the guanines corresponding to the 5′-end tetrad (G2,
G6, G11, and G25) (Figure 1D). The imino protons of the
guanines of the 3′-end tetrad (G4, G32, G13, and G27)
instead show an initial broadening, but their intensity slowly
decreases within a time scale of hours/days (after 1 day, the
G4 should be partially unfolded in rapid refolding equilibrium
when not bound to UP1). As for G25T, all imino peaks except
those of the central G-tetrad (G3, G7, G12, and G27)
disappeared after 90 min exposure to UP1, showing that the
end-tetrads are disrupted. The data suggest that, under the
experimental conditions of the experiments, UP1 binds to the
G4-ends of the structures (Figure S2). It is noteworthy that,
gradually over time, some peaks in both G4 conformers
reappeared. This process is mostly due to the unfolding of UP1
itself, especially after more than 2 days at 37 °C, confirmed by
an HSQC experiment (not shown). Taken together, both the
2D and 1D NMR experiments indicate that G25T in the
presence of UP1 is practically unfolded, while conformer G9T
is only partially unfolded. In agreement with the data of the
TR2−UP1 complex,20 chemical shift plots reported in Figure
3C show that there are many contacts between G25/G9T and
the two RRM domains of the proteins. As the unfolding of
both G4s appears to be not complete, we can hypothesize that
UP1 without the glycine C-terminus domain (RGG-box) is not
as efficient in unfolding as the entire hnRNPA1protein, as
observed in the case of human telomeric G-quadruplex
Tel22,25 or that not all the G4 molecules are bound to UP1
at a 1:1 ratio. In fact, at G4/protein ratios of 1:5 and 1:10,
FRET experiments suggest that G9T bound to hnRNPA1 or
UP1 is unfolded (Figure S3).
HnRNPA1 Is Upregulated in PDAC Cells and Plays a

Key Role in the KRAS Promoter. Previous studies suggested
that hnRNPA1 should be involved in the mechanism
regulating KRAS transcription.23,27,28 We then asked what
the real impact of hnRNPA1 in KRAS expression is. To address
this issue, we compared KRAS expression in normal and
knockout Panc-1 cells, in which hnRNPA1 was deleted by the
CRISPR/Cas9 technology (Panc-1 cells are human PDAC
cells bearing the KRAS mutation G12D). The genome editing
of Panc-1 cells was carried out by Synthego (CA), which
provided us with a pool of Panc-1 edited cells from which we
managed to isolate three clones: koA1_1, koA1_4, and
koA1_8, which were fully knocked out for hnRNPA1.

Figure 5A,B reports the guide and target sequences used to
obtain the hnRNPA1 knockout cell lines as well as a typical
Western blot showing that koA1_1, koA1_4, and koA1_8 do
not express hnRNPA1, while they do express β-actin. To
confirm the specificity of hnRNPA1 knockout, we detected the
level of hnRNPA1 isoforms such as hnRNP M, hnRNP F/H,
and hnRNP A2/B1 (Figure 5C). We observed that these
isoforms are equally expressed in normal and knockout cells, as
expected. Subsequently, we reasoned that if hnRNPA1 is a TF
essential for KRAS, the knockout cell lines should express a
lower level of KRAS compared to normal Panc-1 cells. To test
this, we measured the levels of KRAS in koA1_1 and koA1_4
knockout cells (Figure 6A,B).
Compared to β-actin and nucleoporin, both koA1_1 and

koA1_4 express a lower level of KRAS protein: residual KRAS
is ∼70 and ∼40% in koA1_1 and koA1_4, respectively,
compared to normal Panc-1 cells. As a control, we silenced
hnRNPA1 in normal Panc-1 cells (residual hnRNPA1 ∼50%)
by using a specific siRNA and observed that a transient
suppression of hnRNPA1 resulted in the downregulation of
KRAS by ∼50%, in agreement with the results obtained with
koA1_1 and koA1_4 knockout cell lines (Figure 6C,D). Taken
together, the data obtained with the knockout and normal
Panc-1 cells treated with siRNA clearly suggest that hnRNPA1
is important for KRAS expression. We then asked ourselves
whether in the knockout cell lines the downregulation of KRAS
is compensated by an overexpression of HRAS and NRAS.
The levels of the HRAS and NRAS proteins in koA1_1 and

normal Panc-1 cells were measured by specific monoclonal
antibodies (Figure 6E). We found that the knockout and
normal cells show roughly similar levels of the HRAS and
NRAS proteins. In conjunction with literature data, the role
played by hnRNPA1 in the mechanism controlling KRAS
transcription in pancreatic cancer can be represented as in
Figure 6F. When KRAS transcription is stimulated by oxidative
stress, i.e., by treating the cells with H2O2

6 or with ROS-
generating porphyrins,34 we observed by ChIP that (i)
hnRNPA1, MAZ, and PARP-1 are recruited to the KRAS
promoter in the region containing the 32R motif32 and (ii) the
level of 8OG increases in the 32R region more than in other
genomic G-rich regions lacking G4 motifs.32 Therefore, we
hypothesized that 8OG-modified G4 in the KRAS promoter
acts as a platform for the recruitment of PARP-1, MAZ, and
hnRNPA1 and the assembly of the transcription preinitiation
complex. This and previous studies provide evidence that the
function of hnRNPA1 is to unfold the G4 and facilitate the
reconstitution of the duplex before the formation of the
preinitiation complex with the recruited proteins. Chu et al.28

showed that KRAS expression depends not only on hnRNPA1
but also on ILK, which forms an axis, ROS-KRAS-ILK-
hnRNPA1, that maintains the expression of KRAS in PDAC
high, as illustrated in Figure 6F. The high metabolic rate of
PDAC enhances the level of ROS that stimulate TF
recruitment and KRAS expression via ILK and hnRNPA1. If
hnRNPA1 is suppressed, the axis and thus KRAS activities fall,
together with the KRAS-induced metabolic rewiring necessary
to produce biomass for cell growth.35

KRAS promotes a complex downstream signaling involving
the RAF/MEK/ERK and PI3K/PDK1/AKT pathways.36

Recent findings have shown that the initiation, progression,
and maintenance of PDAC heavily depend on the KRAS/
PI3K/PDK1/AKT signaling, which stimulates cell growth and
survival.37 By Western blots, we investigated the activity of the

Table 2. Thermodynamic Parameter Concerning the
Interaction between UP1 and KRAS G4s

sequence KD (μM)
ΔG (kcal/

mol)
ΔH (kcal/

mol)
TΔS (kcal/

mol)

32R 1.1 ± 0.25 −8.5 ± 1.9 −29 ± 4.0 −20.5 ± 5.9
G9T 0.49 ± 0.12 −8.9 ± 2.2 −17 ± 1.0 −8.1 ± 3.2
G25T 0.79 ± 0.18 −8.6 ± 2.0 −25 ± 2.6 −16.4 ± 4.6
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two pathways in Panc-1 and koA1_1 cell lines (Figure 7A). It
can be seen that in koA1_1, which is characterized by a lower
expression of KRAS (vide inf ra), the MEK/ERK pathway is
substantially active as in normal cells, while the more critical

PI3K/PDK1/AKT pathway appeared inhibited, as indicated by
the low level of phosphorylated AKT. As hnRNPA1 is a critical
TF for KRAS, the knockout cell lines should exhibit a lower
metabolic activity, proliferation, and colony formation

Figure 3. (A, B) Superimposition of 15N-1H NMR HSQC spectra of UP1 showing each residue with NH bond of the backbone, measured alone
and with an increasing amount of KRAS G9T (top) and G25T (bottom) G4 structures. (C) Plotted chemical shifts calculated using eq 1. Dotted
lines indicate values of one and two sigma above standard deviation (SD). The corresponding residue with a schematic view of the UP1 structure to
identify regions implicated in the interaction with the G9T and G25T G4 conformers. Structures of the two UP1 RRM domains with the most
shifted residues in the presence of G9T (lef t) or G25T (right) are colored in red for strong shifts and in orange for medium shifts, e.g., 2 and 1 SD,
respectively.
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compared to normal Panc-1 cells. To test this, we first carried
out a resazurin assay that evaluates metabolic activity
(resazurin in viable cells is enzymatically reduced to highly
fluorescent resorufin). Figure 7B−D shows that three knockout
cell lines (including koA1_8) have a lower metabolic activity
than normal Panc-1 cells and a significantly lower proliferation
over a period of 6 days from cell seeding. Moreover, a
clonogenic assay showed that the suppression of hnRNPA1 in
Panc-1 cells results in ∼60% drop in colony formation.
Together, these data provide strong evidence that hnRNPA1
plays a vital role in PDAC, as it stimulates the expression of
KRAS, the oncogene to which pancreatic cancer cells are
addicted.
The 32R G4 Motif Is a Platform for the Formation of

the Preinitiation Complex. Previous studies support the
notion that the KRAS G4 structures may function as a platform
for the recruitment of TFs.6,32 Recently, we reported that upon

binding to the 32R G4, PARP-1 undergoes auto-PARylation,
becomes negatively charged, and stimulates the recruitment of
cationic TFs such as hnRNPA1 and MAZ (pI > 7.4). We
therefore asked ourselves whether both G4 conformers of 32R
are able to form a multiprotein complex when they are
incubated with a nuclear extract from Panc-1 cells. To address
this issue, we used a streptavidin−biotin pull-down approach.
We synthesized G25T, G9T, and 32R linked to biotin and let
them fold into G4 in a buffer containing 100 mM KCl. The
biotinylated oligonucleotides in G4 conformation were used as
G4 baits in the pull-down experiments (Figure 8A). Each
biotinylated G4 was incubated with 80 μg of nuclear extract in
the presence of poly[dI-dC] to suppress unspecific binding for
30 min, and the proteins bound to G4 were pulled down with
streptavidin-coated magnetic beads. The captured proteins
(bound to the beads) were eluted with Laemmli buffer and
analyzed by immunoblotting with antibodies specific for MAZ,

Figure 4. (A) G9T and G25T G4 imino proton region after the addition of 1 equiv of UP1 at different time periods. At a G4/UP1 ratio of 1:1, UP1
binds to the end-tetrads of the G4s and unfolds completely (G25T) or partially (G9T) the structures.

Figure 5. (A) Target and guide sequences used to suppress hnRNPA1 in Panc-1 cells. Two knockout clones for hnRNPA1 were isolated, koA1_1
and koA1_4, which show no expression of hnRNPA1. (B) Western blots showing that koA1_1 and koA1_4, but not the wild-type Panc-1 cells, do
not express hnRNPA1, while they do express β-actin. (C) The DNA editing by the CRISPR Cas9 technology does not affect the expression of the
hnRNP M, hnRNP F/H, and hnRNP A2/B1 isoforms of hnRNPA1.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c05538
ACS Omega 2021, 6, 34092−34106

34098

https://pubs.acs.org/doi/10.1021/acsomega.1c05538?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05538?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05538?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05538?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05538?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05538?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05538?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05538?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c05538?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


hnRNPA1, Ku70, and PARP-1. It was observed that the G4s
pulled down all four TFs, suggesting that they can indeed act
as a platform for the formation upstream of the TSS of the
transcription preinitiation complex (Figure 8B).
The eluates from the streptavidin-coated beads, incubated

with the nuclear extract in the absence of the G4 bait,
contained a small amount of proteins owing to unspecific
interactions between the magnetic beads coated with
streptavidin and the nuclear proteins (lane ″beads″). The
result obtained with G25T is quite similar to that observed
with 32R, while conformer G9T appears less efficient in pulling
down the proteins. The fact that G9T seems to be a less
efficient platform than 32R and G25 correlates with its higher
resistance to modifying its structure upon interacting with the
hnRNPA1/UP1.

Another point that we considered is the following: as the
distribution of the TFs in the promoter is dynamic and their
recruitment is expected to be the result of the balance between
protein−protein and DNA−protein interactions, we asked
ourselves whether the proteins recruited to the KRAS
promoter act independently or interact with one another. To
investigate this point, we carried out an immunoprecipitation
assay (Figure 8C). The nuclear extract from Panc-1 cells was
incubated one by one with the monoclonal antibodies (Abs)
specific for the TFs. The proteins bound directly or indirectly
to the antibodies were pulled down by magnetic beads coated
with protein A and analyzed by Western blots. It can be seen
that anti-PARP1 Ab pulled down in addition to PARP-1 also
Ku70, suggesting that these two proteins are associated with
each other. Anti-Ku70 Ab gave a similar result: it pulled down

Figure 6. (A, B) Western blot showing the levels of hnRNPA1, ILK, KRAS, β-actin, and nucleoporin (NP) in the koA1_1 and koA1_4 knockouts
and in wild-type Panc-1 cells. (C, D) Western blot showing the level of KRAS, hnRNPA1, and β-actin in Panc-1 cells untreated and treated with a
specific siRNA for hnRNPA1and control siRNA. (E) Western blots showing the levels of HRAS and NRAS in normal Panc-1 cells and in koA1_1
knockout cells. (F) The KRAS-ILK-hnRNPA1 axis controlling the expression of KRAS in PDAC cells. (*) = P < 0.05.
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both Ku70 and PARP-1, confirming the contact between the
two proteins. Anti-MAZ Ab only pulled down MAZ, while
anti-hnRNPA1 Ab pulled down hnRNPA1 and MAZ in large
amounts. The result suggests that MAZ and hnRNPA1 are
strongly associated with each other. The fact that anti-MAZ Ab
does not pull down hnRNPA1 indicates that the association
between the two proteins overlaps the epitope recognized by
anti-MAZ. In a second set of experiments, we used the 32R G4
containing 8-oxoguanine (8OG) as a bait to mimic a ROS-
oxidized G4. We designed two oxidized G4 structures, called
92 and 96, the former bearing 8OG in G-run I and the latter in
the major groove (Figure S4 and Table 1).32 When we
incubated the wild-type and oxidized 32R sequences with a
Panc-1 extract, we observed that the oxidized G4s pulled down
the TFs as efficiently as wild-type 32R, indicating that the
oxidized G4 acts as a platform for the recruitment of the TFs
(Figure 8D). Interestingly, when we carried out a pull-down
experiment with an extract obtained from the koA1_1
knockout cell line, we found that not only hnRNPA1 but
also MAZ was not pulled down, in agreement with the fact that
MAZ in the multiprotein complex is associated with hnRNPA1
(Figure 8E). In Figure 8F, we propose a mechanism for KRAS
transcription activation. Under enhanced oxidative stress,
typical of cancer cells, PARP-1 and its associated Ku70 protein
are recruited to the KRAS promoter in the region containing
the 32R G4 motif, most likely with 8OG modification. Upon
binding to G4, PARP-1 undergoes autoparylation and becomes
negatively charged.6,38 Ku70, which is associated with PARP-1,
having a pI = 6.23, is also anionic under physiological
conditions. The resulting G4−PARP1−Ku70 complex forms a
strongly anionic platform capable of recruiting cationic TFs
such as hnRNPA1 (pI = 9.2). The electrostatic attraction of

hnRNPA1 to the promoter should also recruit MAZ as it is
associated with hnRNPA1.
The enrichment of the TFs in the neighboring G4 creates

the conditions for the formation of the transcription
preinitiation complex. Owing to the G4 unfolding property
of hnRNPA1 and MAZ,6,22,23 the G4 structures are unfolded
and the transcription preinitiation complex is assembled on
double-stranded DNA.
Finally, we compared the morphology of the knockout cell

line koA1_1 with normal Panc-1 cells by performing confocal
microscopy experiments (Figure S5). We obtained images of
Panc-1 cells stained with phalloidin, syto-14, and Hoechst.
Phalloidin binds to actin filaments and stains the cytoskeleton
of the cells, syto-14 binds to cellular RNA, and Hoechst stains
the nucleus. Compared to wild-type Panc-1 cells, the koA1_1
knockout appears more aggregated in keeping with the fact
that the downregulation of KRAS affects cell adhesion.39

Correlation between the KRAS-ILK-hnRNPA1 Axis
and PDAC Survival Probability. As the development,
growth, and maintenance of PDAC heavily depend on
KRAS,40,41 we asked ourselves whether the oncogene and the
TFs recognizing the KRAS G4 structures are overexpressed in
PDAC patients. We consulted a publicly available microarray
data set (GSE15471) to examine the differential expression of
these genes between normal and tumor tissue samples.
GSE15471 reports the global gene expression of 36 pairs of
normal and PDAC samples obtained from resected pancreas of
cancer patients. The results are reported in Figure 9A in the
form of box plots. It can be seen that KRAS is almost twofold
upregulated in PDAC compared to normal tissues (P < 10−7).
Remarkably, the genes encoding for PARP-1, hnRNPA1, and
Ku70 that recognize the 32R G4 are also upregulated in PDAC
tissues (P < 0.007). Only MAZ seems to be slightly

Figure 7. (A) Level of phosphorylation of KRAS downstream effector proteins. (B) Metabolic activity of normal and hnRNPA1-knockout Panc-1
cells measured 72 h after cell plating. (C) Cell growth assay reporting the number of normal and hnRNPA1-knockout Panc-1 cells up to 6 days
from plating. (D) Clonogenic assay showing that normal Panc-1 cells form more colonies than the hnRNPA1-knockout clones. The bar plot shows
a reduction of colony formation by the knockout clone of >60% compared to the wild-type cells. (*) = P < 0.05.
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downregulated (P < 0.0012). However, this finding is not in
agreement with a recent study of Zhu et al.,42 who reported
that MAZ is also upregulated in PDAC (the discrepancy may
be due to a different method of analysis).
As it is now established that KRAS is controlled by an axis

involving hnRNPA1 and ILK,28 we also focused on ILK and
found that its expression in PDAC is higher than in normal
tissues (P = 0.0012). So, the crucial KRAS-ILK-hnRNPA1 axis
controlling KRAS expression is composed by effector proteins
that are overexpressed in PDAC. To provide further support of
the clinical relevance of the KRAS-ILK-hnRNPA1 axis, we
investigated if its expression level correlates with the overall
clinic outcomes of different tumors. We obtained Kaplan−
Meier plots and found that PDAC patients with a highly
expressed KRAS-ILK-hnRNPA1 axis showed a lower survival
probability than patients with a lowly expressed axis (Figure
9B). We divided the data of 178 PDAC patients into two

groups: one of 147 patients characterized by a high expression
of KRAS-ILK-hnRNPA1 (group 1) and one of 31 patients with
a low expression of the same genes (group 2). We then
calculated the survival probability and found that group 2 had a
survival probability significantly higher than that of group 1, P
= 0.038. These data confirm the central role of the KRAS-ILK-
hnRNPA1 axis in the maintenance of PDAC and suggest that
hnRNPA1 is an interesting target for the rational design of
anticancer drugs to treat PDAC.

■ CONCLUSIONS

The G4-motif located upstream of the transcription start site
folds into a G-quadruplex in equilibrium between two G4
conformers: G9T (TM = 61.2 °C) and G25T (TM = 54.7
°C).29 Here we have demonstrated that both G4s interact with
hnRNPA1 and its proteolytic fragment UP1. 1D NMR analysis
of G4 imino protons shows that, upon binding to UP1, G25T

Figure 8. (A) Scheme of the pull-down experiments is illustrated. (B) Pull-down with biotinylated G9T, G25T, and 32R G4s. The biotinylated G4
(80 nM) was incubated with 80 μg of nuclear extract for 30 min at RT. The DNA bait−protein complexes formed were pulled down with
streptavidin magnetic beads. The pull-down proteins were recovered and analyzed by Western blot with anti MAZ, anti PARP-1, and anti
hnRNPA1 primary antibodies and a secondary antibody conjugated to horseradish peroxidase. (C) Pull-down with antibodies specific for PARP-1,
Ku70, MAZ, and hnRNPA1. The recovered proteins from the pull-down were analyzed by Western blots. (D, E) Pull-down assays with biotinylated
32R and oxidized analogues 92 and 96, in the G4 structure, used as bait with the extract from normal Panc1 cells (left panel) and knockout koA1_1
cells (right panel). (F) Proposed mechanism for the activation of KRAS transcription. First, PARP-1 binds to the KRAS promoter at the G4 motif.
After binding the protein, it undergoes auto-PARylation, becoming anionic. The G4−PARP-1 complex acts as a platform for the recruitment of the
TFs. Protein hnRNPA1 should unfold the G4, thus promoting the G4 to duplex transformation at the promoter near TSS and the initiation of
transcription.
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is practically unfolded, whereas G9T is only partly unfolded. As
observed for the interaction between UP1 and telomeric G4,
the UP1 residues showing important shifts upon binding to the
KRAS G4 conformers are located in the two RRM domains.
The ability of hnRNPA1/UP1 to unfold G4 DNA suggests

that this protein should play an important role in transcription
regulation.9,21,23,28,43 By using a Panc-1 knockout cell line in
which hnRNPA1 was deleted by the CRISPR/Cas9 technol-
ogy, we found that hnRNPA1 is essential for the transcription
of KRAS and for cell growth. Pull-down/Western blot
experiments indicate that conformer G25T is a better platform
than conformer G9T for the assembly of the transcription
preinitiation complex with PARP1, Ku70, MAZ, and
hnRNPA1. A growing body of evidence indicates that PDAC
cells are addicted to KRAS, which is regulated by the KRAS-
ILK-hnRNPA1 axis.28,44 Its expression correlates with the
clinical outcome of PDAC patients. Kaplan−Meier plots show
that the survival probability of PDAC patients with a high
expression of the KRAS-ILK-hnRNPA1 axis is significantly
lower than that of PDAC patients with a low expression of the
axis. Together, the data confirm the central role of KRAS-ILK-
hnRNPA1 in the maintenance of PDAC and suggest that
hnRNPA1 can be an attractive target for the design of new
anticancer drugs against PDAC.

■ MATERIALS AND METHODS

Oligonucleotides. The oligonucleotides have been
purchased from Microsynth-AG, Balgach, Switzerland, or
alternatively from Integrated DNA Technologies, Leuven,
Belgium. Their sequences are reported in Table 1. DNA
concentration was determined from the absorbance at 260 nm
of the oligonucleotides diluted in milli Q water using as
extinction coefficients 7500, 8500, 15,000, and 12,500 M−1

cm−1 for C, T, A, and G, respectively. The oligonucleotides,
including those labeled to Cy-3, were HPLC purified.

Cell Culture, Metabolic Activity, and Proliferation
Assay. Normal and hnRNPA1-deleted Panc-1 cells were
maintained in exponential growth in Dulbecco’s modified
Eagle’s medium (DMEM) containing 100 U/mL penicillin,
100 mg/mL streptomycin, 20 mM L-glutamine, and 10% fetal
bovine serum (Euroclone, Italy). The metabolic activity assay
was performed on a 96-well plate by seeding 9 × 103 cells per
well. The cells were then treated with resazurin following a
standard procedure. Cell growth assay was performed by
seeding the cells in a 24-well plate and counting the cells on a
cell counter every day for 6 days. Clonogenic assays were
carried out with normal and hnRNPA1-deleted Panc-1 cells
seeded in DMEM at a very low density and left for a period of
15 days. The colonies of at least 50 cells were counted, and the
results were plotted in a histogram.

UV, CD, Fluorescence, and DMS Footprinting Experi-
ments. UV melting was performed by using a Jasco V-750
UV−visible spectrophotometer equipped with a Peltier
temperature control system (ETCS-761) (Jasco Europe,
Cremella, Italy). The spectra were analyzed with Spectra
Manager (Jasco Europe, Cremella, Italy). The oligonucleotides
(3 μM) were annealed in 50 mM Na-cacodylate (pH 7.4) and
100 mM KCl (5 min at 95 °C, overnight at RT). The melting
curves were recorded at 295 nm in a 0.5 cm path length quartz
cuvette, heating (25−95 °C) at a rate of 0.5 °C/min.
CD spectra have been obtained with a JASCO J-600

spectropolarimeter equipped with a thermostated cell holder.
CD experiments were carried out with 3 μM oligonucleotides
in 50 mM Na-cacodylate (pH 7.4) and 100 mM KCl. Spectra
were recorded in 0.5 cm quartz cuvettes. The spectra were
calculated with the J-700 Standard Analysis software (Japan
Spectroscopic Co., Ltd) and are reported as ellipticity (mdeg)

Figure 9. (A) Box plots showing the expression of genes related with KRAS in normal and PDAC pancreatic tissues (yellow and pink, respectively)
obtained from the GSE15471 data set. (B) Survival probability of PDAC patients with the KRAS-ILK-hnRNPA1 axis upregulated or
downregulated.
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versus wavelength (nm). Each spectrum was recorded three
times and subtracted to the baseline.
DMS footprinting was carried out as previously described.3

Production of Recombinant UP1. The recombinant
protein comprising the RRM domains of UP1 (residues 17 to
196) was inserted into a modified pGEX vector containing a
GST marker and then transformed on a Petri dish. The
expression of UP1 in E. coli BL21 (DE3) bacteria was carried
out in an LB medium (5 g/L yeast extract, 10 g/L peptone,
and 10 g/L NaCl) at 37 °C overnight with ampicillin at 100
μg/mL. Bacteria were then transferred to a TB medium (24 g/
L yeast extract, 12 g/L tryptone, 5 g glycerol, and 100 mM
phosphate buffer (KH2PO4/K2HPO4)) supplemented with
100 μg/mL of Amp. For 15N, 13C labeled production, a
minimal M9T medium (300 μM CaCl2, 1 mM MgSO4, 6 g
Na2HPO4, 3 g KH2PO4, 0.5 g NaCl, 1 mg vitamin B1, 1 g
NH4Cl

15N, and 2 g glucose 13C) was used, always
supplemented with 100 μg/mL of Amp. Expression was
induced at an OD 600 nm between 1.5 and 2.0 with IPTG at 1
mM, overnight at 17 °C. The bacterial pellets were then
recovered by centrifugation at 6500 rpm for 20 min at 4 °C,
resuspended with PBS, and incubated under agitation for 30
min with 100 mM PMSF, lysozyme, and 1 M DTT. A lysis by
sonication (40%: 45 s on, 45 s off for 4 min and 30 s) was then
carried out, the lysate was then ultracentrifuged for 1 h at 4 °C
at 42,000 RPM, and the supernatant was collected. Glutathione
Sepharose 4B (GE Healthcare) (50% slurry in PBS) was added
to the supernatant and incubated for 2 h at 4 °C with a slow
shaking. The mix was centrifuged at 2000 rpm for 5 min, and
the pellet was washed five times in PBS and eluted with an
elution buffer containing 20 mM NaCl, 20 mM reduced
glutathione, and 200 mM Tris−HCl (pH 7.5). GST tag was
then cleaved from purified UP1 using PreScission protease (1.5
mg/mL) after exchange with a cleavage buffer (200 mM Tris
HCl, 20 mM NaCl, 0.5 mM EDTA, and 1 mM DTT)
overnight at 4 °C. GST and purified UP1 were then separated
by size exclusion chromatography using GF S75 after
equilibration in a buffer (50 mM KCl, 10 mM KPi (pH
6.66), and 0.5 mM DTT) overnight. Finally, purification was
checked by SDS-PAGE and concentration was determined by
measuring absorbance at 280 nm.
NMR Experiments. NMR spectra were recorded on a

Bruker Advance III 700 MHz spectrometer equipped with a
liquid TXI 1H/13C/15N/2H probe. All samples were
prepared in 1X buffer (10 mM K2HPO4/KH2PO4; 50 mM
KCl; pH 6.6) with the addition of 10% D2O for lock purposes
and all spectra were acquired in 3 mm NMR tubes. For kinetics
experiments containing UP1 and DNA, the G4 concentration
(G9T and G25T) were 184 μM followed with the addition of
one molar-equivalent of non-labelled UP1 in 1X buffer in
presence of 1 mM DTT. Spectra of G4 mixed with UP1 were
recorded at different time periods after addition of UP1 (0, 90
minutes, 1, 2, 3 and 7 days). In the 1D (1H) NMR
experiments, the water signal was suppressed using excitation
sculpting with gradients (zgesgppe; d1=2sec; 512 scans; time
domain=64k). Samples were maintained at 37°C between each
NMR experiment. Identification of UP1 residues implicated in
the interaction with both KRAS32R conformers (G9T and
G25T) have been done by using 2D NMR acquisitions with
15N, 13C isotopically enriched samples of UP1 in 1X buffer in
presence of 1 mM DTT. We used SOFAST (Band-Selective
Optimized-Flip-Angle Short-Transient) HMQC based on 2D
H-1/X correlation via Heteronuclear zero and double quantum

with decoupling during acquisition (sfhmqcf3gpph; d1=0.3sec;
256 scans, F2 (1H) time domain=2k; F1 (15N) time
domain=160). Each residue has been identified by the −NH
from its backbone connection and assigned using the deposited
data from PDB structure 1L3K. Increasing amounts molar
fractions of G4 (G9T or G25T) have been successively
included (0.25, 0.5, 0.75, 1) and we followed UP1 chemical
shift peak shifting after each oligo addition. Shifts have been
determined for several peaks using the equation:
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with δH and δN being the chemical shifts in 1H and 15N
dimensions respectively. Deviations of the chemical shifts were
then plotted in function of the corresponding residue in Origin
8.6.

Isothermal Titration Calorimetry (ITC). ITC experi-
ments were performed using a Microcal ITC200 instrument
(Malvern). All experiments were performed at 37 °C. All
samples were dialyzed in 1× buffer (10 mM K2HPO4/KH2PO4
and 50 mM KCl (pH 6.6)) with the addition of 1 mM DTT
overnight and thoroughly degassed prior to use. Titrations
were conducted with wild-type 32R and G4 conformers G9T
and G25T. For the ITC titrations, the sample cell was filled to
capacity with a dilute solution of UP1 at 10 μM and titrated
with DNA at 50 μM in the same buffer. Titration has been
done with 16 injections of 2.5 μL aliquots of the titrant with
titrant injections made at 300 s intervals, with 600 rpm for
stirring. The integrated heat data were corrected considering
the heat of the dilution and blank effects. The corrected data
were fit with a binding model by nonlinear regression. The
binding isotherms were sigmoidal and well fit with the standard
one-site binding model incorporated into the Microcal Origin
ITC software.

CRISPR-Cas9 Suppression of hnRNPA1. HnRNPA1-
deleted Panc-1 clones were generated by genome editing with
the CRISPR/Cas9 system. The genome editing of Panc-1 cells
has been carried out by Synthego (CA), which provided us a
pool of Panc-1 edited cells. Individual clones were tested by
Western blot to verify the deletion of the hnRNPA1 protein.
Clones with extremely affected morphologic phenotype were
excluded from further experiments.

Nuclear Extract and Biotin−Streptavidin Pull-Down
Assay. To obtain nuclear extracts, six plates of 15 cm diameter
of Panc-1 cells at a given confluence were washed with PBS
and treated with 0.1 mM H2O2 in serum-free DMEM-high
glucose for 30 min. The cells were collected in a PBS buffer
and centrifuged at 800g for 10 min at 4 °C. Then, the cells
were resuspended in a hypotonic buffer (10 mM HEPES-KOH
(pH 7.9), 1.5 mM MgCl2, 10 mM KCl, 0.2 mM PMSF, 0.5
mM DTT, 5 mM NaF, and 1 mM Na3VO4) and kept in ice for
10 min. Swollen cells were homogenized with a Dounce
homogenizer and the nuclei, pelleted by centrifugation, and
resuspended in a low-salt buffer (20 mM HEPES-KOH (pH
7.9), 25% glycerol, 1.5 mM MgCl2, 20 mM KCl, 0.2 mM
EDTA, 0.2 mM PMSF, and 0.5 mM DTT). The nuclear
proteins were obtained by the addition of a high-salt buffer
(low-salt buffer containing 1.2 M KCl). Protein concentration
was determined according to the Bradford method. Biotiny-
lated 32R, G9T, and G25T were folded in 50 mM Tris−HCl
(pH 7.4) and 100 mM KCl by heating the solutions at 95 °C
for 5 min and successive incubation overnight at RT. The
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nuclear extract (80 μg) was incubated for 30 min at RT with
80 nM biotinylated 32R, G9T, or G25T in 20 mM Tris−HCl
(pH 7.4), 150 mM KCl, 8% glycerol, 1 mM DTT, 0.1 mM
ZnAc, 5 mM NaF, 1 mM Na3VO4, and 2.5 ng/μL poly[dI-dC].
Then Streptavidin MagneSphere Paramagnetic Particles
(Promega Italia, Milano, Italy) were added and left to incubate
for 30 min at RT. The beads were captured with a magnet and
washed three times. The proteins were eluted with Laemmli
buffer (4% SDS, 20% glycerol, 10% 2-mercaptoethanol, 0.004%
bromophenol blue, and 0.125 M Tris−HCl).
Electrophoresis Mobility Shift Assays (EMSAs). Cy5.5-

end labeled oligonucleotides 32R, G9T, and G25T were
allowed to adopt their structure in 50 mM Tris−HCl (pH 7.4)
and 100 mM KCl (heated at 95 °C for 5 min and annealed
overnight at RT). Cy5.5-oligonucleotides (50 nM) were
treated for 15 min at 25 °C with increasing amounts of
hnRNPA1 in 50 mM Tris−HCl (pH 7.4), 50 mM KCl, 2.5 ng/
mL poly[dI-dC], 1 mM EDTA, 1 mM Na3VO4, 5 mM NaF,
0.01% Phosphatase Inhibitor Cocktail I (Merck Life Science,
Milano, Italy), 1 mM DTT, and 8% glycerol. The reaction
mixtures were incubated for 10 min in ice, loaded in 5% TB
(1×) polyacrylamide gel, and then run at 300 V, 50 mA, and
30 W for 3 h at 20 °C. After running, the gel was analyzed with
the Odyssey CLx Imaging System (Li-COR Biosciences,
Lincoln, NE, USA).
Immunoprecipitation Assay. Panc-1 cells were seeded

onto 15 cm diameter plates. At 80% confluence, the cells were
treated with 0.1 mM H2O2 in serum-free DMEM high-glucose
medium for 30 min. Then the nuclear proteins were extracted
and quantified as described in the Nuclear Extract and Biotin−
Streptavidin Pull-Down Assay section. For immunoprecipita-
tion, 1.5 mg of Protein A-Dynabeads (ThermoFisher
Scientific-Invitrogen, Waltham, MA, USA) was incubated
with 3 μg of anti-PAR (Poly/Mono-ADP Ribose (E6F6A)
Rabbit mAb #83732, Cell Signaling Technology, Leiden, The
Netherlands), anti-PARP-1 (46D11, Cell Signaling Technol-
ogy, Leiden, The Netherlands), anti-Ku70 (D10A7, Cell
Signaling Technology, Leiden, The Netherlands), anti-MAZ
(clone 133.7, IgG mouse, Santa Cruz Biotechnology, Dallas,
TX, USA), anti-hnRNPA1 (clone 9H10, IgG mouse, Merck
Life Science, Milano, Italy), and IgG Rabbit (ThermoFisher
Scientific-Invitrogen, Waltham, MA, USA) as negative control
in 20 mM Tris−HCl (pH 7.4), 20 mM KCl, 8% glycerol, 1
mM DTT, and 0.1 mM ZnAc for 15 min at RT. After one wash
with the same buffer, 80 μg was allowed to react with anti-
PAR- and IgG rabbit-derivatized Dynabeads for 30 min at RT.
The beads were captured with a magnet and washed three
times with the same buffer. The proteins were denatured and
eluted with Laemmli buffer (4% SDS, 20% glycerol, 10% 2-
mercaptoethanol, 0.004% bromophenol blue, and 0.125 M
Tris−HCl).
Western Blot Assays. Protein samples were separated in

10% SDS-PAGE and blotted onto the nitrocellulose membrane
at 70 V for 2 h. The nitrocellulose membrane was blocked for 1
h with 5% nonfat dried milk in PBS and 0.1% Tween (Merck
Life Science, Milano, Italy) at room temperature.
The primary antibodies used were as follows: anti-MAZ

(clone 133.7, monoclonal antibody, IgG mouse, Santa Cruz
Biotechnology, Dallas, TX, USA), anti-hnRNP A1 (clone
9H10, monoclonal antibody, IgG mouse, Merck Life Science,
Milano, Italy), anti-PARP-1 (clone H-300, polyclonal antibody,
IgG rabbit, Cell Signaling Technology, Leiden, The Nether-
lands), anti-PAR (Poly/Mono-ADP Ribose, clone E6F6A,

monoclonal antibody, IgG Rabbit, Cell Signaling Technology,
Leiden, The Netherlands), anti-Ku70 (clone 3C3.11, mono-
clonal antibody, IgG mouse, Cell Signaling Technology,
Leiden, The Netherlands), anti-hnRNP M (clone A-12,
monoclonal antibody, IgM mouse, Santa Cruz Biotechnology,
Dallas, TX, USA), anti-hnRNP F/H (clone 1G11, monoclonal
antibody, IgG Mouse, Santa Cruz Biotechnology, Dallas, TX,
USA), anti-hnRNP A2/B1 (clone B-7, monoclonal antibody,
IgG mouse, Santa Cruz Biotechnology, Dallas, TX, USA), anti-
HRAS (clone C-20, polyclonal antibody, IgG rabbit, Santa
Cruz Biotechnology, Dallas, TX, USA), anti-NRAS (clone
F155-227, monoclonal antibody, IgG mouse, Calbiochem, San
Diego, CA, USA), anti-KRAS (clone 3B10-2F2, mouse
monoclonal, IgG mouse, Merk Life Science, Milano, Italy),
anti-ILK ( polyclonal antibody, IgG rabbit, Cusabio Technol-
ogy LLC, Houston, TX, USA), anti-nucleoporin (polyclonal
antibody, IgG Rabbit, Abcam, Cambridge, UK), and anti-β-
actin (monoclonal antibody, IgG Mouse, Merk Life Science,
Milano, Italy). The membranes were incubated overnight at 4
°C with the primary antibodies, washed with 0.1% Tween in
PBS, and then incubated for 1 h with the secondary antibodies
conjugated to horseradish peroxidase: anti-mouse IgG (diluted
1:5000), anti-rabbit IgG (diluted 1:5000), and anti-mouse IgM
(diluted 1:5000) (Merck Life Science, Milano, Italy). The
signal was developed with Super Signal West PICO and
FEMTO (Thermo Fisher Scientific, Waltham, MA, USA) and
detected with the ChemiDOC XRS, Quantity One 4.6.5
software (Bio-Rad Laboratories, Segrate, (Milano), Italy).

Gene Expression Analysis. Data set GSE15471 was
downloaded from GEO.45 CEL files were processed using
standard tools available within the R affy package.46 The
normalization step was done with the standard RMA
algorithm,47 while the Jetset scoring was used to identify the
optimal microarray probe set for each gene.48 The impact of
gene expression on patient survival in the PDAC data set from
the Cancer Genome Atlas (TCGA-PAAD) was evaluated.
mRNA expression data from 178 samples (normalized by the
RNAseq by the Expectation−Maximization (RSEM) method)
and patients’ clinical data were retrieved from TCGA in May
2021 using the R package cgdsr.49 The whole gene signature
was taken into account: every patient’s median expression
value was determined, and all the patients were divided into
″high″ and ″low″ expression groups based on the optimal
cutoff. This is the value that creates the largest survival
separation between groups with the highest significance. For
this purpose, we used the surv_cutpoint function in survminer
package.50 Overall survival (OS) of the two groups was
compared by using the Kaplan−Meier plots, with p values
calculated via log-rank test, using the R survival package in R.51

Statistics. Vertical bar graphs report mean values ±
standard error (SE). Statistical analyses were carried out by
using the Sigma Plot software. Group differences were
analyzed by Student’s t test or one-way analysis of variance
(ANOVA). Groups are considered different when P < 0.05.
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