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HMGB1 binds to KRAS promoter G-quadruplex: a new player in 
oncogene transcriptional regulation?†  
Jussara Amato,a Thushara W. Madanayake,b Nunzia Iaccarino,a Ettore Novellino,a Antonio 
Randazzo,a Laurence H. Hurleyb and Bruno Pagano*a 

This communication reports on a possible distinct role of HMGB1 
protein. Biophysical studies revealed that HMGB1 binds and 
stabilizes the G-quadruplex-forming sequence of KRAS promoter 
element responsible for most of the transcriptional activity. 
Biological data showed that inhibition of HMGB1 increases KRAS 
expression. These results suggest that HMGB1 could play a role in 
the gene transcriptional regulation via the functional recognition of 
G-quadruplex. 

The interaction between DNA and chromosomal proteins 
regulates the structure, dynamics, and function of 
chromosomes.1 The high mobility group (HMG) proteins are a 
class of chromosomal proteins that are being recognized as 
essential actors in the execution and regulation of nuclear 
functions.2 Among the HMGs, the high mobility group box 
(HMGB) protein family is the most abundant one, and 
comprises 4 members: HMGB1, HMGB2, HMGB3 and HMGB4.3 
HMGB1 is the most highly expressed of all the HMG family 
members (there are about 106 HMGB1 molecules per cell), and 
it has been extremely conserved during evolution.3 In all cells, 
normal HMGB1 accumulates in nuclei to bind chromatin; 
however, it can shuttle between the nucleus and cytoplasm. 
Given its mobility, HMGB1 has been found in the cytosol, 
cellular membrane, and extracellular space when its nuclear 
localization signal is modified. The subcellular location of 
HMGB1 changes depending on cell type, tissue, and stress 
signals.3 Nuclear HMGB1 acts as a DNA chaperone with DNA 
binding and bending activities and it is involved in a number of 
DNA activity-associated events.3,4 Noteworthy, it regulates 
chromatin structure, DNA repair, recombination, and 
transcription. In addition to its nuclear functions, cytoplasmic 
HMGB1 binds many proteins involved in autophagy and cancer 

progression, while extracellular HMGB1 plays significant roles in 
inflammation, immunity, and cell growth, proliferation, and 
death.3 Interestingly, HMGB1 binds rather weakly to the 
common B-form DNA and has practically no sequence 
specificity. On the other hand, it binds with high affinity to bent 
or distort DNAs and to non-B DNA structures like 4-way 
junctions and DNA bulges.3,5-9 Moreover, HMGB1 was recently 
identified as telomeric G-quadruplex (G4) DNA binding 
partner.10 This suggests that HMGB1 might recognize specific 
unusual DNA conformations to exert some of its biological 
functions. 
Vast literature over the last years has demonstrated that certain 
non-B DNA conformations are transiently formed in 
chromosomes at specific loci, substantiating the intriguing idea 
that a shift in DNA structural conformation could be another 
layer of non-genetic or epigenetic regulator of gene expression 
and thereby an important determinant of cell fate.11 
Undoubtedly, most of the attention in non-B DNA-forming 
sequences is currently paid to G-rich DNA with the potential to 
form G4s.12 Recent studies have provided evidence for the 
occurrence of G4s in cells and their key role in the regulation of 
many cellular processes and in a number of human diseases.13 
In particular, the presence of putative G4s in the promoter 
regions of several genes and their hypothesized functional role 
in transcriptional regulation may have significant biomedical 
implications.14 Indeed, G4-forming sequences are found in the 
promoters of oncogenes implicated in cancer development and 
progression, and recognized as the hallmarks of cancer.15 
One of these genes is the human KRAS proto-oncogene, which 
encodes a small GTPase transductor protein - called KRAS - 
involved in the regulation of cellular processes such as 
proliferation, differentiation, and survival.16 KRAS is 
upregulated or mutationally activated in a multitude of cancers, 
including pancreatic and colon cancers. It plays a central role in 
controlling tumor metabolism by orchestrating multiple 
metabolic changes like stimulation of glucose uptake, 
differential channeling of glucose intermediates, 
reprogrammed glutamine metabolism, increased autophagy, 
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and macropinocytosis. Understanding the mechanisms 
underlying regulation of expression of this oncogene is of 
primary importance, also for possible therapeutic interventions. 
The KRAS gene promoter region, located upstream of the 
transcription start site, includes a nuclease hypersensitive 
element (NHE) that is essential for transcription regulation and 
that contains a G-rich strand with propensity to form G4 
structures.17 These structures are in equilibrium with the 
conventional duplex DNA and are facilitated by the negative 
supercoiling induced by transcriptional activity and other 
factors.18 The biological consequence of G4 formation in the 
promoter element is the gene silencing.17,18 Therefore, these 
noncanonical structures play an essential role in the complex 
mechanism of transcriptional regulation. The G4-forming 
sequence of KRAS promoter is the target of nuclear proteins,19 
which are thought to modulate the formation of G4 to control 
gene expression. To date, little is known about these proteins; 
indeed, most of G4-interacting proteins, as well as their 
functional relevance, remain elusive.18 Previous studies have 
shown that heterogeneous nuclear ribonucleoprotein A1 
(hnRNP A1) is involved in the KRAS transcription regulation.20 
Interestingly, this protein was found to recognize the folded G4 
DNA conformation and to unfold the structure, thus facilitating 
the assembly of the NHE strands into the duplex. These findings 
support a model for transcription mechanism in which hnRNP 
A1 should function as a G4 destabilizing protein, thereby 
favoring transcription activation. In this context, it is plausible 
that other G4-sensing proteins may also be involved in the KRAS 
transcriptional regulation. These proteins might work to inhibit 
gene expression via G4 stabilization or, conversely, to recruit 
helicases that unfold the noncanonical structure. 
In this communication, we propose that one of these KRAS G4 
binding proteins is HMGB1. Numerous studies have reported 
the involvement of HMGB proteins in the transcriptional 
regulation of genes via their interaction with transcription 
regulators and chromatin.21 Herein, we discovered that the 
human nuclear HMGB1 binds specifically to KRAS promoter G4 
in vitro and does not unfold the DNA structure upon interaction. 
Preliminary biological analysis also suggested that this protein 
could really play a role in the oncogene transcriptional 
regulation. The 32-nucleotides long G-rich sequence of the NHE 
contained in the human KRAS promoter (32G, Fig. 1), and 
responsible for most of the transcriptional activity,22 was 
selected to study in detail the hypothesized interaction. Our 
first goal was to evaluate the binding of HMGB1 to the G4-
forming sequence 32G, in comparison with the complementary 
C-rich sequence (32C, Fig. 1) and the duplex formed by the two 
complementary strands (32ds). The structure adopted in 
solution by each DNA sample was first verified by circular 
dichroism (CD) measurements (Fig. 1). CD spectroscopy is 
extremely sensitive to conformational changes of nucleic acids 
and provides characteristic spectra depending on the structure 
adopted. In agreement with the presence of a parallel G4 
topology, the CD spectrum of 32G at 20 °C showed a positive 
band at 263 nm and a negative band at around 242 nm, which 
are distinctive of this structure, while 32ds provides a CD 
spectrum with a positive band around 270 nm and a negative 

one around 238 nm, characteristic of G-rich/C-rich duplexes.23 
On the other hand, the CD spectrum of 32C was similar to that 
of other single-stranded oligonucleotides, e.g. d(AC)12, with a 
weak positive band at 275-280 nm and a negative one of 
comparable intensity at about 240 nm,24 thus showing that, as 
expected, this oligonucleotide is unfolded under the 
experimental condition used. CD melting experiments for 32G 
and 32ds showed sigmoidal transition curves still indicative of 
the formation of a G4 and duplex structure, respectively (Figs. 
S1A and B, ESI†). Conversely, no distinct transition was 
observed for 32C (Fig. S1C, ESI†), thus confirming that it remains 
unfolded at pH 7.4 and requires more acidic conditions to fold 
into an i-motif-like structure (see Figs. S1D-F, ESI†). 
Surface plasmon resonance (SPR) was first used to 
simultaneously evaluate the binding of HMGB1 to KRAS 
promoter G4, complementary single-stranded, and duplex 
DNAs (Fig. 2). No detectable protein binding to both 32C single-

Fig. 2. Binding affinity of human HMGB1 for (A, B) 32G G-quadruplex, (C) 32C single 
strand, and (D) 32ds duplex measured by SPR analysis at 25 °C. Both multi-cycle (A) and 
single-cycle (B) kinetics experiments were performed for the analysis of 32G interaction. 
HMGB1 was immobilized on the SPR chip by amine coupling chemistry. 
Oligonucleotides were injected at a flow rate of 30 μl/min, with contact time of 120 and 
60 s for multi-cycle and single-cycle kinetics, respectively. Sensograms were obtained in 
the oligonucleotide concentration range of 0.1–10 μM, using 50 mM Tris-HCl buffer (pH 
7.4) containing 100 mM KCl as running solution for 32G and 32C, and 50 mM Tris-HCl 
(pH 7.4) for 32ds. Binding parameters for 32C and 32ds (C, D) were not measurable. 
Sensograms are shown as colored lines and their respective fits as black lines. Data are 
representative of at least two independent experiments.

Fig. 1. Sequences of the human KRAS promoter investigated herein and temperature-
dependent CD spectra (from 20 to 95 °C with temperature increase of 5 °C) of (A) 32G 
(11 μM), (B) 32ds (10 μM), and (C) 32C (10 μM) in 50 mM Tris-HCl buffer (pH 7.4) 
containing 100 mM K+ (32G and 32C) or 100 mM Li+ (32ds). 
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strand and 32ds duplex was observed. Indeed, SPR sensorgrams 
clearly show that, in both cases, the SPR response does not 
change by increasing the concentration of DNA molecules (the 
responses are superimposable to the bulk effect). On the other 
hand, SPR experiments on 32G, performed employing both 
multi-cycle and single-cycle kinetics methods (Figs. 2A and B, 
respectively), showed a response proportional to DNA 
concentration, indicative of a specific interaction with the G4. 
To evaluate the affinity, the obtained binding curves were fitted 
to a simple 1:1 binding model, giving a calculated dissociation 
constant (Kd) value of 4.0 (±1.0) x 10-7 M. Interestingly, although 
the affinity for 32G was not as high as the affinity displayed for 
other types of non-B DNA structures,5,8 it was found to be 
similar to that previously observed for the specific binding of 
HMGB1 to cisplatin-modified DNA (Kd of 3.7 x 10-7 M),25 and two 
orders of magnitude higher than for the nonspecific binding to 
B-form DNA (Kd of about 5 x 10-5 M).25 
To verify the interaction observed on a surface, spectroscopic 
methods that could allow us to further characterize the binding 
in solution were subsequently employed. In particular, 
fluorescence titration experiments were performed by 
monitoring the changes in the intrinsic fluorescence of protein 
upon binding to DNA.26 Fluorescence emission spectra of 
HMGB1 in the absence and presence of increasing amounts of 
32G were recorded (Fig. 3A). As a result of complex formation, 
a significant quenching of fluorescence intensity on increasing 
G4 concentration was observed until saturation was reached. 
The fraction of bound protein (α) at each point of the titration 
was calculated and plotted against the DNA concentration to 
obtain an isotherm binding curve. The curve was fitted by non-
linear regression to an independent and equivalent binding 
sites model, giving an equilibrium dissociation constant (Kd) of 
6.0 (±1.0) x 10-7 M and a stoichiometry of 1:1. Moreover, 
microscale thermophoresis (MST) measurements were 
performed by titrating FAM-labeled 32G (F32G), 32ds (F32ds) 
and 32C (F32C) with increasing concentrations of HMGB1 (Figs. 
3B and S2). The results of these experiments indicated that 
HMGB1 binds to F32G and F32ds with a Kd of 4.7 (±1.4) x 10-7 M 
and 3.2 (±1.7) x 10-5 M, respectively. Whereas no significant 

change of the thermophoretic signal was observed for 32C (Fig. 
S2B, ESI†), thus indicating no binding. 
Nuclear proteins have been identified that bind to KRAS 
promoter G4 and exhibit a destabilizing effect on the DNA 
structure.20 To gain insight into the effect of HMGB1 on the G4 
stability and conformation, Förster resonance energy transfer 
(FRET) experiments were performed by using the G4-forming 
sequence 32G dually labeled with the donor FAM and the 
acceptor TAMRA at the 5’ and 3’ ends, respectively (F32GT).26 
The emission intensity of the fluorescent probe depends on its 
distance from the acceptor, and this distance significantly 
changes in the G4 folding/unfolding process. When F32GT is in 
the G4 conformation, the two dyes are close to each other and 
the fluorescence emission of FAM is efficiently quenched by 
TAMRA. When the G4 unfolds, the distance between the two 
dyes increases and the intensity of FAM emission increases. 
FRET experiments were carried out by adding increasing 
amounts of HMGB1 to a F32GT solution at 20 °C and monitoring 
the fluorescence emission spectrum of FAM (Fig. 4A). No 
significant change in the fluorescence spectrum was observed 
even in the presence of two equivalents of protein, suggesting 
that HMGB1 does not unfold the G4 upon binding. On the other 
hand, considerable changes in fluorescence intensity are 
observed, as expected, recording the same spectra at 100 °C, 
temperature at which the G4 is unfolded. 
CD experiments were also performed to further monitor the 
unfolding or any possible change in the secondary structure of 
32G that might be induced by the interaction with the protein 
(Fig. 4B). In agreement with FRET experiments, CD analysis 
showed that no unfolding or structural alterations of DNA G4 
occur upon binding to HMGB1. Indeed, the presence of the 
protein (up to 2 molar equivalents) does not affect the CD 
spectrum of 32G within the wavelength range 240−360 nm. In 
this range, the CD spectrum of the complex retains the same 
shape and signal intensity observed for 32G alone.  
Furthermore, to evaluate if the protein has a stabilizing effect 
on the G4 structure, FRET and CD melting experiments were 

Fig. 4. (A) Fluorescence emission spectra of labeled F32GT (0.1 μM) obtained exciting 
FAM at 490 nm in the absence (red) and presence of 1 (green) or 2 (blue) molar 
equivalents of HMGB1, recorded at 20 °C (solid lines) and 100 °C (dashed lines). (B) CD 
spectra of 32G (1 μM) alone (red) and of 1:1 (green) and 1:2 (blue) DNA/HMGB1 
mixtures. (C) FRET-melting curves of F32GT (0.1 μM) in the absence (red) and presence 
of 1 (green) or 2 (blue) equivalents of HMGB1.
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carried out. When HMGB1 was added to the solution of the 
labeled G4, FRET (Fig. 4C) and CD (Fig. S3, ESI†) melting curves 
showed an increase in the thermal stability of the DNA 
structure, thus confirming the nature of the interaction. FRET 
melting experiments were also performed on FAM-TAMRA 
dual-labeled 32ds (F32dsT) for comparison (Fig. S4, ESI†). No 
change in duplex thermal stability was observed, proving once 
again the weak/nonspecific interaction with HMGB1. 
Finally, to determine the effect of HMGB1 reduction on KRAS 
mRNA expression, HMGB1 siRNA was transiently transfected 
into Panc1 cells. The transfection was resulted 50-80% 
reduction of HMGB1 relative to GAPDH (Fig. 5A) as shown by 
qRT-PCR. The knockdown of HMGB1 was significant relative to 
non-transfected cell control. KRAS levels were significantly 
upregulated (~60%) in the HMGB1 mRNA reduced samples 
compared to the non-transfected control (Fig. 5B). These results 
suggest that the inhibition of HMGB1 gene increases the KRAS 
gene expression at mRNA level. 
It has been shown that the KRAS promoter element has 3 
sequential G4-forming regions,27 which on the basis of their 
proximity to the transcriptional start site have been termed the 
Near- (-129 to -159), Mid- (-174 to -228) and Far-regions (-238 
to -275). Some of us recently proposed these could serve as a 
buffer (Near-region), active switch (Mid-region) and brake (Far-
region).18 Although it cannot be ruled out that HMGB1 may act 
as a mediator that detects the G4 and recruits helicases or other 
proteins, the results of this study suggest that HMGB1 might 
play a complementary role to hnRNP A1, which unfolds the here 
investigated Near-region G4. This supports the idea that this G4 
might actually act as a buffer element controlled by functional 
proteins. 
In summary, our data provide the first evidence that HMGB1 is 
able to bind to and stabilize the Near-region KRAS promoter G4, 
thus suggesting an active role for this protein in the mechanism 
underlying the regulation of oncogene transcription. These 
findings lay the basis for further studies aiming to elucidate the 
role of protein/G4 functional interactions in the control of 
oncogene expression in cancer cells. 
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