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ABSTRACT: HMGA proteins are intrinsically disordered (ID) chromatin
architectural factors characterized by three DNA binding domains (AT-hooks)
that allow them to bind into the DNA minor groove of AT-rich stretches.
HMGA are functionally involved in regulating transcription, RNA processing,
DNA repair, and chromatin remodeling and dynamics. These proteins are
highly expressed and play essential functions during embryonic development.
They are almost undetectable in adult tissues but are re-expressed at high levels
in all cancers where they are involved in neoplastic transformation and cancer
progression. We focused on identifying new small molecules capable of binding
into the minor groove of AT-rich DNA sequences that could compete with
HMGA for DNA binding and, thus, potentially interfere with their activities.
Here, a docking-based virtual screening of a unique high diversity in-house
library composed of around 1000 individual natural products identified 16
natural compounds as potential minor groove binders that could inhibit the
interaction between HMGA and DNA. To verify the ability of these selected compounds to compete with HMGA proteins, we
screened them using electrophoretic mobility shift assays. We identified Sorocein C, a Diels−Alder (D−A)-type adducts, isolated
from Sorocea ilicifolia and Sorocea bonplandii with an HMGA/DNA-displacing activity and compared its activity with that of two
structurally related compounds, Sorocein A and Sorocein B. All these compounds showed a cytotoxicity effect on cancer cells,
suggesting that the Sorocein-structural family may provide new and yet unexplored chemotypes for the development of minor
groove binders to be evaluated as anticancer agents.

■ INTRODUCTION
High mobility group A (HMGA) proteins are a family of
architectural nuclear factors involved in the modulation of
chromatin structure and gene expression.1,2 This family consists
of three members: HMGA1a and HMGA1b, which are derived
from the alternative splicing of the same gene, and the closely
related HMGA2. HMGA proteins are about 100 amino acid
residues long with a modular organization consisting of three
strongly positively charged regions, the so-called AT-hooks that
bind to the minor groove of AT-rich DNA stretches, and a C-
terminal negatively charged tail.3,4

HMGA proteins are considered typical intrinsically disor-
dered proteins due to the characteristic composition of their
primary sequence, enriched in charged, polar, and structure-
breaking amino acids and poor in bulky hydrophobic amino
acids.3 Indeed, the R, K, and P residues are clustered at the
DNA-binding domain level, whereas E andD are clustered at the
acidic C-terminal tail.3

HMGA proteins are highly interconnected hubs in the
chromatin network, establishing several protein−protein
interactions.5,6 HMGA can be highly post-translationally

modified by many different enzymes;7 these features, i.e., their
intrinsically disordered status and the multiplicity of post-
translational modifications, could explain their multifunction-
ality through adaptability.8

The activities of HMGA proteins are explicated by two
mechanisms: direct interaction with DNA and direct interaction
with other proteins. These mechanisms are not mutually
exclusive. In fact, HMGA can use both mechanisms to perform
their functions. HMGA proteins have been studied mainly in
terms of their involvement in the assembly of DNA-bound
stereospecific macromolecular complexes (enhanceosomes) at
the level of enhancer or promoter regions. The studies of
Thanos’ group have beautifully deciphered the mechanism of
action of HMGA1 in the regulation of the INF-β gene
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expression.9 HMGA1 was found to be the key factor that
orchestrates the formation of NF-κB-, IRFs-, and ATF-2/cJun-
containing complexes through a network of protein/DNA and
protein/protein interactions at the level of the enhancer of the
INF-β gene, which is critical for the transcription.10

The expression of HMGA proteins differs in embryonic and
adult tissues. In the former case, they are highly and widely
expressed and play essential functions, whereas in the latter, they
are generally scarce or absent. The precise spatiotemporal
regulation of HMGA levels is important for proper cellular
development and tissue homeostasis, and indeed, their aberrant
expression has been implicated in several diseases, including
cancer. Indeed, high levels of these proteins are detected in
several malignancies such as breast, nervous system, thyroid,
colon, lung, and prostate cancer.11

Importantly, the association between high HMGA protein
levels and malignancies is not merely a correlation. The
oncogenic role of these proteins has been demonstrated by
their overexpression in vitro in cellular models and in vivo in
transgenic mice. Indeed, many of their biological functions
actively promote the acquisition of most cancer hallmarks and
their multiple oncogenic activities have been extensively
reviewed.11−13

Given the biological effects of HMGA in cancer, it is clear that
they could be suitable and intriguing targets to counteract its
onset and/or progression. In particular, switching off or
silencing HMGA expression in in vitro cellular models leads to
remarkable antitumor effects (reviewed in refs 14 and 15).
Silencing of HMGA1 impairs cancer stem self-renewal,
migration, and invasiveness. Consistently, depletion of
HMGA1 reduces the metastatic ability in vivo.16,17 Another
reason to consider HMGA proteins as potential molecular
targets is that HMGA1 expression generally increases chemo-
and radio-resistance in almost all cancers studied, as recently
reviewed.15

All these considerations have led over the years to exploit
different strategies to target HMGA, trying to counteract their
activities (reviewed in ref 15). Minor groove binders (MGBs),
small molecules capable of binding DNA in the minor groove
especially in AT-rich regions, have been investigated to this end.
Among the MGBs, Netropsin and Distamycin A have been
extensively characterized for their ability to compete with
HMGA both in vitro and in vivo.18−20 More recently, trabectedin
(ET-743 or Yondelis), an MGB used to treat advanced tissue
sarcomas and patients with relapsed platinum-sensitive ovarian
cancer,21 was shown to displace HMGA1 fromDNA, suggesting
that its anti-oncogenic activity could be explained, at least in
part, by its HMGA-interfering ability.22

HMGA proteins play a role in cancer initiation and
development, and they have been proposed as a suitable target
to interfere with neoplastic transformation.13,15,23 Therefore, we
decided to search for new small molecules that were able to bind
the minor groove of AT-rich DNA sequences that could act as
HMGA competitors. To this aim, a docking-based virtual
screening was carried out to evaluate the ability of a proprietary
in-house natural product library to target the minor groove of
AT-rich DNA sequences and to compete with HMGA for the
interaction with DNA. The 16 natural compounds identified in
silico as potential MGBs were screened by electrophoretic
mobility shift assays (EMSAs) to confirm their ability to
compete with HMGA proteins. Interestingly, Sorocein C, a
Diels−Alder (D−A)-type adduct, and two structurally related
compounds, Sorocein A and Sorocein B, showed interesting

HMGA/DNA-displacing activities in vitro and exhibited
cytotoxic activity against cancer cells. These molecules share a
common substructure that has not been investigated yet for the
interaction with DNA, thus representing potential lead
compounds for anticancer strategies based on HMGA
interference.

■ RESULTS AND DISCUSSION
Docking-Based Virtual Screening of the In-House

Library of Natural Compounds. A proprietary high diversity
library composed of around 1,000 individual natural products,
isolated mainly from indigenous plants collected in biodiversity-
rich countries, especially in tropical and subtropical areas, and
enlarged with their semi-synthetic and synthetic derivatives, was
used as a unique source of compounds for screening purposes.
The library is available at the Organic Chemistry Laboratory of
the Department of Chemistry and Technology of Drugs of
Sapienza University of Rome, Italy,24 and consists of natural
products belonging to different classes that have been fully
characterized. Over the past 10 years, the in-house library has
represented a valid source of hits/leads for different pharmaco-
logical activities, and it has been successfully screened in silico
and in vitro for the identification of hit and lead compounds in
previous early-stage drug discovery projects.24−28

The 3D structure of HMGA has not been solved yet, most
likely due to challenges in structural determination posed by the
intrinsically disordered nature of these proteins. Nevertheless,
atomistic details of the interaction between DNA and one AT-
hook of HMGA1 are available by X-ray crystallography,29

allowing the structure-based search for putative MGBs that
could compete with HMGA1. To this aim, molecular docking of
the compounds represented in the in-house library was carried
out with AutoDock 4.2.30 Coordinates of the HMGA1 peptide
were removed from the DNA minor groove, while the water
molecule bridging Arg38 of HMGA1 to DT6 of DNA was
explicitly included in the receptor structure. Compounds of the
in-house library were then ranked based on the free energy of
binding estimated by AutoDock 4.2, while chemical diversity
was assessed by cluster analysis carried out using a combination
of fingerprints and substructure search.31,32 Specifically, docked
compounds were grouped based on their chemical and
structural similarity, and the groups were sorted based on the
docking score of the best compound included in each of them.
The aim of this operation was to select compounds endowed
with the least structural and chemical redundancy in the test set
for experimental studies and to formally explore the largest space
of the in-house library in terms of substructures and
pharmacophores. Finally, coupling the energy score with
chemical diversity and the inspection of binding poses led to
selecting 16 natural products (1−16) as putative MGBs that
were potentially able to inhibit the interaction between DNA
and HMGA1 (Table 1 and Supplementary Table S1).

It is not surprising that a considerable part of these
compounds belongs to the chemical class of alkaloids (1−11),
given their positive charge in physiological conditions that nicely
matches the negative charge of the DNA phosphate backbone.
Alkaloids are one of the largest and most intriguing families of
natural compounds, characterized by vast structural diversity
with no uniform classification. Another compound was a
triterpene (12), which belongs to a subclass of terpenes
consisting of six isoprene units. Several candidate hits belong
to the chemical class of polyphenols (13−16). Among the
flavonoid phenol subclass containing a basic skeleton of
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diphenylpropane, namely, two benzene rings (ring A and B)
linked by a three-carbon chain that forms a closed pyran ring
(the C ring) with a benzenic A ring, three compounds were
selected for further investigation: two flavones (13 and 14),
featuring a double bond between positions 2 and 3 and a ketone
in position 4 of the C ring, and a dihydro-chalcone (15). Among
the non-flavonoid phenols, a Diels−Alder (D−A)-type adduct
(16), biosynthetically derived from [4 + 2]-cycloaddition of
chalcones and dehydroprenylphenols, was chosen.
In Vitro Evaluation of the HMGA/DNA-Displacing

Activity of the Selected MGBs. EMSAs were performed to
test whether the compounds selected using the in silico
molecular docking screening described above were effective in

interfering with HMGA/DNA complex formation. We decided
to evaluate two different double-stranded DNA probes with
different lengths and spacing of AT-rich sequences: one from the
promoter region of the insulin receptor gene (E3) and another
one from the enhancer of the interferon-β gene (PRDII).
HMGA proteins have been demonstrated to bind both in vitro
and in vivo to these cis-regulatory sequences, participating in the
gene expression regulation of these two genes.9,33 The
conditions for the EMSAs were optimized to visualize both
unbound DNA and HMGA/DNA complexes to eventually
detect either interfering or enhancing effects on HMGA/DNA
complexes. All compounds were analyzed for both HMGA
proteins (HMGA1 and HMGA2) and probes (E3 and PRDII)
at 100 μM. Netropsin (N) was selected as a positive control,
since it is an MGB that can displace HMGA proteins from AT-
rich sequences, while chloramphenicol (CHL) was used as a
negative control. Figure 1 shows a representative experiment.
Compounds 16, 13, and 8 were able to hamper the formation of
complexes for both proteins using the E3 probe, since the signal
corresponding to the HMGA/DNA complex disappeared
(compound 16) or was present at a lower intensity (compounds
13 and 8). It is also interesting to note that compound 2 had a
slight enhancing effect on the formation of the HMGA/DNA
complex, which is more evident in the EMSA analysis performed
with HMGA1. EMSA analyses performed with the PRDII probe
confirmed the HMGA/DNA complex-displacing activity of
compound 16, whereas that of compounds 13 and 8 was barely
detectable for HMGA1 and undetectable for HMGA2
(Supplementary Figure S1). Compound 4 interferes with the
formation of the HMGA1/DNA complex but not with the
HMGA2/DNA one using two different probes, E3 and PRDII
(Figure 1 and Supplementary Figure S1). Only compound 16
was able to displace both proteins from their DNA target
sequences; therefore, we focused our attention only on this
compound that corresponds to Sorocein C, a Diels−Alder (D−
A)-type adduct, isolated from two plants belonging to the family
Moraceae, Sorocea ilicifolia and Sorocea bonplandii that are both
used in Brazilian traditional medicine (Table 1 and Supple-
mentary Table S1).34−36

Diels−Alder (D−A)-type adducts are a class of structurally
rare and complex polyphenolic natural compounds featuring a

Table 1. Natural Products Selected from the In-House
Library

cluster common name M.W. chemical class

1 Pseudobrucine (BBN180) 410.47 alkaloids
2 Sempervirine·HCl

(BBN176)
227.35, 308.81
(+HCl)

3 Yohimbine·HCl (BBN174) 354.45, 390.91
(+HCl)

4 Veratrine·HCl (BBN173) 591.74, 628.20
(+HCl)

5 Berberine·H2SO4
(BBN125)

336.37, 434.44
(+H2SO4)

6 Sanguinarine·HNO3
(BBN126)

332.33, 395.35
(+HNO3)

7 Dicentrine (BBN172) 339.39
8 Boldine (BBN178) 327.38
9 Atropine·H2SO4

(BBN177)
289.38, 387.45
(+H2SO4)

10 4-OH-quinazoline
(BBN179)

146.15

11 Tubocurarine (BBN181) 610.75
12 Betulin (BBN84) 442.73 terpenes
13 Cudraflavone B (BBN175) 420.46 flavonoids
14 6-Chromane-O-7-

flavanone (BBN108)
308.38

15 Phloretin (BBN101) 274.27 dihydro-chalcone
16 Sorocein C (BBN114) 756.80 Diels−Alder-type

adduct17 Sorocein A (BBN249) 630.69
18 Sorocein B (BBN113) 658.7

Figure 1. Compounds 16, 13, and 8 modulate both HMGA1/DNA and HMGA2/DNA complex formation. EMSA (T = 7%) is performed with
constant amounts of HMGA1 protein (1.56 pmoles), HMGA2 protein (0.78 pmoles), drug concentration (100 μM), and ATTO 680-labeled DNA
probes E3 (0.05 pmoles). Lane 1: DNA probe alone. Lane 2: HMGA1/HMGA2 alone. Lane 3: HMGA1/HMGA2with CHL (−, 100 μM) as negative
control. Lane 4: HMGA1/HMGA2withNetropsin (+, 10 μM) as positive control. Lanes 5−20: putativeMGB compounds. Detection is performed by
IR fluorescence.
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central cyclohexene ring endowed with different stereocenters,
biosynthetically derived from [4 + 2]-cycloaddition between
two partners among flavonoids, chalcones, stilbenes, and 2-
arylbenzofurans as precursors.37,38 Fascinatingly, Sorocein C
(16) consists of a complex tricyclic acetal moiety derived from
intramolecular acetalization of the carbonyl group of the D−A-
type adduct with two phenolic side groups.
Docking simulations showed that Sorocein C can bind in the

minor groove of DNA and establish H-bond interactions with
nucleotides (Figure 2). Specifically, Sorocein C is H-bonded to

the crystallographic water molecule as well as the sugarmoiety of
A8 from one strand and T9′ from the complementary strand. In
addition, it is H-bonded to the phosphate backbone of A7 from
one strand and C11′ from the complementary strand (Figure 2).
Notably, in its docking pose, Sorocein C nicely overlaps with the
crystallographic binding mode of HMGA1 AT-hook (Supple-
mentary Figure S2), strongly suggesting that Sorocein C might
compete with HMGA1 for the binding to DNA, in agreement
with experimental evidence provided in this work.
To thoroughly investigate the biological activity of this unique

and complex architecture, we also tested two other structurally
related compounds, i.e., Sorocein A (17) and Sorocein B (18),
which have been isolated from the same plants.34−36

These three Sorocein family members (A, B, and C) were
tested for their ability to displace HMGA proteins from DNA.
Since they completely displaced HMGA proteins from DNA at
the initial concentration of 100 μM (data not shown), we
decided to perform EMSA titration assays to better characterize
the efficiency of these three compounds using Netropsin as a
reference. The results showed that they efficiently disrupted
HMGA1/DNA complexes down to the lower μMconcentration
range (Figure 3) but not as efficiently as Netropsin, which was in
the 10 nM range. This evidence is strongly correlated with the
results of molecular docking simulations (Table 2), suggesting
that Netropsin is a stronger binder to the target DNA sequence
compared to D-A-type adducts investigated herein, as well as
that Soroceins have a similar ability in binding the target AT-rich
DNA sequence used for the docking-based virtual screening and,
thus, the same potential HMGA/DNA complex formation-
interfering activity. Taken together, these results suggest an
intriguing inhibitory effect of this family of molecules on
HMGA1/DNA complex formation.

Cytotoxicity to Cancer Cells. Based on the HMGA/DNA-
displacing activity of the MGBs shown above, we investigated

whether these compounds have a cytotoxic effect on cancer cells.
The IC50 values calculated after 72 h exposure of MDA-MB-231
breast cancer cells to Soroceins (B, C, and A) are approximately
between 29 and 34 μM (Figure 4). It was not possible to
calculate IC50 values for Netropsin, because the cell viability was
higher than 95% of the relative controls at all concentrations
tested, i.e., IC50 values were higher than the highest
concentration tested (i.e., 30 μM) (Table 3).

There is a big discrepancy between the efficacy range of
Netropsin in vivo and in vitro: nM efficacy in vitro vs a much
lower (μM range) efficacy in vivo. The main reason of this
discrepancy could reasonably be attributed to Netropsin’s cell
membrane permeability. Netropsin has a net positive charge that
strongly impairs its ability to pass across the cell membrane.

Indeed, there are several works that (i) report high IC50 values
with respect to cell viability,39−41 (ii) discuss the low cell
permeability of Netropsin, and (iii) explore alternative strategies
to improve the cellular internalization of this drug.42,43

Moreover, higher Netropsin concentration levels are required
to perform in vivo HMGA1-interfering activities44−46 in
comparison with those needed when used in in vitro experiments
that, in agreement with our results, are usually in the nM
range.18,47 Soroceins, on the contrary, have amolecular structure
quite different from that of Netropsin, and their hydrophobicity
is higher. The fact that Soroceins display both cytotoxicity and
HMGA-displacing activity in the same μM concentration range
let us hypothesize that these two effects could be correlated,
even though, to definitely prove this, further experiments are
needed.

All the three Sorocein family members display comparable
IC50 values; despite the fact that we investigated one cell line,
this is an important information regarding the structure/
function link of these compounds and suggests that they could

Figure 2.Docking-based binding mode of Sorocein C within the minor
groove of DNA. The crystallographic structure of a DNA dodecamer
duplex (PDB: 3UXW) is shown as lines and cartoon (panel A) or
surface (panel B). Sorocein C is shown as green sticks, while H-bond
interactions are highlighted by black dashed lines.

Figure 3. MGBs disrupt HMGA1/DNA complexes with different
efficacies. EMSA (T = 7%) is performed with constant amounts of
HMGA1 protein (1.56 pmoles) and ATTO 680-labeled DNA probes
E3 (0.05 pmoles). Lane 1: DNA probe alone. Lanes 2 and 3: HMGA1
alone. Lanes 4−7: decreasing concentration (16, 3.2, 0.64, and 0.128
nM) of Netropsin. Lanes 8−10: decreasing concentration of Sorocein
C (16) (12.5, 6.25, and 3.125 μM), Sorocein B (18) (3.12, 1.56, and
0.78 μM), and Sorocein A (17) (6.25, 3.125, and 1.56 μM).

Table 2. Docking Scores of Netropsin and Sorocein
Derivatives Investigated in This Work

compound estimated free energy of binding (AutoDock4.2) kcal/mol

Netropsin −10.89
Sorocein A −8.62
Sorocein B −8.91
Sorocein C −9.04
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represent potential leading compounds to be further optimized
with respect to their minor groove-displacing activity perturbing
the DNA-mediated activities of HMGA proteins that are usually
expressed at very high level in almost all cancer cells and
considered as potential molecular targets.12,15,23,48,49

In conclusion, in this work, we have identified Soroceins A, B,
and C as a group of structurally related compounds that are able
to interfere with the binding of HMGA1 and HMGA2 to AT-
rich DNA sequences, which exhibit cytotoxic activity toward
cancer cells. These findings are promising and may be further
explored for the development of a new group of MGBs to be
evaluated as potential anticancer drugs.

■ METHODS
Chemistry. All the tested compounds are known structures

belonging to the in-house library of natural products available
from the Organic Chemistry Laboratory of the Department of
Chemistry and Technology of Drugs of Sapienza University of
Rome, Italy. The chemical identity of non-commercial
compounds was assessed by re-running NMR experiments and
proved to be in agreement with the literature data.
Compound 1 (Pseudobrucine or 5a-hydroxy-10,11-dime-

thoxy-2,4a,4a1,5,5a,7,8,8a1,15,15a-decahydro-14H-4,6-
methanoindolo[3,2,1-ij]oxepino[2,3,4-de]pyrrolo[2,3-h]-
quinolin-14-one) was purchased fromTHE BioTeK (CAS: 560-
30-5, Don Julian Road City of Industry, CA, USA) and used
without further purification.
Compound 2 (Sempervirine hydrochloride or 1,2,3,4-

tetrahydroindolo[2′,3′:3,4]pyrido[1,2-b]isoquinolin-6-ium-13-
ide hydrochloride) showed NMR spectra identical to those
reported in the literature.50

Compound 3 (Yohimbine hydrochloride or (1R,2S,4aR,13b-
S,14aS)-methyl 2-hydroxy-1,2,3,4,4a, 5,7,8,13,13b,14,14a-
dodecahydroindolo[20,30:3,4]pyrido[1,2-b]isoquinoline-1-car-
boxylate hydrochloride) was purchased from Sigma-Aldrich
(CAS: 65-19-0, St. Louis, MO, USA) and used without further
purification.

Compound 4 (Veratrine hydrochloride or (3S,4S,4a-
S,6aS,6bR,8S,8aS,9R,9aS,12S,15aS,15bR,16aR,16bS)-
4,6b,8,8a,9,15b-hexahydroxy-9,12,16b-trimethyldocosahydro-
2H-4,16a-epoxybenzo[4,5]indeno[1,2-h]pyrido[1,2-b]-
isoquinolin-3-yl (E)-2-methylbut-2-enoate hydrochloride) was
purchased from Sigma-Aldrich (CAS: 17666-25-0, St. Louis,
MO, USA) and used without further purification.

Compound 5 (Berberine sulfate or 9,10-dimethoxy-5,6-
dihydro-[1,3]dioxolo[4,5-g]isoquinolino[3,2-a]isoquinolin-7-
ium sulfate) was purchased from Adooq Bioscience (CAS: 633-
66-9, Barranca Parkway, Suite 250 Irvine, CA, USA) and used
without further purification.

Compound 6 (Sanguinarine nitrate or 13-methyl-[1,3]-
d ioxolo[4 ′ ,5 ′ :4 ,5]benzo[1 ,2-c][1 ,3]dioxolo[4 ,5- i]-
phenanthridin-13-ium) was purchased from BocSciences (CAS:
4752-86-7, 45−16 Ramsey Rd., Shirley, NY 11967, USA) and
used without further purification.

Compound 7 (Dicentrine or (S)-10,11-dimethoxy-7-methyl-
6,7,7a,8-tetrahydro-5H-[1,3]dioxolo[4′,5′:4,5]benzo[1,2,3-de]-
benzo[g]quinoline) was purchased from Biosynth (CAS:
28832-07-7, Nobelova, P.O., Bratislava, Slovakia) and used
without further purification.

Compound 8 (Boldine or 1,10-dimethoxy-6-methyl-5,6,6a,7-
tetrahydro-4H-dibenzo[de,g]quinoline-2,9-diol) was purchased
from Sigma-Aldrich (CAS: 476-70-0, St. Louis, MO, USA) and
used without further purification.

Compound 9 (Atropine sul fate or 8-methyl-8-
azabicyclo[3.2.1]octan-3-yl 3-hydroxy-2-phenylpropanoate sul-
fate) was purchased from Sigma-Aldrich (CAS: 55−48-1, St.
Louis, MO, USA) and used without further purification.

Compound 10 (4-OH-quinazoline or quinazolin-4-ol) was
purchased from Parchem (CAS: 491-36-1, 415 Huguenot
Street, New Rochelle, New York) and used without further
purification.

Compound 11 (Tubocurarine or (11S,51R)-36,57-dihy-
d r o x y - 1 6 , 5 6 - d i m e t h o x y - 1 2 , 5 2 , 5 2 - t r i m e t h y l -
11,12,13,14,51,52,53,54-octahydro-2,6-dioxa-1(7,1),5(1,8)-dii-
soquinolin-2-iuma-3(1,3),7(1,4)-dibenzenacyclooctaphane-
12,52-diium) showed NMR spectra identical to those reported
in the literature.51

Compound 12 (Betulin or (1R,3aS,5aR,5bR,7aR,9S,11aR,11-
bR,13aR,13bR)-3a-(hydroxymethyl)-5a,5b,8,8,11a-pentameth-
yl-1-(prop-1-en-2-yl)icosahydro-1H-cyclopenta[a]chrysen-9-
ol) was purchased from Sigma-Aldrich (CAS: 473-98-3, St.
Louis, MO, USA) and used without further purification.

Compound 13 (Cudraflavone B or 8-(2,4-dihydroxyphenyl)-
5-hydroxy-2,2-dimethyl-7-(3-methylbut-2-en-1-yl)-2H,6H-

Figure 4. IC50 values of Sorocein B, C, and A. IC50 values of Soroceins B, C, and A were calculated in MDA-MB-231 cells after 72 h exposure. M
corresponds to molarity.

Table 3. IC50 Values of Soroceins B, C, and A in MDA-MB-
231 Breast Cancer Cells after 72 h of Treatmenta

IC50 [μM]

Sorocein B Sorocein C Sorocein A Netropsin

MDA-MB-231 33.8 ± 13.9 29.0 ± 6.8 32.8 ± 6.8 >30
aIC50 values are the mean ± S.D. of at least three experiments, each
performed in quadruplicate.
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pyrano[3,2-g]chromen-6-one) was purchased from ChemFaces
(CAS: 19275-49-1, CheCheng Rd., WETDZ, Wuhan, Hubei,
PRC) and used without further purification.
Compound 14 (6-Chromane-O-7-flavanone or 5,7-dihy-

droxy-2-(4-hydroxyphenyl)-3-methoxy-4H-chromen-4-one)
showed NMR spectra identical to those reported in the
literature.52

Compound 15 (Phloretin or 3-(4-hydroxyphenyl)-1-(2,4,6-
trihydroxyphenyl)propan-1-one) was purchased from Sigma-
Aldrich (CAS: 60-82-2, St. Louis, MO, USA) and used without
further purification.
Compound 16 (Sorocein C) showed NMR spectra identical

to those reported in the literature.36

Compound 17 (Sorocein A or (3aS,3a1R,8aR,13bS)-6-((E)-
2,4-dihydroxystyryl)-8a-(5-hydroxy-2,2-dimethyl-2H-chromen-
8-yl)-2-methyl-1,3a1,8a,13b-tetrahydro-3aH-benzo[3,4]-
isochromeno[1,8-bc]chromene-4,11-diol) was purchased from
THE BioTeK (CAS: 137460-77-6, Don Julian Road City of
Industry, CA, USA) and used without further purification.
Compound 18 (Sorocein B or (E)-1-((3aS,3a1R,13bS)-4,11-

dihydroxy-8a-(5-hydroxy-2,2-dimethyl-2H-chromen-8-yl)-2-
methyl-1,3a1,8a,13b-tetrahydro-3aH benzo[3,4]isochromeno-
[1,8-bc]chromen-5-yl)-3-(2,4-dihydroxyphenyl)prop-2-en-1-
one) showed NMR spectra identical to those reported in the
literature.35

Molecular Docking. Docking simulations were carried out
with AutoDock 4.2.30 The DNA dodecamer duplex coded by
PDB 3UXWwas taken as a rigid receptor29 upon removal of the
coordinates of the HMGA1 AT-hook. The binding site was
centered within the T6-A7′ Watson−Crick base pairing and had
a dimension of 50, 60, and 38 points in the xyz Cartesian system
(grid center coordinates: 35.38, 27.33, 29.11) using the default
spacing of 0.375 Å between points. Ten runs of the genetic
algorithm for each docked compound were stored and visually
inspected. Ligand cluster analysis was carried out as described
previously.32

HMGA1 and HMGA2 Recombinant Proteins. Full-length
recombinant human HMGA1a and HMGA2 were expressed in
Escherichia coli as previously described,53 extracted by 5% PCA
(w/v), purified by RP-HPLC, and checked for their purity and
molecular masses by both SDS-PAGE andMS. Purified proteins
were quantified according to a modified Waddell method.53

Electrophoretic Mobility Shift Assay (EMSA). ATTO-
labeled oligonucleotides (0.1 pmoles) were incubated with
0.78−25 pmoles of recombinant HMGA proteins in the
presence of 180 mM NaCl, 1 mM MgCl2, 0.01% w/v BSA, 8%
v/v glycerol, 0.015 U of poly(dG/dC), and 10 mM Tris/HCl
(pH 7.9; 20 μL final volume). Drugs dissolved in DMSO or
DMSO alone were added (10% DMSO final concentration).
HMGA/DNA complexes were initially formed (30 min), and
then drugs were added (30 min) prior to gel loading. All
incubations were performed at 4 °C. Ten microliters of samples
was loaded onto native 7 or 10% polyacrylamide gel (for E3 and
PRDII respectively) in Tris-borate-EDTA buffer (45 mM Tris,
45 mM boric acid, 1.25 mM EDTA, pH 8.3 TBE 0.5×). Anode
and cathode buffers were TBE 0.5×. Gels were subjected to a
pre-run of 1 h at 15 V/cm. DNA/protein complexes were
electrophoresed at 4 °C at 15 V/cm, and at the end of the run,
gels were dried on 3MM paper. ATTO 680 fluorescence was
detected using an Odyssey CLx (LI-COR Biosciences, Lincoln,
Nebraska, U.S.). The following probes were used in EMSA
e x p e r i m e n t s : E 3 , 5 ′ - A G A A A A ACTCCATC -

TAAAAAAAAAAAAAAAAAAAAAAAAAAACA-3′; PRDII,
5′-GGGAAATTCCGTGGGAAATTCCGAGCT-3′.

Cell Cultures. Human MDA-MB-231 breast cancer cells
were maintained in Dulbecco’s modified Eagle’s medium
(DMEM, EuroClone, Devon, UK) supplemented with 10%
FBS (fetal bovine serum, Gibco, Invitrogen, Paisley, Scotland,
UK), 2 mM L-glutamine (EuroClone), 1% nonessential amino
acids, and 100 IU/mL penicillin and 100 μg/mL streptomycin
(EuroClone). The cell line was maintained in an incubator with
5% CO2 and 100% relative humidity at 37 °C. The cells of a
confluent monolayer were removed from the flasks with a
trypsin−EDTA solution. Cell viability was determined using the
trypan blue exclusion assay. For experimental purposes, cells
were seeded in multiwell culture clusters.

Cytotoxicity Test. Cells were seeded in 96-well plates at a
density of 4000/100 μL complete medium per well and allowed
to grow for 24 h. They were then incubated for 72 h with 1−300
μM solutions of compounds #18, #16, and #17 obtained by
serial dilution of 10 mM in DMSO stock solution with complete
medium. Netropsin was used as a known competitor of HMGA1
and HMGA2 for DNA binding at concentrations of 1−30 μM
obtained by serial dilutions in complete medium of 1 mM in
DMSO stock solution. Complete medium or complete medium
containing DMSO at a final concentration of 1% was added to
the negative controls. Cell cytotoxicity analysis by MTT ((3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide))
was performed after 72 h of incubation. Briefly, MTT dissolved
in phosphate-buffered saline (PBS, 5 mg/mL) was added to all
wells (10 μL per 100 μL medium), and plates were incubated at
37 °C with 5% CO2 and 100% relative humidity for 4 h. At this
time, the medium was discarded and 200 μL of DMSO was
added to each well according to the method of Alley et al.54

Absorbance units were measured at λ = 570 nm using a
spectrophotometer (FLUOstar Omega, BMG LABTECH).
IC50 values were calculated from concentration−response
curves, and they are the mean ± S.D. of at least three separate
experiments, each performed in quadruplicate. The fitting
procedure used is nonlinear regression performed with Graph-
Pad Prism 6 for Mac OS X (version 6.0b, GraphPad Software,
San Diego, CA, USA).
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