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Abstract 12 
G-quadruplex (G4) structures that can form at guanine-rich genomic sites, including telomeres and gene 13 
promoters, are actively involved in genome maintenance, replication, and transcription, through finely 14 
tuned interactions with protein networks. In the present study, we identified the intermediate filament 15 
protein Vimentin as a binder with nanomolar affinity for those G-rich sequences that give rise to at least 16 
two adjacent G4 units, named G4 repeats. This interaction is supported by the N-terminal domains of 17 
soluble Vimentin tetramers. The selectivity of Vimentin for G4 repeats vs individual G4s provides an 18 
unprecedented result. Based on GO enrichment analysis performed on genes having putative G4 repeats 19 
within their core promoters, we suggest that Vimentin recruitment at these sites may contribute to the 20 
regulation of gene expression during cell development and migration, possibly by reshaping the local 21 
higher-order genome topology, as already reported for lamin B. 22 
 23 
 24 

Introduction 25 
DNA is organized into hierarchical layers inside the nucleus. These are established through long-range 26 
chromatin interactions,1 which allow the creation of loops, where sets of genes are brought together into 27 
topologically associating domains (TADs)2 and enhancers-promoters communication is facilitated.3 The 28 
spatial association of TADs with similar properties, leads to the creation of the transcriptionally active 29 
(euchromatic) and repressive (heterochromatic) compartments.4 Heterochromatin is mainly found at the 30 
nuclear periphery, while euchromatin fills the nucleoplasm.5 Still, regions of active chromatin are found 31 
near nuclear pore complexes.6 This organization is constantly reshaped during early development and 32 
differentiation, reflecting the required gene expression program.7  33 
While CCCTC binding factor (CTCF) and the cohesin complex have been identified as principally responsible 34 
for creating loops and TADs,8 lamin B receptor seems to play a pivotal role in tethering heterochromatin to 35 
the nuclear periphery.9 However, the molecular mechanisms underlying enhancers-promoters contacts and 36 
compartmentalization are still not fully elucidated. In this regard, accumulating evidence suggests that, at 37 
accessible chromatin regions,10 DNA folding into non-canonical structures may drive the recruitment of 38 
architectural proteins to promote gene clustering. 11,12  39 
Among all DNA non-canonical secondary structures, G-quadruplexes (G4s) are tetra-helical arrangements 40 
that form within guanine-rich tracts. Here, four guanines interact through Hoogsteen hydrogen bonds to 41 
form planar arrays (G-tetrads) that stack one upon the other, building the core of the structure.13 G-42 
quadruplexes can adopt different topologies depending on the relative orientation of the DNA strands 43 
(parallel, antiparallel, hybrid) and the shape of the loops connecting the G-tetrads.14 G-quadruplexes have 44 
been detected within the human genome.15 They are found at telomeres, 5’ UTR regions, introns, and gene 45 
promoters. Interestingly, G4 motifs are depleted within house-keeping genes, while they are enriched 46 
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within developmental and oncogenic ones, suggesting that they may play a specific role in the regulation of 47 
these gene clusters during cell development and cancer progression.15 Ligands that selectively bind to G4s 48 
at promoters have been shown to influence the expression of the associated genes, thus supporting a 49 
functional role of these structures.16  50 
Noteworthy, the enrichment in putative G4 forming sequences within enhancers and at TADs boundaries 51 
suggests that G-quadruplexes may regulate gene expression through their involvement in the 52 
tridimensional organization of the genome.17 This picture is supported by the ability of G4s to recruit 53 
architectural and chromatin remodeling factors such as the (SWI/SNF)-like chromatin remodeler ATRX,18 54 
the architectural protein HMGB1,19,20 and the heterochromatin associated protein HP1α.21 Recently, Li L. 55 
and collaborators showed that G4 structures participate to the YY1-mediated DNA looping, thus providing 56 
experimental evidence to this model.12 57 
Still, a clear correlation between the complex G4 structural features and protein recruitment is lacking. 58 
In the present study, we focused on peculiar G4 arrangements, to whom we will refer here as G4 repeats. 59 
G4 repeats comprise two or more adjacent G4 modules, which eventually give rise to end-to-end mutual 60 
interactions. They were first characterized for the human telomeric sequence, where multiple adjacent G4s 61 
interact through transient π-π stacking of the external tetrads.22 More recent studies highlighted the ability 62 
of gene promoter sequences to also give rise to G4 repeats.23,24,25 Among them, the hTERT sequence, 63 
located within the core promoter of telomerase, folds into three interacting parallel three-quartet G4s,23 64 
the ILPR sequence, located within the promoter of insulin, folds into two cross-talking hybrid four-quartet 65 
G4s,24 while KIT2KIT*, which is found within the core promoter of c-KIT, folds into two interacting parallel 66 
three-quartet and antiparallel two-quartet G4s.25  67 
With the aim to identify proteins able to interact with G4 repeats, we performed pull-down assays with 68 
KIT2KIT* using nuclear extracts from the KIT-positive HGC-27 cell line. Noteworthy, we found the 69 
architectural protein Vimentin as the best interactor. By using a small panel of sequences, we showed that 70 
Vimentin binds to G4 repeats regardless of their sequence and topology and with high selectivity with 71 
respect to other DNA arrangements. 72 
Vimentin is the first reported protein selective for G4 repeats vs individual G4s. This points to G4 repeats as 73 
unique structural elements involved in the higher-order genome architecture. 74 
 75 
 76 

Results 77 
Identification of nuclear proteins that bind to the KIT2KIT* G4 repeat. To identify nuclear proteins that 78 
interact with KIT2KIT* G4 repeat, pull-down assays were performed with nuclear extracts from the KIT-79 
positive HGC-27 cell line. Streptavidin-coated paramagnetic beads were derivatized with the biotinylated 80 
oligonucleotide and subsequently incubated with nuclear extracts. Bound proteins were eluted with a KCl 81 
gradient (Supplementary Fig. S1A). A last fraction was obtained by boiling beads in denaturing Laemmli 82 
sample loading buffer.26 When solved by SDS-PAGE (Figure 1A), this last fraction exhibited three main 83 
bands that were cut and subjected to in-gel trypsin digestion and LC-MSE analyses for protein identification. 84 
Two of them (bands S1 and S2 at ~15 kDa and ~28 kDa, respectively) corresponded to Streptavidin 85 
monomer and dimer that detached from the beads along boiling procedure (Table 1; detailed data are 86 
given as Supplementary Material-Excel file). That aside, the band at ~50 kDa (band V in Figure 1A) was 87 
associated to the intermediate filament protein Vimentin (Table 1; detailed data are given as 88 
Supplementary Material-Excel file). Experiments performed with KIT2KIT* paired with its complementary 89 
strand revealed a different protein elution pattern (Supplementary Fig. S1B). Most importantly, no 90 
enrichment in Vimentin was observed within the last fraction (Figure 1B). 91 
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 92 
 93 
Figure 1: Pull-down assays identified Vimentin as a binder for the KIT2KIT* G4 repeat. SDS-PAGE of the last eluted fraction 94 
obtained from pull-down assays performed with KIT2KIT* a G-quadruplex and b duplex. Bands corresponding to Streptavidin 95 
monomer (S1) and dimer (S2) and Vimentin (V) are highlighted.  96 
 97 
Table 1. Proteins identified by LC-MSE. 98 

 99 
a Molecular monoisotopic mass of the UniProt sequence after cysteine carbamidomethylation. 100 
b Number of significant peptides sequenced by LC-MSE. The significant peptides identified for each protein 101 
with their expectation values are listed in Supplementary Material-Excel file.  102 
 103 
 104 
Vimentin selectively binds to G4 repeats. To validate the binding of Vimentin to the G4-folded KIT2KIT*, 105 
we performed electrophoretic mobility shift assays (EMSA) with the purified recombinant protein. The 106 
oligonucleotide was equilibrated in 150 mM KCl to promote G-quadruplex formation before protein 107 
addition. To avoid Vimentin polymerization into filaments, binding reactions were carried out at pH 8.4. 108 
Indeed, under these experimental conditions, Vimentin is stably arranged into tetramers.27 As shown in 109 
Figure 2A, at pH 8.4, free Vimentin tetramers migrate toward the anode as well as Vimentin-DNA 110 
complexes. Vimentin was proved able to bind to KIT2KIT*, leading to a well-defined band belonging to the 111 
complex. A fraction of free DNA appeared as a retarded band as a result of partial dissociation of the 112 
complex during the run. Noteworthy, no complex was observed when Vimentin was incubated with the 113 
isolated KIT2 and KIT* G-quadruplexes.  114 
To determine whether KIT2KIT* recognition was based on sequence composition or structural features, we 115 
tested other DNA sequences for which the folding into G4 repeats akin to KIT2KIT* was already reported. 116 
Figure 2B shows EMSA performed with the insulin-linked polymorphic region (ILPR) and the human 117 
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UniProtKB
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(%) 
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V 
Vimentin 

(Homo sapiens) 
53676 P08670 746 54 25 

S2 
Streptavidin 

(Streptomyces 
avidinii) 

18822 P22629 333 37 4 

S1 
Streptavidin 

(Streptomyces 
avidinii) 

18822 P22629 432 37 4 
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telomerase promoter (hTERT). With both oligonucleotides Vimentin formed single well-defined complexes. 118 
The heterogeneity of the so far tested sequences suggests that Vimentin recruitment is driven by DNA 119 
folding into G4 repeats, irrespectively of G-quadruplex topology and number of G-tetrads. Therefore, to 120 
better characterize this interaction, we moved to the telomeric sequence, as it constitutes an easily tunable 121 
model for G4 repeats. Indeed, by increasing the number of TTAGGG repeats, the resulting oligonucleotide 122 
folds into one (TEL), two (2TEL), three (3TEL) or four (4TEL) adjacent G-quadruplexes.22 Moreover, Vimentin 123 
association with telomeres has already been observed within living cells.28 As expected, Vimentin did not 124 
bind to the single telomeric G4 (Figure 2C) while it interacted with the G4 repeats. With 2TEL and 4TEL it 125 
formed a single complex whereas in the presence of 3TEL, two different complexes were detected, possibly 126 
reflecting the reported conformational heterogeneity of this oligonucleotide in solution.29 127 
 128 

 129 
 130 
Figure 2: Vimentin selectively binds to G4 repeats. EMSA of 500 nM a KIT2KIT*, KIT2 and KIT*, b ILPR and hTERT, c TEL, 2TEL, 3TEL 131 
and 4TEL G-quadruplexes with 8 µM Vimentin in 5 mM Tris-HCl (pH 8.4), 150 mM KCl, stained with Sybr Green II (on the left) and 132 
with colloidal Coomassie Brilliant Blue G250 (on the right). 133 
 134 
The selectivity of Vimentin for G-quadruplex vs duplex and single-stranded DNA was proved by performing 135 
EMSA with double-stranded KIT2KIT* and 2TEL and with a 49-mers G-rich oligonucleotide (G-rich noG4) 136 
unable to fold into G4, as demonstrated by circular dichroism (Supplementary Fig. S2). Vimentin little 137 
interacted with double-stranded DNA, leading to poorly defined complexes (Supplementary Fig. S3). As 138 
regards the unfolded single-stranded oligonucleotide, no binding was detected. Interestingly enough, when 139 
the same experiments were performed under KCl-free conditions, Vimentin interacted with both single and 140 
double-stranded oligonucleotides (Supplementary Fig. S3), in line with the already reported association of 141 
Vimentin with G-rich DNA.30,31 The fact that this interaction is completely abolished in the presence of 150 142 
mM KCl, while the binding to G4 repeats is maintained, suggests that the binding of Vimentin to duplex and 143 
unfolded oligonucleotides is based on aspecific electrostatic interactions, while its binding to G4s relays on 144 
a more specific binding pattern.  145 
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 146 
One Vimentin tetramer binds to two adjacent G4s with nanomolar affinity. The stoichiometry of Vimentin 147 
binding to G4 repeats was investigated according to the method of continuous variations (or Job method),32 148 
the complex formed at variable Vimentin and oligonucleotide molar fractions being solved by agarose gels 149 
and quantified. The Job plot derived for the complex of Vimentin with the telomeric G4 repeat 2TEL (Figure 150 
3A) showed maximal complex formation at 0.2 DNA molar fraction, corresponding to a 1:4 DNA:Vimentin 151 
binding stoichiometry. Thus, interaction is likely to occur between a Vimentin tetramer and two adjacent 152 
G4s. Consistently, in the presence of 4TEL, the Job plot showed a maximum at 0.1 DNA molar fraction, 153 
confirming the recruitment of two Vimentin tetramers on a stretch of four contiguous G4s (Figure 3B).  154 
To quantitatively determine the affinity of Vimentin for the telomeric G4 repeat, we followed the change in 155 
fluorescence anisotropy of 5’-6-FAM labelled 2TEL, upon titration with the protein. Analyses were 156 
performed considering the concentration of Vimentin tetramers and data were fitted according to a 1:1 157 
binding model. Results showed that Vimentin binds strongly to 2TEL, with a KD value of 25.7 ± 2.4 nM 158 
(Figure 3C). 159 
 160 

 161 
 162 
Figure 3: Vimentin binds to the telomeric G4 repeat as a soluble tetramer with a 1:1 stoichiometry and nanomolar affinity. Job 163 
plot derived from EMSA  performed with Vimentin and a 2TEL, b 4TEL, in 5 mM Tris-HCl (pH 8.4), 150 mM KCl, at constant sum of 164 
oligonucleotide and protein concentrations (10 µM), and by varying their molar fraction. c Fluorescence anisotropy for monitoring 165 
the binding of Vimentin with the telomeric G4 repeat (5 nM 5’-6-FAM-2TEL) in 5 mM Tris-HCl (pH 8.4), 150 mM KCl at 25 °C. The 166 
data represent mean ± s.d. from three independent experiments. Vimentin concentration is calculated as tetramers concentration. d 167 
EMSA of 8 µM Vimentin with 2 µM (+) and 8 µM (++) 2TEL performed in 5 mM Tris-HCl (pH 7.4), 150 mM KCl, stained with 168 
Coomassie Brilliant Blue G250 and Sybr Green II.  169 
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Vimentin binding to G4 repeats competes with filament assembly. To assess whether Vimentin assembly 170 
into filaments impacts on its G4 binding properties, we performed EMSA with 2TEL in 150 mM KCl, at pH 171 
7.4 (Figure 3D). Indeed, as previously reported by Herrmann and colleagues,27 lowering the pH to 7.4 in the 172 
presence of high ionic strength, causes extensive polymerization of Vimentin. This clearly emerges from the 173 
almost complete disappearance of the band corresponding to Vimentin tetramers in agarose gels (third 174 
lane of Figure 3D). Interestingly, when 2TEL was added to polymerized Vimentin, the complex with the 175 
soluble tetrameric form of the protein formed, as evidenced by the appearance of its characteristic band. In 176 
line with the dynamic reversible assembly of Vimentin,33 the protein polymerization into filaments does not 177 
prevent the binding to G4 repeats. Instead, this interaction competes with filament assembly. 178 
 179 
Vimentin N-terminal domain is involved in the interaction with G4 repeats. To identify the Vimentin 180 
domains that are involved in the interaction with G4 repeats, we performed limited proteolysis 181 
experiments on tetrameric Vimentin in the absence and in the presence of stoichiometric amounts of 2TEL. 182 
Proteolysis was performed with trypsin since Vimentin contains several lysine and arginine residues 183 
homogenously distributed along the sequence (Supplementary Fig. S4). Proteolysis reaction mixtures 184 
obtained after different times of incubation were solved by SDS-PAGE (Figure 4) and the sequence of the 185 
fragments was determined by in-gel trypsin digestion followed by LC-MSE analyses. In Table 2 the 186 
aminoacidic sequence assigned to each band is reported.  187 
Analysis of the Vimentin band at time = 0 min (band 0 in Figure 4) gave a sequence coverage of 91% 188 
(Supplementary Material-Excel file), with only some internal regions missing (amino acids 97–99, 235–269, 189 
292–293 and 310-312). In the absence of DNA, after 1 min from trypsin addition, full-length Vimentin was 190 
converted into two main species (bands 3 and 4 in Figure 4), corresponding to the protein lacking 191 
respectively the N-terminal domain (band 3), and both the C-terminal and N-terminal domains (band 4). 192 
This result fits with the intrinsically unfolded state of the N-terminal and C-terminal domains that makes 193 
them readily subjected to proteolysis. Addition of DNA promoted a delay in proteolysis. Worth of note, 194 
after 1 min from trypsin addition, two different species were generated from the full-length protein (bands 195 
1 and 2 in Figure 4). These correspond to Vimentin lacking the first three amino acids at the N-terminal 196 
domain (band 1) and to Vimentin lacking the same three amino acids at the N-terminal domain plus the C-197 
terminal domain (band 2). These data confirm the involvement of the N-terminal domain in the binding to 198 
G4 repeats. 199 

. 200 
 201 
Figure 4: Vimentin N-terminal domain is involved in the interaction with G4 repeats. SDS-PAGE of the mixtures obtained from 202 
limited proteolysis performed with trypsin on tetrameric Vimentin, in 5 mM Tris-HCl (pH 8.4), 150 mM KCl, in the absence or in the 203 
presence of stoichiometric amounts of 2TEL. The reaction was quenched after 0, 1, 5 and 30 minutes from trypsin addition. Labelled 204 
bands were cut and subjected to ‘in-gel’ trypsin digestion and LC- MSE analyses for peptide sequencing.  205 
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 206 
Table 2. Vimentin fragments identified in the bands by in-gel trypsin digestion and LC- MSE analyses.  207 
 208 
 209 

Band Fragment Mass
(kDa)

0 1–465 53.6 

1 4–465 53.2 

2 4-438 50.1 

3 69–465 46.5 

4 69–438 43.3 

 210 
 211 
Putative G4 repeats are found within the promoter of genes involved in the cellular response to external 212 
stimuli, cell-cell communication and locomotion. So far, we showed that Vimentin selectively binds to G4 213 
repeats. To search for sequences putatively able to adopt such conformation, we previously developed 214 
QPARSE tool and highlighted their non-random distribution within human gene promoters.34 Here, we 215 
refined our search focusing on the first 100bp upstream the Transcription Starting Site (TSS) of the genes, 216 
since this is the region where we previously found the highest frequency in putative G4 repeats.34 217 
Moreover, it comprises the already characterized G4 repeats KIT2KIT* and hTERT, for which a role in 218 
controlling the expression of the downstream gene has been experimentally confirmed.35,36 219 
All the promoter regions corresponding to genes annotated in GENCODE v34 (38404 sequences) were 220 
downloaded from ENSEMBL.37 The software identified 1477 genes containing at least one putative double 221 
G4 repeat (two adjacent G4s) and 295 sequences containing a putative triple G4 repeat (three adjacent 222 
G4s). Sequences with a triple G4 repeat were a subset of those with a double G4 repeat, as expected, apart 223 
for only one gene due to the slightly different searching criteria. Overall, the retrieved sequences 224 
potentially able to fold into a double or triple G4 repeat are 1478. The median GC content of these 225 
sequences is 80% and 98% of this subset shares a GC content greater than 60%. We refer to this list as 226 
double_triple_G4_PQS. We further selected a background population for comparison including 14053 227 
sequences that share the same high GC content with double_triple_G4_PQS (greater than 60%) but do not 228 
contain any putative double or triple G4 repeat. We call this list GC_rich_BKG.  229 
Using these two lists of genes, we performed a GO enrichment analysis using DAVID tool,38 to look for a link 230 
between the reported physio-pathological roles of the G4 repeats containing genes, and those related to 231 
Vimentin.  232 
The more interesting results are summarized in Figure 5 (Detailed results are found in Supplementary 233 
Material-Excel file).  234 
Cellular component analysis revealed a significant enrichment in cell membrane components, particularly in 235 
those engaged in cell junctions. Both biological process and functional analyses highlighted an enrichment 236 
in proteins responsible for cell-cell communication, signal transduction and locomotion, together with an 237 
overrepresentation of genes involved in neurogenesis and nervous system development. We performed 238 
the same analyses with Panther tool39 and again we found a significant enrichment in plasma membrane 239 
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components, particularly those participating to cell surface signaling, cellular response to external stimuli 240 
and cell-cell communication. 241 
 242 
 243 

 244 
Figure 5: Putative G4 repeats are enriched within the core promoters of genes involved in the cellular response to external 245 
stimuli, cell-cell communication, and locomotion. Results of GO enrichment analysis performed with David tool on human genes 246 
presenting putative G4 repeats within their promoters. 247 
 248 
 249 

Discussion  250 
Vimentin is an intermediate filament protein highly expressed within migratory cells that are present at the 251 
early stage of embryonic development.40 Its postnatal expression is restricted to motile cells such as 252 
fibroblasts, endothelial cells, lymphocytes, and Swann cells.41 Noteworthy, epithelial cells rely on Vimentin 253 
expression to acquire fibroblast-like morphology and increased migratory capacity during epithelial to 254 
mesenchymal transition (EMT), which occurs both during physiological tissue development/regeneration 255 
and pathological cancer progression toward metastasis.42  256 
As a structural protein with main cytosolic localization, Vimentin function reported so far is to orchestrate 257 
cytoskeletal rearrangements and mechano-signaling in support to cell migration.41 Interestingly, studies 258 
conducted on poorly differentiated metastatic cancer cells revealed the presence of Vimentin within their 259 
nuclear matrixes, while it was no longer detected upon induction of cell differentiation.43,44 Moreover, in 260 
human embryo fibroblasts, Vimentin has been found in tight association with telomeres and centromeres.28 261 
These data point to specific functions of Vimentin at nuclear level.  262 
In the present study, we found that the fraction of Vimentin that was present within nuclear extracts of 263 
undifferentiated HGC-27 cells, binds to DNA in a structure dependent/sequence independent manner. 264 
Indeed, it efficiently interacts with different G4-folded DNA sequences with almost no binding to the 265 
corresponding unfolded/duplex conformations. As a further level of specificity, the presence of at least two 266 
adjacent G4s is required for Vimentin recruitment, regardless of the topology of the participating G4s 267 
(parallel+antiparallel for KIT2KIT*, hybrid for telomeric G4s and ILPR, parallel for hTERT) and the total 268 
number of G-tetrads (five for KIT2KIT*, six for 2TEL, eight for ILPR, nine for hTERT). Indeed, Vimentin does 269 
not bind to individual G4s, regardless of their number of G-tetrads (two for KIT*, three for KIT2 and TEL) 270 
and topology (antiparallel for KIT*, parallel for KIT2 and hybrid for TEL). This is the first time to our 271 
knowledge that a G4-binding protein displays selectivity for G4 repeats. 272 
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Vimentin exists in a highly dynamic state within living cells, where post-translational modifications drive 273 
filament assembly/disassembly, in response to changes that occur in the extracellular environment.33,45 In 274 
the present study, we showed that Vimentin binds to DNA G4 repeats in the tetrameric form, the 275 
stoichiometry of the complexes being one Vimentin tetramer every two adjacent G4s. Noteworthy, this 276 
interaction shifts the Vimentin assembly equilibrium toward the naturally present soluble fraction.46 277 
Vimentin assembly into filaments proceeds through the lateral association of Vimentin tetramers into unit 278 
length filaments (ULF) followed by the N-terminal to C-terminal longitudinal annealing of ULF to yield 279 
mature filaments.47 Our limited proteolysis experiments showed that the interaction of Vimentin with G4s 280 
occurs at the N-terminal domains, and this can affect the longitudinal annealing of ULF into filaments. 281 
Noteworthy, Vimentin tetramers switch from A11-type (where the N-terminal domains are oriented toward 282 
the center of the tetramer) to A22-type (where the N-terminal domains are placed at the edge of the 283 
tetramer) during ULF formation.48 Therefore, the binding of G4 repeats to the soluble A11-type tetramers 284 
may also prevent the type-switching and, consequently, ULF formation.  285 
The high affinity of Vimentin for G4 repeats fits with its already reported association with telomeres and 286 
centromeres. The herein acquired in vitro evidence of Vimentin binding to G4 repeats at gene promoters 287 
suggests that the same interaction may occur within living cells as well. In this regard, GO enrichment 288 
analysis performed on genes having putative G4 repeats within their core promoters revealed an 289 
overrepresentation of cell membrane components, particularly those participating to cell-cell 290 
communication and cell surface signaling. Noteworthy, among them there is the zinc finger protein SNAI1, 291 
the expression of which was shown to be directly regulated by Vimentin during EMT.42 It is thus tempting to 292 
suggest that the binding of Vimentin at G4 repeats may contribute to the regulation of the expression of 293 
the associated genes, possibly contributing to wider DNA topological changes. In this regard, Vimentin was 294 
shown to influence not only nuclear shape and mechanics, but also chromatin condensation within 295 
mesenchymal cells.49 It has been reported that soluble pools of Vimentin-related lamin A/C and B can 296 
contact euchromatin within the nucleoplasm, promoting gene clustering within the so-called euchromatin 297 
lamin associated domains (eLADs), ultimately regulating their expression.50,51  Of particular interest is the 298 
involvement of lamin B1-eLADs in chromatin reorganization that occurs during EMT. Indeed, lamin B1 was 299 
shown to bind to G-rich promoters of genes that belong to the EMT pathway, helping the establishment of 300 
the EMT transcriptional program.51 Soluble pools of Vimentin may exert a similar function, or even provide 301 
lamin B a way to contact DNA at G-rich promoters. Indeed, the direct interaction of Vimentin C-terminal 302 
domain with lamin B has already been reported in vitro.52  303 
GO enrichment analysis also highlighted the presence of putative G4 repeats within the promoters of genes 304 
involved in neurogenesis and nervous system development. In this regard, the relevance of Vimentin in 305 
neurological development is well established.53,54 In a recent study, high levels of soluble Vimentin were 306 
detected in the axoplasm of neurons following neuronal injury. Vimentin was found able to translocate 307 
from the site of injury to the soma through direct interaction with β-importin and dynein-mediated 308 
retrograde transport. The authors point to a signaling role for soluble Vimentin during neural injury, in 309 
support to neurite regeneration.55 Noteworthy, the direct interaction of Vimentin with β-importin, provides 310 
a mechanism for its entry into the nucleus in response to peripheral stimuli. 311 
Overall, these evidences support a correlation between the functions of soluble Vimentin and those of the 312 
genes containing putative Vimentin binding sites at their promoters.  313 
To conclude, in the present study, we identified the intermediate filament protein Vimentin as a selective 314 
binder for G4 repeats. The fact that Vimentin does not bind to individual isolated G4s could provide her a 315 
way to contact DNA at specific genomic loci, including telomeres, centromeres, and a distinct subset of 316 
gene promoters. Further studies are needed to unravel the biological significance of such interaction within 317 
human living cells. Our working hypothesis is that G4 repeats may exist as primary structural elements, able 318 
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to drive the recruitment of architectural proteins to ultimately reshape the higher-order genome folding 319 
during important physiological processes such as cell development, differentiation and migration, thus 320 
favoring the establishment of the required gene expression program.  321 

Methods 322 
Oligonucleotides. Oligonucleotides were purchased lyophilized and RP-HPLC purified from Eurogentec 323 
(Seraing, Belgium) and used without further purification. The DNA sequences are listed in Table 3.  324 
 325 
Table 3. DNA sequences. 326 

 327 
Oligonucleotides were resuspended in nuclease-free water from Thermo Fisher Scientific (Waltham, MA, 328 
USA) to obtain 100 μM stock solutions, which were then diluted in the proper buffer for further analyses. 329 
The concentrations of the initial stock solutions were measured by UV absorbance at 260 nm on a Uvikon 330 
XS, using molar absorption coefficients calculated with a nearest neighbour model.56 331 
The solutions were annealed with 85 °C heating for 7 min and then led to equilibrate overnight at room 332 
temperature. Equilibrated solutions were doped with KCl to promote G-quadruplex folding. For duplex DNA 333 
preparation, oligonucleotides were annealed in the presence of equimolar amounts of the complementary 334 
strand.  335 
 336 
Protein sample preparation. Recombinant human Vimentin was purchased lyophilized and RP-HPLC 337 
purified from LS-Bio (Seattle, WA, USA) and was stored at -80°C in 8 M urea, 5 mM Tris-HCl (pH 7.5), 1 mM 338 
dithiothreitol, 1 mM EDTA, 0.1 mM EGTA. The day before use, Vimentin was renatured following a protocol 339 
developed by Herrmann and colleagues to avoid extensive polymerization into filaments.27 Briefly, the 340 
protein was dialyzed at room temperature against dialysis buffer (5 mM Tris-HCl (pH 8.4), 1 mM EDTA, 0.1 341 
mM EGTA, and 1 mM dithiothreitol) containing progressively reduced urea concentration (6, 4, 2, and 1 M 342 
urea). Dialysis against a large volume of dialysis buffer was continued overnight at 4°C. The next day, 343 
dialysis was continued into tetramer buffer (5 mM Tris-HCl (pH 8.4)) for 1 h at room temperature. After 344 
dialysis, the concentration of Vimentin monomers was determined by measuring the absorption at 280 nm 345 
with ε = 24,900 cm -1M-1.  346 
 347 
Nuclear extracts. The human gastric carcinoma cell line HGC-27 (European Collection of Authenticated Cell 348 
Cultures (ECACC) 94042256) was grown in Eagle’s Minimal Essential Medium (EMEM, Gibco® Life 349 
Technologies, Carlsbad, USA) supplemented with 10% fetal bovine serum (Gibco® Life Technologies), 2 mM 350 
L-glutamine (Euroclone, Milan, Italy), 1% non-essential amino acids (Euroclone) and 1% 351 
penicillin/streptomycin (Euroclone), under a humidified 5% CO2 atmosphere, at 37°C. Nuclear extracts were 352 
obtained as described by Abmayr and Workman with minor changes.57 Briefly, confluent HGC-27 cells, 353 

KIT2KIT* 5’-CGGGCGGGCGCGAGGGAGGGGAGGCGAGGAGGGGCGTGGCCGGC-3’

KIT2 5’-CGGGCGGGCGCGAGGGAGGGG-3’

KIT* 5’-GGCGAGGAGGGGCGTGGCCGGC-3’ 

G-rich noG4 5’-TGGCCCTGGTGGGCGGAGGCAAAGGGGGAGCCAGGGGCGGAGAAAGGGT-3’ 

TEL 5’-(TTAGGG)4-3’ 

2TEL 5’-(TTAGGG)8-3’ 

3TEL 5’-(TTAGGG)12-3’ 

4TEL 5’-(TTAGGG)16-3’ 

ILPR 5’-ACAGGGGTGTGGGGACAGGGGTGTGGGGACAGGGGTGTGGGGACAGGGGTGTGGGG-3’ 

hTERT 5’-GGGGAGGGGCTGGGAGGGCCCGGAGGGGGCTGGGCCGGGGACCCGGGAGGGGTCGGGACGGGGCGGGG-3’
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previously seeded in 4 Petri dishes (10-cm diameter) were scraped off and incubated with a hypotonic 354 
buffer (20 mM HEPES (pH 7.9), 1.5 mM MgCl2, 20 mM KCl, 0.5 % Triton X-100, 0.5 mM PMSF, 1 mM 355 
dithiothreitol, 1X protease inhibitor cocktail (Merck, Darmstadt, Germany)) for 15 min on ice. Nuclei were 356 
pelleted by centrifugation and then incubated with a high-salt buffer (20 mM HEPES (pH 7.9), 25% glycerol, 357 
1.5 mM MgCl2, 420 mM KCl, 0.5 % Triton X-100, 0.5 mM PMSF, 1 mM dithiothreitol, 1X protease inhibitor 358 
cocktail) for 30 min on ice. Released nuclear proteins were quantified according to the Bradford method. 359 
 360 
Pull-down Assays. 600 µL of Streptavidin-coated paramagnetic particles (Promega, Milan, Italy) were 361 
washed three times with 600 µL of PBS-1X (Euroclone, Milan, Italy) and then resuspended in 60 µL of PBS-362 
1X. 2 µM 5’-biotinylated KIT2KIT* was previously annealed in 10 mM potassium phosphate (pH 7.4) and 363 
subsequently equilibrated overnight in the presence of 150 mM KCl, to promote G-quadruplex folding. For 364 
duplex DNA preparation, 2 µM 5’-biotinylated KIT2KIT* was annealed in 10 mM potassium phosphate (pH 365 
7.4) in the presence of equimolar amounts of the complementary strand.  366 
The oligonucleotide was then added to the beads and incubation was performed for 30 min at room 367 
temperature. Beads were washed three times with 600 µL of oligonucleotide buffer and then resuspended 368 
in 60 µL of pull-down buffer (20 mM HEPES (pH 7.9), 100 mM KCl, 0.2 mM EDTA, 0.5 mM dithiothreitol, 0.2 369 
mM PMSF, 3 µM poly[dA-dT], 20% glycerol). 100 µg of nuclear extract were added to the beads and 370 
incubation was performed for 1 h at room temperature. Protein elution was performed with 60 µL of pull-371 
down buffer containing increasing concentration of KCl (250 mM, 500 mM, 750 mM, 1M). The last elution 372 
was performed by boiling beads for 5 min in Laemmli SDS-PAGE sample loading buffer.26 All fractions were 373 
run on Laemmli SDS-PAGE. After staining with colloidal Coomassie Brilliant Blue G250, interesting bands 374 
were cut and subjected to in-gel trypsin digestion and LC-MSE analyses for protein identification. 375 
 376 
Electrophoretic Mobility Shift Assays. Electrophoretic mobility shift assays (EMSA) were performed on 1.5 377 
% agarose gels in 0.5X TBE buffer (0.89 M Tris-Borate, 20 mM EDTA, pH 8.0) supplemented with 10 mM KCl. 378 
Samples contained 500 nM DNA and 8 µM Vimentin, in 5 mM Tris-HCl (pH 8.4), 150 mM KCl. For the Job 379 
method, samples contained constant sum of Vimentin and oligonucleotide concentrations (10 µM), at 380 
variable molar fractions. Vimentin was added on oligonucleotides previously annealed in the reaction 381 
buffer and incubation was performed for 1 h at room temperature. Gel loading buffer (50% glycerol, 50% 382 
water) was added to the samples immediately before loading. Electrophoresis proceeded for 1 h at 6V/cm 383 
at 4 °C. Gels were stained with Sybr Green II for nucleic acid visualization and, afterwards, with Coomassie 384 
Brilliant Blue G250 for protein detection. Gel images were acquired with a Geliance 600 apparatus. Bands 385 
belonging to the DNA-Vimentin complex were quantified with ImageJ software. Quantification performed 386 
on Sybr Green II or Coomassie stained gels provided identical results.  387 
 388 
Circular Dichroism Spectroscopy. Circular dichroism (CD) spectra were acquired on a JASCO J-810 389 
spectropolarimeter equipped with a Peltier temperature controller. CD spectra were recorded from 235 to 390 
330 nm with the following parameters: scanning speed of 100 nm/min, band width of 2 nm, data interval of 391 
0.5 nm and response of 2 s. Measurements were performed using a 1 cm path length quartz cuvette at 392 
oligonucleotide concentration of 2 μM in 5 mM Tris-HCl (pH 8.4), 150 mM KCl. Observed ellipticities were 393 
converted to Molar Ellipticity which is equal to deg·cm2·dmol−1, calculated using the DNA residue 394 
concentration in solution.  395 
 396 
Fluorescence anisotropy. Fluorescence anisotropy measurements were performed on a JASCO FP-6500 397 
spectrofluorometer equipped with polarization devices and with a Peltier temperature controller. 398 
Measurements were performed at 25°C using a 1 cm path length quartz cuvette with the following 399 
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parameters: 495 nm excitation wavelength, 520 nm emission wavelength, band width of 5 nm, response 8s, 400 
sensitivity high, 2 acquisitions. The instrument G factor was determined prior to anisotropy measurements. 401 
5’-6-FAM labelled oligonucleotides were used at a concentration of 5 nM in 5 mM Tris-HCl (pH 8.4), 150 402 
mM KCl. Titrations were performed by adding increasing concentrations of recombinant Vimentin to the 403 
oligonucleotide solution. After mixing, the solution was led to equilibrate for 10 min at room temperature 404 
before acquisition. Experiments were performed in triplicate. Acquired data were fitted according to a 1:1 405 
binding model with the following equation:  406 
ݏܾ݋ܣ 407  = 0ܣ + ܣ∆ × [ܣܰܦ] + [ܯܫܸ] + ܦܭ − ඥሺ[ܣܰܦ] + [ܯܫܸ] + ሻଶܦܭ − 4 × [ܣܰܦ] × 2[ܯܫܸ] × [ܣܰܦ]  

 408 
where [DNA] and [VIM] stand for DNA and tetrameric Vimentin concentrations, respectively;  Aobs is the 409 
observed anisotropy value; A0 is the anisotropy value in the absence of protein; ΔA represents the total 410 
change in anisotropy between free and fully bound DNA, and KD is the equilibrium dissociation constant. 411 
 412 
Trypsin limited proteolysis. The solution of Vimentin in 5 mM Tris-HCl (pH 8.4) was loaded on a Pierce™ 413 
Detergent Removal Spin Column (Thermo Scientific) and eluted in the same buffer. Limited proteolysis was 414 
conducted on this protein solution (0.43 mg/mL) without or with addition of stoichiometric amounts of 415 
DNA, in 150 mM KCl. The reaction was initiated upon addition of trypsin at an enzyme/substrate ratio of 416 
1/500 by weight and incubated at 37 °C without stirring for 1, 5 and 30 min. Aliquots taken at each time of 417 
incubation were quenched by adding 0.3% TFA solution, lyophilized and then analyzed by SDS-PAGE. 418 
Labelled bands were cut and subjected to ‘in-gel’ trypsin digestion and LC- MSE analyses for peptide 419 
sequencing. The sequence of full-length Vimentin used in the experiments was also confirmed by MS 420 
analysis of the recombinant protein (calculated average mass 53520.6 Da and measured mass 53520.6 Da, 421 
Supplementary Fig. S5). 422 
 423 
In-gel digestion. In-gel digestion of protein bands was performed according to Shevchenko et al.58 Briefly, 424 
excised bands were cut into small cubes, washed with water, with 50% acetonitrile in water and shrunk 425 
with neat acetonitrile. Gel particles were swelled in 10 mM dithiothreitol, 0.1 M NH4HCO3 and incubated 426 
for 45 min at 56°C. After cooling at room temperature, the supernatant was replaced with the same volume 427 
of iodoacetamide solution (55 mM iodoacetamide in 0.1 M NH4HCO3) and the tubes were incubated for 30 428 
min in the dark at room temperature. After removal of the iodoacetamide solution, gel pieces were washed 429 
again with water followed by 50% acetonitrile in water and shrunk with neat acetonitrile to remove 430 
completely the Coomassie staining. The gel particles were eventually rehydrated on ice in a solution 431 
containing 5 ng/µL of trypsin (Promega, modified sequencing grade) in 50 mM NH4HCO3. After complete 432 
rehydration, gel pieces were covered with 50 mM NH4HCO3 and incubated overnight at 37°C. The 433 
supernatants were then transferred to clean tubes and peptides were extracted from gel particles upon 434 
incubation with 5 % formic acid in water followed by dilution with an equal volume of neat acetonitrile. All 435 
the peptide-containing supernatants were combined and dried using a Speed-Vac system (Savant). 436 
 437 
Mass spectrometry analyses. The tryptic digests of the gel bands were analysed using a Xevo G2-S QTof 438 
(Waters) equipped with a Waters Acquity H-Class UPLC system. Mobile phase A consisted in 0.1% formic 439 
acid in water while mobile phase B was 0.1% formic acid in acetonitrile. For protein identification, LC 440 
analyses were performed using an ACQUITY BEH C18 VanGuard Pre-Column (2.1x5mm, 1.7μm, Waters) in 441 
line with an ACQUITY UPLC BEH C18 column (1.0x100mm, 1.7μm, Waters). Peptide separation was 442 
performed using a linear gradient from 3% to 65% of B in 36 minutes at a flow rate of 0.1 mL/min, with a 443 
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column temperature set at 30 °C. For the digests of the bands from the proteolysis experiments, 444 
separations were carried out on an AdvanceBio Peptide Map Guard (2.1×5 mm, 2.7μm, Agilent 445 
technologies) and AdvanceBio Peptide Map column (2.1×150 mm, 2.7μm). Peptide separation was 446 
performed using a linear gradient from 2% to 65% of B in 36 minutes at a flow rate of 0.2 mL/min, with a 447 
column temperature set at 30 °C. For all the LC-MSE analyses, the Xevo G2-S QTof operated in the ESI 448 
positive ion resolution mode and with a detection window between 50-2000 m/z. MSE acquisition was 449 
performed by alternating two MS data functions: one for acquisition of peptide mass spectra with the 450 
collision cell at low energy (6 V), and the second for the collection of peptide fragmentation spectra with 451 
the collision cell at elevated energy (linear ramp 20 to 40 V). Analyses were performed with LockSpray™ 452 
using a solution of 1 ng/μL LeuEnk in 50% acetonitrile, 0.1% formic acid in water. For protein identification, 453 
LC-MSE data were analysed using the on-line MASCOT server (www.matrixscience.com) against the Swiss-454 
Prot database (release 2020_06). For Vimentin identification, a taxonomy filter to Homo sapiens was 455 
applied and a contaminants database was included (See Supplementary Material-Excel file). 456 
The following parameters were used in the MASCOT search: trypsin specificity; maximum number of 457 
missed cleavages, 1; fixed modification, carbamidomethyl (Cys); variable modifications, oxidation (Met); 458 
peptide mass tolerance, ± 10 ppm; fragment mass tolerance, ± 15 ppm; protein mass, unrestricted; mass 459 
values, monoisotopic. A protein was considered identified when two unique peptides with statistically 460 
significant scores (p < 0.05) were obtained.  461 
MSE data of the gel bands from the proteolysis experiment were processed with the BiopharmaLynx, 462 
setting trypsin as digest reagent, 1 missed cleavage and carbamidomethyl cysteine as fixed modification. 463 
MS ion intensity threshold was set to 100 counts, and the MSE threshold was set to 100 counts. MS mass 464 
match tolerance and MSE mass match tolerance were set to 10 ppm. The peptide list obtained from the LC-465 
MS analysis of Vimentin at 0 min of proteolysis was reduced to represent only peptides with an intensity 466 
higher than 3000 counts and it was considered as the reference list of tryptic peptides. For the digests of 467 
the bands at the different times of incubation, peptides with a signal higher than 100 counts were 468 
considered identified, provided that they displayed a retention time in accordance with the same peptide in 469 
the reference list. In order to identify the region of Vimentin in the different gel bands, the percent ratio 470 
between the intensity of each peptide in the LC-MS analysis of the digest of the band and in the reference 471 
list was calculated. This calculation was performed in order to consider the different ionization efficiency of 472 
the different peptides.  473 
 474 
QPARSE search and GO enrichment analysis. The whole set of human genes were downloaded from 475 
ENSEMBL37 (GENCODE v34) and the upstream 100 nucleotides from the transcription starting site (TSS) of 476 
each gene were extracted to search for double and triple putative G4 repeats (double_triple_G4_PQS). The 477 
pattern search was performed using QPARSE34 with the following options: i) for double G4 repeats we 478 
searched for islands of at least 3 (-m 3) and up to 4 (-M 4) Gs/Cs with connecting loops of maximum 5 479 
nucleotides (-L 5), and at least 5 perfect islands (-p 5) out of 8 islands (-n 8) with the bulged islands that 480 
contain only one gap of length 1 (-l 1), ii) for triple G4 repeats we searched for islands of at least 3 (-m 3) 481 
and up to 4 (-M 4) Gs/Cs with connecting loops of maximum 5 nucleotides (-L 5), and at least 8 perfect 482 
islands (-p 8) out of 12 islands (-n 12) with the bulged islands that contain only one gap of length 1 (-l 1). 483 
The searched pattern was extended both in the forward and reverse strand (using the parameter -b C and -484 
b G to search for PQS in the reverse and forward strand respectively). For comparison purposes, we 485 
calculated the GC content of the 100bp upstream the TSS of all the sequences. To assess whether genes 486 
containing putative G4 repeats were enriched in functional categories or signaling pathways, we selected 487 
genes with a high GC content similar to that found in genes containing the searched motifs. We used this 488 
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list as background population. The list of double_triple-G4_PQS vs. the background population were 489 
analyzed in DAVID tool.38 490 

 491 
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