Interplay of three G-quadruplex units in the K77 promoter
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ABSTRACT: The proto-oncogene KIT encodes for a tyrosine kinase receptor which is a clinically validated target for treating
gastrointestinal stromal tumors. The KIT promoter contains a G-rich domain within a relatively long sequence potentially
able to form three adjacent G-quadruplex (G4) units, namely K2, SP and K1. These G4 domains have been studied mainly as
single quadruplex units derived from short truncated sequences, and are currently considered promising targets for anti-
cancer drugs, alternatively to the encoded protein. Nevertheless, the information reported so far do not contemplate the
interplay between those neighboring G4s in the context of the whole promoter, possibly thwarting drug-discovery efforts.
Here we report the structural and functional study of the KIT promoter core sequence, in both single and double stranded
forms, which includes all three predicted G4 units. By preventing the formation of alternatively one or two G4 units and by
combining biophysical techniques and biological assays, we show for the first time that these quadruplexes cannot be ana-
lyzed independently, but they are correlated to each other. Our data suggest that, while K2 and K1 G-rich sequences retain
the ability to fold into parallel G4 motifs within a long sequence, SP G-rich domain contributes to G4 structure only together
with K2. Remarkably, we have found that, in the context of a dynamic equilibrium between the three G4 units, the G4
formed by K1 has the most significant influence on the structure stability and on the biological role of the whole promoter.

INTRODUCTION

G-quadruplexes (G4s) are non-canonical DNA structures
formed by single stranded G-rich sequences. These motifs
arise from guanine tetrads stacked on top of each other,
stabilized by monovalent cations and connected by looping
bases.! In striking contrast to the uniformity of the classi-
cal Watson-Crick B-DNA structure, intramolecular G4s are
highly polymorphic leading to topologies classifiable ac-
cording to their strand polarities (parallel, antiparallel or
hybrid).2

Researchers exponentially increased their interest into
G4s after the localization of these structures within human
cells.3 These unconventional DNA motifs are not randomly
distributed: they are enriched in telomeres and in gene
regulatory regions that include splicing sites and promot-
ers of cancer related genes.!2 G4 structures derived from
short G-rich oligodeoxyribonucleotides (ODNs), with an
average of 20 bases and which are relatively easy to handle
in solution, have been resolved by X-ray or NMR and they
were used by medicinal chemists for drug discovery pur-
poses.* Currently, only two G4-binding drugs have entered
clinical trials for human cancers.*5

The vast majority of studies on G4 structures are re-
stricted to the above mentioned short ODNs with just one
G4 unit. Only very few papers, mainly focusing on telomer-
ic motifs,®-8 report on longer sequences containing two or
three identical G4 units in the same strand. These pioneer-
ing works have led to the formulation of contrasting mod-
els for two adjacent quadruplexes: one in which G4s are
independent beads on a string and another in which they

stack on each other forming higher order structures (G4-
G4 crosstalk).”8

Besides telomeres, the human genome contains several
regions with G-rich tracts compatibles with the formation
of multiple adjacent G4 units such as DNA minisatellites
and promoters of diverse cancer related genes, including
BCL-2, hTERT and PDGFR-[3.9-18 The majority of the existing
studies investigating adjacent G4s as single units in onco-
genes do not provide a full picture on the role of each of
these domains in a more physiological multi-G4 context,
and how this can affect cellular processes.

A well-known example of a sequence containing neigh-
bouring G4s is represented by the proto-oncogene KIT
(Figure 1a). It is one of the most widely studied G4 contain-
ing promoter since it controls the expression of a tyrosine
kinase receptor associated to a large number of malignan-
cies, including erythroleukemial® and gastrointestinal
stromal tumor (GIST).20 The KIT promoter comprises three
adjacent regions able to fold in G4 structures: KIT1, KIT* a
validated G-rich Sp1 binding site, and KIT2 which are lo-
cated between -108 and -181 nucleotides upstream the
ATG codon.2! For simplicity, from now on, we will refer to
these units as K1, SP and K2 respectively. The methodolog-
ical approach of previous studies unveiled structural and
functional insights of single units, mainly using the corre-
sponding short G-rich sequences,!522-26 not including anal-
ysis of the full G-rich KIT regulatory core element. Accord-
ing to these investigations, K1 and K2 form parallel G4s,
while SP, folds in an antiparallel two-tetrad quadruplex.
Even if drug-candidates have already been synthesized for
one or the other structure,?7-3° it is still not clear which G4



motif is more biologically relevant and whether there is
interplay between the three units. Recently, an in vitro
study focusing on K2 and SP domains showed that a G4-G4
tandem is possible,l® demonstrating that a complete over-
view on this kind of multi-unit sequences is indispensable.

In this study we analyse, for the first time, the full se-
quence (both in single and double stranded forms) of the
core KIT promoter, which simultaneously contains all
three G4 domains. By performing a set of biophysical, bio-
chemical and cellular experiments, we demonstrate that
there is a structural and functional connection between all
the G4 units within the promoter. We show that SP is func-
tionally related to K2 and it does not fold in the previously
predicted antiparallel structure. We also demonstrate that
K1, the most stable quadruplex in the long sequence,
heavily influences gene expression.

RESULTS AND DISCUSSION

Spectroscopic analysis of the KIT core promoter se-
quence. Circular dichroism (CD) contributed in all of the
main discoveries concerning DNA secondary structures,
including G4s.31-33 Accordingly, we decided to use such a
technique to preliminarily study a 78-bases long single-
stranded ODN including all three wild-type G4 units
(namely WK1, WK2 and WSP, Figure 1). We then adopted a
mutation strategy to investigate how a unit could be af-
fected by the presence or the absence of the other ones. In
particular, we prevented the folding of, alternatively, one,
two or three G4 units (MK1, MK2 and MSP) in the wild-
type sequence, mutating the corresponding guanines in-
volved in the tetrads.

At first, we ensured the effectiveness of the G4 muta-
tions (G-to-A and G-to-T), using the corresponding short
truncated sequences (Table S1). The WK1 sequence in K*
buffered solution formed a parallel quadruplex character-
ized by distinctive positive and negative bands at 263 and
241 nm, respectively (black line in Figure 1b).2* The WK2
sequence folded as well in a parallel quadruplex topology,
with a small proportion of antiparallel structure leading to
a weak peak at 295 nm (red line in Figure 1b).3* Finally,
WSP showed positive peaks at 291 and 249 nm and a nega-
tive signal at 263 nm (blue line in Figure 1b), consistent
with an antiparallel two tetrad G4 topology.1526 All our
mutated short sequences displayed similar CD signals
typical of mostly unstructured single-stranded DNAs (Fig-
ure S1).3536 G-to-T mutations on K2 sequence provided
higher ellipticity values when compared to its G-to-A ana-
logue. Moreover, NUPACK analysis, 37 revealed slightly less
stable secondary structures for all the G-to-A long se-
quences (Figure S2-S3). For these reasons we decided to
continue our investigations with G-to-A mutated sequenc-
es.

We then recorded the CD spectra of the long sequences
(unit names separated by the “-” symbol) (Table S2) and
we compared them with the signals induced by the mix-
tures of short ODNs corresponding to the single G4 do-
mains (unit names separated by the “+” symbol). The CD
spectrum of the long wild-type sequence WK2-WSP-WK1
in K* buffered solution showed a positive peak at 265 nm

and a negative one at 245 nm (black line in Figure 1c).

Interestingly, the sum of the dichroic bands produced by
the solution containing a mix of the three short sequences
previously annealed as single G4 units (WK2+WSP+WK1,
red line in Figure 1c) does not completely overlap with the
WK2-WSP-WK1 signals. In details, the positive shoulder at
293 nm, characteristic of the 2-tetrad antiparallel G4
formed by SP, is missing in the 78-bases long sequence,
while it is still visible in CD signal coming from the short
wild-type units’ mixture. These data suggest that the paral-
lel G4 character induced by K1 and K2 is retained, but on
the other hand, prove that the SP unit is not folding into its
previously reported antiparallel G4 structure in the case of
the long, multiple unit, single stranded DNA sequence.
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Figure 1. (a). Schematic representation of the wild-type G4
units (WK2, WSP and WK2) disposition in the KIT promoter,
their sequences and the corresponding mutated versions
(MK2, MSP and MK2) used to prevent the formation of G4
structures. (b) CD spectra of the short wild-type sequences
corresponding to WK2, WSP and WK1 G4s. (c,d) CD spectra of
the long sequences WK2-WSP-WK1 (black lines) and WK2-
MSP-WK1 (d, blue line) compared with the spectrum pro-
duced by the mixture of single unit G4s formed by the corre-
sponding pre-folded short sequences (red lines). (e) ODNs
melting temperatures derived from the analysis of CD melting
curves at the reported wavelengths. For double mutated
ODNs, only the melting temperature corresponding to a G4 is
reported. Units for molar ellipticity in CD spectra are 106
mdeg M-1 cm-L.

Confirming this scenario, we obtained major overlap be-
tween the CD of WK2-WSP-WK1 and the one recorded for
the mixture of the single units, where WSP was replaced by



its mutated version MSP (red line in Figure 1d). Strikingly,
the situation was preserved when the mutation was per-
formed within the longer sequence WK2-MSP-WK1 (blue
line in Figure 1d). In this case, we observed an additional
dichroic contribution in the region around 290 nm, possi-
bly indicating a supplementary secondary structure of the
long ODN.

We repeated the same experiment for the long sequenc-
es with both single and double mutations on the G4 units
(Figure S4-S5). When K2 and K1 were mutated within the
long sequence, the quadruplex in the SP portion did not
adopt its typical antiparallel single unit conformation,
characterized by a positive shoulder at 293 nm. Further-
more, we obtained a closer resemblance to the wild-type
sequence spectrum when K2 was mutated within the long
sequence (Figure S5c), when compared to the mutation on
K1, which instead led to a general red shift of the peaks.
This would suggest that K1 is the G4 which contributes the
most to the parallel character of the wild-type long se-
quence. Among the ODNs with mutations in two units, the
one involving both K1 and K2 showed, as expected, the
worst overlap with WK2-WSP-WK1 (Figure S5g).

We recorded the CD spectra of all the oligonucleotides at
different temperatures to investigate their thermal stabil-
ity (Figure S6). Melting temperature data (Figure 1e) per-
fectly matched the conclusions of the previous CD experi-
ments. In fact, the stability of the long wild-type sequence
resulted to be basically unaffected by the single mutation
on the SP portion, while single mutation on the K1 domain
was the one producing more effects, indicating again that
K1 G4 unit contributes more than the others to the general
features of the long sequence. Melting curves of double
mutated ODNs (Figure S6b, right panel) were character-
ized by two transitions, one at low temperatures (~ 35 °C)
and one at higher temperatures (= 50 °C), most probably
corresponding to a secondary non-G4 and to a G4 struc-
ture, respectively. Analysis of the multiple transitions of
MK2-WSP-MK1 melting curve (Figure Séb) revealed that
only the 12% is associated to a G4 melting, confirming that
the quadruplex in the SP sequence does not have big influ-
ence on the thermal stability of the long ODNs.

Overall, these results clearly indicated that the tested G-
rich units behave differently when observed in the context
of a long sequence than when treated as single and isolated
units. The main outcomes are that SP, within the long se-
quence, does not fold in an antiparallel fashion and that K1
plays a key role in the final structure of the full-length
single stranded DNA.

Probing G-quadruplex structures. We performed bio-
chemical and spectroscopic assays based on Thioflavin T
(ThT) (Figure 2a), to better characterize the formation of
quadruplexes in the KIT promoter. ThT is a benzothiazole-
based molecule known for its switch-on fluorescence
properties when bound to G4s and it has been extensively
used as molecular probe for G4 detection.38-40

We first performed electro-mobility shift assays (EMSA)
(Figure 2b) of all the pre-folded ODNs already analyzed by
CD. Gels were initially stained with ThT to specifically
detect G4 motifs, followed by incubation in SybrGold to

reveal all the DNA bands. If compared to the corresponding
mutated versions, short ODNs WK1, WK2 and WSP, folded
in K* buffer and ran in a native PAGE, showed different
electro-mobility and much higher fluorescence (Figure 2b,
top), clearly confirming the G4 formation previously ob-
served in our CD experiments. This result was further
confirmed by spectrofluorimetric assays (Figure 2c, left)
where the addition of ThT aliquots to wild-type 2 uM short
ODN solutions led to higher emissions if compared to the
same experiments performed with the mutated sequences
(Aexc = 425 nm). It is worth mentioning that ThT is known
to have different affinity depending on the G4 arrange-
ment.3840 This is also true for the selected short sequences
as both EMSA and the spectrofluorimetric assay showed a
higher fluorescence for WK1 compared to the other two
G4s. Moreover, ThT stained also higher molecular weight
bands in the wild type short ODNs only, suggesting that
short G-rich ODNs can also fold into higher order G4 struc-
tures, as observed in previous studies. 4142
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Figure 2. (a) Chemical structure of ThT. (b) EMSA in native
PAGE gel of short ODNs representing the single G4 units (top)
and of the long ODNs which include all the units (bottom).
Wild-type sequences are represented in green, mutated in red.
Gel were stained with ThT (left) and with SybrGold (right).
Wild-type short ODNs are partially folded in higher ordered
structures, as already reported elsewhere.4142 (c) Fluores-
cence spectra of short (left) and long (right) ODNs in the pres-
ence of 0.8 and 8.0 eq. of ThT, respectively.
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Figure 3. (a) Molecular crowding EMSA performed on dsDNA sequences before (-) or after (+) heating-renaturing step, with all the
KIT G4 units in the wild-type and/or mutated versions; (b) schematic representation of double stranded wild-type core promoter
sequence (WK2-WSP-WK1) and possible quadruplex formation sites; (c) representation of equilibrium among the different G-
quadruplex structures according to the dsDNA wild-type sequence after molecular crowding EMSA.

EMSA of the long ODNs folded in K* buffer revealed, after
ThT staining, significant differences in terms of fluores-
cence, but also of electro-mobility (Figure 2b, bottom),
with MK2-WSP-MK1 band running slower, possibly due to
its weaker sequence stability as observed in the CD assay
(Figure 1e).

The band corresponding to the wild-type WK2-WSP-WK1
long sequence had the highest fluorescence and the re-
placement of any of the G4-units, with their corresponding
mutated versions, led to a reduction of ThT associated
fluorescence. By analyzing the intensity of each band tak-
ing into account the background fluorescence due to ThT
unspecific binding (Figure S7), we found that WK2-WSP-
WK1 ThT associated intensity was 2 or 3 times higher than
ODNs with single G4 unit mutation and up to 6 times high-
er than the double and triple unit mutation ODNs. These
results can be ascribed to a less G4-structured sequence
after every mutation. Besides, in the case of the wild type
and single mutated sequences, ThT may be “sandwiched”
by two proximal G4s causing a further restriction in its
rotational motion and a corresponding higher emission.
Interestingly, the replacement of WSP with MSP produced
a fluorescence decrease, indicating that the guanines in the
SP unit, although not contributing with an antiparallel G-
quadruplex structure as verified by CD, they definitively
contribute to quadruplex formation in the long sequence.

As for the short ODNs, we investigated the ability of ThT
to bind to the long sequences by spectrofluorimetry. WK2-
WSP-WK1, when mixed with ThT, gave rise to the highest
signal (Figure 2c, right and Figure S8-S9), confirming the
EMSA outcome. Remarkably, among those sequences with
a single unit mutation, the one with MSP has the closest
fluorescence to the wild-type, while the double mutation

involving K1 and K2 has the lowest emission. This sug-
gests, once again, a higher contribution by K1 and K2 to the
stability of the G4s compared to SP.

dsDNA EMSA in molecular crowding environment. A
previous study has demonstrated how molecular crowd-
ing, which mimics experimental settings closer to physio-
logical conditions, creates an essential environment for the
stable formation of G4 motifs in dsDNA.43 Based on this
information, we tested the folding of KIT G4 domains in the
wild-type and mutated double stranded DNA sequences
(constructs available in Addgene, Table S3).

After cloning the full KIT promoter into eight plasmids,
we digested and gel-purified a 186 base pair long dsDNA
(Figure S10), which included the eight different versions of
our 78 base pair KIT core promoter. The digestion prod-
ucts were incubated in 150 mM KCl and 10 mM Tris-HCl,
together with 35% PEG200 as molecular crowding agent.
Samples were loaded in a native PAGE gel either directly
(as negative control) or after a heat denaturation-
renaturation step (to induce the G4 formation) and visual-
ized by SybrGold staining. Additional negative controls on
the wild-type sequence, performed with a heat denatura-
tion-renaturation step in the absence of alternatively or
simultaneously KCl and PEG200 (Figure S11), confirmed
that the newly observed bands in Figure 3a were effective-
ly derived from G4 structures.

As expected, the fully mutated dsDNA sequence (MK2-
MSP-MK1) did not show any shift corresponding to G4
formation (Figure 3a, bottom gel). With regards to the
double mutated products (Figure 3a, bottom gel), it was
possible to visualize the formation of both K1 (MK2-MSP-
WK1), and K2 (WK2-MSP-MK1) quadruplexes, but no band
corresponding to the SP G4 unit (MK2-WSP-MK1) was



detected. In addition, it is interesting how K1 and K2 G4s
showed different mobility even when folded from a dsDNA.
These two bands were also present in the wild-type dsDNA
sequence (WK2-WSP-WK1) (Figure 3a, top gel), together
with another fainter band which we identified as G4 tet-
rads involving K2 and SP. This last conclusion is corrobo-
rated by the fact that the same band was absent in the
constructs MK2-WSP-WK1 and WK2-MSP-WK1, but it re-
appeared in WK2-WSP-MK1. This interplay between K2
and SP and the absence of the contribution of SP alone are
in accordance with our observation in the CD experiments,
where we detected a loss of the typical antiparallel SP
contribution in the single stranded wild-type sequence
(compare with Figure 1), but also confirm our ThT assay
data, where we observed higher fluorescence in the wild-
type sequence, where SP is able in any case to contribute
to the total G-quadruplex structures.

We also observed a very faint band at the bottom of the
dsDNA products after the denaturation-renaturation step,
more visible in the constructs WK2-WSP-WK2 and WK2-
MSP-WK1. We assume this is ssDNA products, not re-
annealed to its complementary strand.

From this EMSA we can conclude that, in this experi-
mental condition, the wild-type sequence promoter is in
equilibrium between three different main G-quadruplex
formations: K1, K2 and K2-SP (Figure 3b), and that the
most represented form is the one with a single G4 in the
K1 unit (Figure S12), with about 38% of the total DNA,
followed by a single G4 in K2 with about 21% of the total
DNA. This data overlaps with our melting temperature
experiments on single stranded oligonucleotides (compare
with Figure 1e), confirming a higher stability of K1 over
the other G4 units.

Dual luciferase assay. To untangle the biological func-
tion of the KIT promoter G4 units and to better understand
how the inactivation of one unit could affect the activity of
the others on the gene expression, we performed a dual
luciferase assay by using the eight promoter constructs
already used for the dsDNA EMSA (Figure 4a, Table S3).
Differently from previous investigations to study KIT pro-
moter activity where sequences were partially removed,**
we only mutated the guanines in the core promoter se-
quence, leaving the rest of the promoter unaltered. It is
worth mentioning that the high number of G-to-A muta-
tions could also affect the binding of transcription factors
or repressors, also independently from the disruption of
G4 motifs.

We performed luciferase expression assay on HEL92.1.7
cell line, which has high endogenous expression of KIT
transcripts. Single, double and triple unit mutations signif-
icantly affected the expression of luciferase (Figure 4b). In
particular, we observed that by mutating K2 only (con-
struct MK2-WSP-WK1) there was a slightly lower expres-
sion of the luciferase compared to the wild-type (construct
WK2-WSP-WK1). Much more drastic was the expression
decrease when SP was mutated (construct WK2-MSP-
WK1). In fact, this sequence is the binding recognition
motif of transcription factors and the introduction of muta-
tions could affect the transcription, regardless of the G4
formation.#* Although K1 and K2 have both similar parallel

G-quadruplex structures, preventing K1 G4 formation
(construct WK2-WSP-MK1), surprisingly led to a gene
expression enhancement, and the variation in expression
in this case was much more significant compared to the
one observed by mutating K2 only. The higher significance
when K1 unit is mutated, compared to K2 mutation, and its
resulting positive effect on expression could explain evi-
dences found in previous studies where synthetic mole-
cules, able to disrupt both K1 and K2, led to a general in-
crease of gene expression.*> At the same time, the key role
of K1 over K2 can also explain the effect of molecules
which, by stabilizing K1 and K2 G4s, lead to a down-
regulation of KIT expression in carcinoma cell lines.4647
Our results suggest that the disruption or stabilization of
the G4 formed by K1 might be more biologically and
pharmacologically relevant than the one formed in the K2
region.

The first double mutation tested (construct MK2-MSP-
WK1) led to a drastic decrease of gene expression. By
comparing this value with the ones obtained using the
corresponding single unit mutation (WK2-MSP-WK1 and
MK2-WSP-WK1), we observed that, in the case of this dou-
ble mutation, the gene expression is only slightly lower
than the one obtained with only SP mutated, while it is
significantly lower than the one where only K2 is mutated.
These data suggest how, once SP is mutated and it cannot
exploit its function, an extra mutation on K2 does not de-
crease the gene expression much more, while when only
K2 is mutated there is still activity of the SP unit.
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Figure 4. (a) Schematic representation of the constructs used
for the dual luciferase assays, with specified all the combina-
tions of wild-type and mutated units in the core KIT promoter
sequence. (b) Luciferase activity in HEL92.1.7 cells transfected
with the different KIT promoter constructs, and their relative
significance based on p values.

By re-establishing the wild-type sequence of SP and in-
stead mutating K1 (construct MK2-WSP-MK1), we ob-
served an upregulation of the expression compared to the
previous double unit mutation case. Nevertheless, if we
compare this expression level with the one obtained using
the corresponding single unit mutations on K2 or K1, it is
significantly lower. Finally, we noticed an even lower ex-
pression with mutation on both SP and K1 (WK2-MSP-
MK1) and with all the units mutated (MK2-MSP-MK1).
These results might indicate that wild-type SP is not able
to completely perform its function if K2 is mutated but, on



the other hand, we also show, for the first time, that a mu-
tation in K1 is able to increase the gene expression over
the wild-type levels, only when both K2 and SP are wild-
type (construct WK2-WSP-MK1). This denotes that there is
a functional link between all the KIT promoter quadruplex
units meaning that the regulative role of a single unit is
definitively affected by the formation or disruption of the
adjacent ones.

CONCLUSIONS

The emerging importance of G-quadruplexes as anti-
cancer target requires calls for a deeper understanding of
their structure and functionality in a context as close as
possible to physiological conditions. Considering the rele-
vant number of G-rich tracts in human genome compatible
with the formation of multiple adjacent G4 units, one of the
main challenges is to clarify whether these units can be
considered as separate beads in a string or if the folding of
one G4 influences the others.

The pioneering studies conducted mainly by the groups
of Balasubramanian and Neidle revealed that, among mul-
tiple G4 systems, the quadruplexes within KIT have the
potential to be concrete selective targets for anticancer
drug candidates.2448

Following such suggestions, we expanded the study of
the KIT promoter to a sequence which simultaneously
includes the three predicted G4 units, an approach never
attempted so far.

Through a combination of spectroscopic techniques and
gel electrophoresis analysis, we have found that, when
analyzed within the full-length promoter sequence, the SP
is not able to fold in the antiparallel quadruplex recently
described in the literature.’> According to our data, SP G-
rich tract exists in equilibrium between an unfolded state
and a folded one which includes simultaneously K2. This
supports a recent study, restricted to a single stranded
sequence without the K1 domain, according to which K2
and SP form a higher order cross-talk structure.l® At the
same time, we highlight that the quadruplex correspond-
ing to the K1 G-rich sequence is the most stable both in the
single and double stranded form. This last observation
confirms and strengthen previous findings where it was
demonstrated that K1 structure is highly conserved, stable,
not environmentally sensitive, and with a dynamic much
reduced compared to other G4s (e.g. the telomeric
one).*849 Importantly, in the context of double stranded
DNA we never observed a simultaneous formation of the
three G4s but rather an equilibrium between K1, K2 and
K2-SP.

Extending this study with a functional cell-based assay,
we show that all the above considerations have a direct
consequence on the KIT promoter activity in the leukemia
cell line HEL92.1.7. We demonstrate that K1 and K2 G4s
have opposite roles in gene regulation, one reducing and
the other increasing the expression levels, respectively.
Furthermore, K1 quadruplex demonstrated to have a ma-
jor effect compared to K2 G4, whose function is closely
related to SP, probably with a supportive role in the re-
cruitment of transcription factors. Remarkably, the func-
tion of each unit is strongly affected by the formation or

disruption of the other ones. This outcome paves the way
for future studies to evaluate how different mutations in
the KIT promoter affect the binding of transcription fac-
tors, depending or not on the formation of G-quadruplex
structures.

Overall, in this study we demonstrate that there is a
clear link between all the G4 units within the KIT promoter
and we suggest that this link must be taken in considera-
tion when, for example, these DNA motifs (or the ones of
other promoters containing multiple G4s) are treated as
target for anticancer drugs. Our data suggest that a good
strategy for KIT G4 targeting is to synthesize molecules
able, not only to distinguish between the double helix and
the G4s, but specifically between K1 and K2, avoiding that
the stabilization or the disruption of both G4s, at the same
time, could lead to antagonistic effects. In particular we
indicate K1 as a more reliable target due to its stability and
reduced dynamic. At the same time, we propose that our
mutation strategy and experimental settings could help in
understanding how transcription factors might affect or
being affected by the equilibrium between K1, K2 and SP
G4s.

EXPERIMENTAL SECTION

Single stranded ODNs. Oligonucleotides (see Table S1
and S2) were purchased from IDT (Integrated DNA Tech-
nologies, Belgium) in PAGE purity grade. We firstly diluted
the lyophilized strands in IDTE buffer (10 mM Tris, pH 7.5,
0.1 mM EDTA) to obtain 100 uM stock solutions. We then
prepared working solutions diluting the stock solutions to
the required concentrations with 10 mM tris-
hydroxymethyl-aminomethane buffer (Tris-HCl, pH=7.5)
in the presence of 100 mM KCI. In order to perform the
folding of the diluted oligonucleotide solutions we heated
them to 95 °C for 5 min and we let cool to room tempera-
ture overnight.

We checked the exact strand concentration of the oligo-
nucleotides by measuring the absorbance at 260 nm of the
corresponding diluted solutions and using the extinction
coefficient values provided by the manufacturer.

Spectroscopic analysis of single stranded ODNs. Cir-
cular dichroism spectra were recorded on a Chirascan™ CD
Spectrometer (by Applied Photophisics) equipped with a
single cell Peltier temperature controller, using 1 cm path-
length quartz cuvettes, at 25 °C with the following parame-
ters: range 500-200 nm, bandwidth: 1.0 nm, time per
point: 0.5 s, repeats: 4. Concentration of ODNs were ad-
justed so that the HV (HT) voltage could be properly con-
trolled, giving reliable ellipticity values over the investi-
gated wavelength range. Concentration of both short and
long ODNs were in the range 0.5-1.0 uM (strand concentra-
tion). CD raw data were divided for the actual ODN concen-
tration, measured by UV-Vis, and represented as molar
ellipticity. CD at variable temperature were analyzed plot-
ting the CD signal at the specified wavelength against the
temperature and fitting the corresponding plot with a
Boltzmann sigmoidal curve implemented in the Origin 9.5
software package (OriginLab Corp.) (see Figure S6, left
panel). Melting curves of double mutated ODNs (Figure
Séb, right panel), characterized by two transitions, were



fitted with Double-Boltzmann sigmoidal curves which give
as a result the two melting points and the % of the curve
corresponding to the melted structure. CD at different
temperatures of MK2 and MK1 ODNs showed no signifi-
cant changes and, accordingly, no melting points were
reported, while MSP non-G4 secondary structure melted at
34.1°C.

Fluorescence spectra were recorded on Horiba Fluoro-
Max-4 spectrofluorometer. ThT assay was performed add-
ing aliquots of Thioflavin T (Sigma Aldrich) stock solution
to the corresponding ODN (short or long) solutions at the
indicated concentrations and measuring after 2 min incu-
bation time (Aexc = 425 nm, Aem = 440-750 nm). Scans were
run at room temperature with excitation and emission slit
widths of 1/5 nm and 2.5/5 nm for short and long ODNs
experiments, respectively. Spectrofluorimetric data were
normalized according to the ODNs concentration before
being analysed and represented.

ThT concentration was calculated recording the UV-Vis
spectrum of its diluted solutions (on a PerkinElmer
LAMBDA 35 double beam spectrophotometer) and using
the molar extinction coefficient at 412 nm in water of 36
000 M-1 cm-1.40

All the spectroscopy-based experiments were performed
in Tris-HCl 50 mM buffer (pH = 7.4) supplemented with
KCl 100 mM and analyzed by Origin 9.5 (OriginLab Corp.)

Electromobility Shift Assay on single stranded DNA
oligonucleotides. We resuspended single units short and
multiple units long oligonucleotides to a final concentra-
tion of 2 uM together with 10 mM Tris-HCI and 100 mM
KCl. We incubated all the mixtures at 95 °C for 5 min and
we left them cooling down at room temperature overnight.
We prepared 15% native polyacrylamide gels with 1x TBE
(made by 89 mM Tris-borate, 2 mM Naz;EDTA dissolved in
deionized water), and 25 mM KCl. We loaded 1 pl and 2 pl
of the long and short oligonucleotides mixture respective-
ly, and we ran the electrophoresis at 17 V/cm (2:35 hr for
the long ODNs and 1:30 hr for the shorts ODNs). We
stained gels into a 0.5 pM Thioflavin T solution (Sigma
Aldrich), we quickly washed them with 1x TBE and ac-
quired images, before performing SybrGold staining (1x;
Invitrogen). All images were acquired by LAS 4000 (GE)
imager and analyzed by Image].

EMSA of dsDNA in molecular crowding conditions.
The double stranded DNA sequences (186 bp) of the eight
plasmids enclosing the KIT promoter were enzymatically
digested (Bsal/Nhel) and purified by gel extraction (Nu-
cleospin gel and PCR clean-up, Macherey-Nagel). For each
sequence variant, 200 ng were resuspended in the folding
buffer (150 mM KCI, 10 mM Tris-HCI pH 7.4, PEG200 35%
w/v), and heat denatured and renatured in a thermocycler
(95 °C for 5 min followed by a ramp to 25 °C at a rate of 0.1
°C /second). For comparison we resuspended the same
dsDNA sequences in a control buffer (final concentration:
150 mM LiCl, 10 mM Tris-HCl pH 7.4, PEG200 35% w/v)
and we kept this solution at room temperature. Further
negative controls were performed in absence of KCI and
PEG200 after a denaturation-renaturation step.

Samples were assessed on a PAGE gel as previously de-
scribed.#3 Briefly, polyacrylamide mixture (29:1), final
concentration 8% in 1x TBE buffer supplemented with 150
mM KCl and 35% w/v PEG200 were polymerized with 1%
APS and 0.1% TEMED and run with 1x TBE buffer with 150
mM KCl at 11 V/cm in ice cold water for 6 hours. The im-
ages were acquired, after SybrGold staining, by LAS 4000
(GE) imager and analyzed by Image].

Luciferase assay. The wild-type human KIT promoter
sequence (GeneBank: S67773.1) and its seven mutants
(insert sequences in supplementary information Table S2)
were synthesized (BioCat GmbH) and cloned (Bglll/Nhel)
in the psiCHECK-2 plasmid in order to replace the SV40
promoter upstream the hRIuc reporter gene. Plasmids
were transformed in DH5a competent cells (Thermo Fish-
er Scientific) and harvested from an overnight culture by
using the maxiprep kit Genejet (Thermo Fisher Scientific)
and the sequences were confirmed by Sanger sequencing.
The erythroleukemia cell line HEL92.1.7 was obtained
from the European Collection of Authenticated Cell Culture
and was cultured in RPMI 1640 Glutamax (GIBCO) sup-
plemented with 10% fetal bovine serum (FBS, Sigma Al-
drich), 1 mM Sodium citrate (Sigma Aldrich) and grown in
suspension at 37 °C, 5 % CO2z atmosphere. Cells were typi-
cally transfected with 20 ug of plasmid DNA with the Neon
electroporator (Thermo Fisher Scientific) using the 100 pl
tips (electroporation settings: 2 pulses, 1400 Volts, 20 ms
pulse width). 36 hours after transfection, the expression of
the luciferase reporter gene was measured using the Dual-
Glo kit (Promega), following the manufacturer instruction,
in a Veriscan lux luminometer (ThermoFisher Scientific).
The normalized ratio was obtained from three independ-
ent biological replicates and graphed by Prism 7 software.
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