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Abstract: The aggressive nature of the activated B cell such as (ABC) subtype of diffuse large B
cell (DLBCL) is frequently associated with altered B cell Receptor (BCR) signaling through the
activation of key components including the scaffolding protein, CARD11. Most inhibitors, such as
ibrutinib, target downstream BCR kinases with often modest and temporary responses for DLBCL
patients. Here, we pursue an alternative strategy to target the BCR pathway by leveraging a novel
DNA secondary structure to repress transcription. We discovered that a highly guanine (G)-rich
element within the CARD11 promoter forms a stable G-quadruplex (G4) using circular dichroism and
polymerase stop biophysical techniques. We then identified a small molecule, naptho(2,1-b)furan-
1-ethanol,2-nitro- (NSC373981), from a fluorescence-resonance energy transfer-based screen that
stabilized CARD11 G4 and inhibited CARD11 transcription in DLBCL cells. In generating and testing
analogs of NSC373981, we determined that the nitro group is likely essential for the downregulation
of CARD11 and interaction with CARD11 G4, and the removal of the ethanol side chain enhanced
this activity. Of note, the expression of BCL2 and MYC, two other key oncogenes in DLBCL pathology
with known promoter G4 structures, were often concurrently repressed with NSC373981 and the
highly potent R158 analog. Our findings highlight a novel approach to treat aggressive DLBCL by
silencing CARD11 gene expression that warrants further investigation.

Keywords: G-quadruplex; diffuse large B cell lymphoma; transcription analogs

1. Introduction

Diffuse large B cell lymphoma (DLBCL) is the most prevalent non-Hodgkin’s lym-
phoma with the activated B cell (ABC) subtype accounting for at least a third of the cases.
Despite the successful disease-free survival achieved in about 60% of DLBCL, there is
no effective long-term treatment for the majority of patients with ABC DLBCL and for
a subset of patients with the more favorable germinal center B cell (GCB) cell-of-origin
DLBCL subtype [1–5]. Unlike other DLBCL subtypes, the malignant transformation of
ABC DLBCL frequently involves aberrant B cell receptor (BCR) activation through con-
current or independent mutations of the two signaling subunits of BCR, CD79A/B (24%
of cases), or downstream molecules, CARD11 (10%) and MYD88 (35%), providing tumor
cells with a constitutive activation of these survival and proliferation pathways [6–9]. Even
beyond activating mutations, there is a recognized oncogenic-dependent survival of ABC
DLBCL on the expression of BCR molecules. Studies using RNA interference to inhibit BCR
signaling in ABC DLBCL demonstrate a significant decrease in cell viability, indicating
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an addictive reliance on the expression of BCR-related proteins [6]. Furthermore, newly
identified molecular subsets of DLBCL recognize tumor types extending beyond the initial
cell-of-origin subgroups with specific dependence on BCR deregulation that correlate to
poor prognosis [10–12]. As such, the clinical importance of BCR signaling inhibition is
well appreciated and thus far led to the development of kinase or protease inhibitors.
Although ibrutinib (Bruton’s Tyrosine Kinase (BTK) inhibitor) shows promise in chronic
myeloid and lymphocytic leukemia patients, this therapeutic approach fails to achieve
complete, sustained responses in DLBCL patients because of inherent resistances due to the
additional genetic lesions in other components of the BCR pathway and acquired mutations
in BTK [8,13,14]. However, a recent phase III clinical trial testing the efficacy of ibrutinib
in combination with the standard R-CHOP chemotherapy indicates a potential three-year
survival benefit for a subset of younger DLBCL patients [15]. In addition to BTK, other
kinases in the pathway are targeted with small molecules including, fostamatinib (SYK
inhibitor) and dasatinib (LYN inhibitor) but also tend to demonstrate greater response rates
in leukemias [13,16]. Yet another approach is to block BCR signaling further downstream
with a MALT1 protease inhibitor, MI-2, as previously explored in ABC cell line and mouse
models, but whether induced mutations within the MALT1 protease active site itself will
lead to resistance in patients remains unknown [17]. Identifying new strategies to target
this oncogenic signaling will advance the knowledge of DLBCL pathobiology and the
treatment of patients with this refractory-prone disease.

We propose that targeting G-quadruplex (G4) DNA secondary structures within
promoter regions of BCR-related signaling molecules will restrict gene production and
subsequent translation into protein to potentially minimize the risk of resistance. G-rich
sequences consisting of at least four runs of two or more Gs can adopt a G4 structure that
consists of stacked G-tetrads stabilized by a monovalent cation such as Na+ or K+ within
DNA during nuclear processes such as transcription because of torsional stress [18,19].
DNA secondary structures are proposed to act as molecular switches, turning gene expres-
sion “on” or “off”. In support of this, genome-wide analyses detected DNA secondary
structure-forming sequences within close proximity of transcriptional start sites, which
were mostly oncogene promoters [20] and we, along with others, previously demonstrated
small molecules that stabilize the MYC oncogene G4 inhibit promoter activity and sub-
sequent expression [21–25]. In more recent years, the recognition of the utility of G4s to
serve as therapeutic targets, particularly against cancer, has extended beyond MYC with
the continued research into other oncogenes [26,27]. The folding pattern of G4 structures
can vary depending on the primary nucleic acid sequence within a given genomic locus.
Similarly to other cis-regulatory elements, G4s exhibit conserved features essential to basic
structure and overall function while maintaining sufficient complexity for selective target-
ing [26,28]. G4 structures consist of shared core sequences that give rise to the G-tetrads for
structure assembly. As a source of diversity, the length and specific nucleotide sequence of
the central and lateral loop regions as well as the number of stacked G-tetrads characterize
a specific folding pattern and offers unique as well as conserved scaffolds for the binding
of small molecules and nuclear proteins [26,27,29–32].

Based on the importance of CARD11 acting as an anchor molecule to propagate
constitutive BCR signaling that promotes the survival of ABC DLBCL [6], we examined
the CARD11 promoter for a potential G4 forming sequence. CARD11 coordinates the
formation of a multi-protein complex that counteracts inhibitory molecules of a prosurvival
transcription factor, NFkB, and maintains active NFkB to enhance DLBCL growth and
survival [33–35]. In addition, CARD11 is downstream of the previously sought after BCR
related targets and further supports the potential for this molecule to serve as a potent,
effective target for BCR-dependent DLBCL. In this study, we discovered the CARD11
promoter region contains a G-rich sequence with the ability to form a stable G4 structure.
We explored its potential as a target for downregulating CARD11 expression within DLBCL
and used a functional group analog approach to develop structure activity relationships
with the scaffold.
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2. Materials and Methods
2.1. Oligonucleotides and G4 Forming Conditions

All oligonucleotide sequences were synthesized by Integrated DNA Technology (IDT;
Coralville, IA, USA) or Eurofins (Louisville, KY, USA). Oligonucleotide probes for FRET
and DNA polymerase stop assays were purified using a high-performance liquid chromato-
graph (HPLC), and oligonucleotides for circular dichroism (CD) analysis were salt purified.
Oligonucleotide sequences used in this study are listed in Supplementary Table S1. Prior
to analysis, all oligonucleotide probes and oligonucleotides were slow-cool annealed to
permit G4 formation by heating for 5 min at 95 ◦C and slowly cooled to room tempera-
ture in respective buffer conditions at the desired strand concentration for a given assay
as described below. Strand concentration was calculated using the Beer–Lambert law:
A = e·C·l. The extinction coefficients for each oligonucleotide were determined by the near-
est neighbor method. Since some of these oligonucleotides exhibit higher-order structures,
absorbance at 260 nm for all oligonucleotides was recorded at 95 ◦C to ensure the presence
of single-stranded DNA.

2.2. CD Spectroscopy

Spectral and melting temperature (Tm) analyses were conducted on a Jasco-1100 spec-
tropolarimeter (Jasco, Easton, MD, USA) using a 1 mm optical path length quartz cell. The
CARD11 wild-type and mutant oligonucleotides were diluted to 5 µM strand concentration
in 10 mM Tris-HCl buffer (pH 7.4) over a 0–100 mM range of KCl concentrations, heated
at 95 ◦C for 5 min, and slowly cooled to room temperature overnight. Spectral data were
collected over a wavelength range of 230–330 nm with a scanning speed of 100 nm/min and
response time of 1 s. All spectra were recorded in triplicate, averaged, baseline corrected
for signal contributions from buffers, and smoothed using the Savitzky–Golay method.
Molar ellipticities for melting curves were recorded at the λ of the maximum spectra molar
ellipticity. The temperature of the sample was increased at a rate of 1 ◦C/min from 4 ◦C
to 95 ◦C. The Tm values were determined within ±1 ◦C error using the log (inhibitor) vs.
response non-linear regression fit on Prism software (GraphPad v 9.0.2).

2.3. DNA Polymerase Stop Assay

The CARD11 DNA polymerase stop assay sequences were annealed to a fluorescein-
labeled primer (5 µM) in a 10 mM Tris-HCl buffer (pH 7.4) over a 0–100 mM range of KCl
concentrations and then slow-cool annealed. This served as the substrate, which was then
incubated at 200 nM in a reaction buffer of 50 mM Tris-HCl (pH 7.5), 1% glycerol, 5 mM DTT,
0.1 mg/mL BSA, and 5 mM MgCl2, with matching KCl concentration at room temperature
for 30 min. For the compound stabilization experiments (20 mM KCl), the compounds
were added to the reaction buffer and then incubated for 30 min (same 30 min). Next, Deep
Vent DNA polymerase (NEB) and 250 µM dNTPs were added and primer extension was
permitted at 37 ◦C for 30 min. The reactions were quenched with 95% formamide, 20 mM
EDTA, and bromophenol blue and the mixtures were heated at 95 ◦C for 5 min. Samples
were resolved by loading 150 fmol of DNA on a 12% polyacrylamide–7 M urea gel. The
gel was visualized with a Typhoon Trio Imager (GE Healthcare, Chicago, IL, USA). The
intensity of product bands was quantified using ImageQuant TL (GE Healthcare).

2.4. Compounds for Screening and NSC373981

The NCI Diversity Set IV of 1584 compounds was obtained from the National Cancer
Institute, National Health Developmental Therapeutics Program (Bethesda, MD, USA), in
the 96-well plate format. All compounds were dissolved in 100% DMSO to a 10 mM stock
concentration based on the molecular weight of each compound upon receipt. Following
screening and the selection of NSC373981, the compound was ordered in vial format and
purity was confirmed by HPLC to be ≥95% (Supplementary Figure S1).



Genes 2022, 13, 1144 4 of 20

2.5. FRET Melt Screening Assay

The CARD11 G4 FRET probe was diluted to 0.2 µM in 10 mM Tris, 20 mM KCl buffer
(pH 7.4). Compounds were added to the probes at a molar equivalent of 1:5 to strand
concentration (1.0 µM) and the emission of the FAM fluorophore at 520 nm was measured
at each degree over the temperature range of 25–95 ◦C at a ramp rate of 1 ◦C/cycle using
the BioRad CFX1000 Touch thermal cycler (Hercules, CA, USA). Buffer only and 2% DMSO
treatments served as controls. The Tm values were determined within±1 ◦C error using the
log (inhibitor) vs. response non-linear regression fit on Prism software (GraphPad v 9.0.2).

2.6. Synthesis of Analogs

The detailed synthesis of each analog is described in Supplementary Materials. Deuter-
ated chloroform or dimethyl sulfoxide was used as a solvent. For purity analysis, an Agilent
Acquity UPLC or HPLC were used. All compounds were dissolved in methanol for purity
analysis (Supplementary Figure S2). 1H NMR and 13C NMR spectra were recorded on an
Agilent 400 MHz NMR spectrometer (Supplementary Figure S3).

2.6.1. Synthesis of Nitro-Naphthofuran Ethanol (R47)

The synthesis of nitro-naphthofuran ethanol R47 has been previously described and
is outlined in Scheme 1 [36]. Briefly, a Pechmann condensation was completed between
naphthol (1) and ethyl-4-chloroacetoacetate (2) to yield an oxobenzopyran intermediate (3),
which was converted to naphthofuran acetic acid (4) via alkaline ring contraction. The re-
duction of naphthofuran acetic acid by lithium aluminum hydride produced naphthofuran
ethanol (5), and it was nitrated using nitric acid to yield nitro-naphthofuran ethanol, R47.
2-(2-nitronaphtho [2,1-b]furan-1-yl)ethan-1-ol (R47): Yield: 33%, 1H NMR (400 MHz, dmso)
δ 8.47–8.42 (m, 1H), 8.14 (d, J = 9.1 Hz, 1H), 8.09 (dd, J = 8.1, 1.4 Hz, 1H), 7.82 (d, J = 9.1 Hz,
1H), 7.72 (ddd, J = 8.4, 7.0, 1.4 Hz, 1H), 7.61 (ddd, J = 8.1, 7.0, 1.1 Hz, 1H), 5.02 (s, 1H), 3.79
(t, J = 7.1 Hz, 2H), 3.62 (t, J = 7.0 Hz, 2H).13C NMR (101 MHz, dmso) δ 150.48, 149.64, 133.26,
131.24, 130.34, 128.81, 128.67, 126.47, 124.17, 123.41, 121.39, 112.77, 59.70, 29.54.
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Scheme 1. Reagents and conditions: (a) conc. H2SO4, rt; (b) 2M NaOH, 80 ◦C; (c) LiAlH4, THF, rt;
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2.6.2. Synthesis of Nitro-Naphthofuran Ethyl Amines (R56, R62, R75, R76, and R118)

The synthesis of nitro-naphthofuran amines is outlined in Scheme 2. The nitro-
naphthofuran alcohol (6) was activated with toluene sulfonyl chloride (7), which was
then subjected to nucleophilic replacement with different amines to generate R56, R62, R75,
R76, and R118.
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1-Methyl-4-(2-(2-nitronaphtho[2,1-b]furan-1-yl)ethyl)piperazine (R56): Yield: 36%, 1H
NMR (400 MHz, CDCl3) δ 8.40 (d, J = 8.5 Hz, 1H), 8.03 (s, 1H), 8.01 (s, 1H), 7.74 (t, J = 7.2 Hz,
1H), 7.69–7.61 (m, 2H), 3.83–3.77 (m, 2H), 3.70–3.60 (m, 2H), 2.94–2.89 (m, 2H), 2.75 (d,
J = 37.2 Hz, 6H), 2.45 (s, 3H). 13C NMR (101 MHz, cdcl3) δ 150.65, 132.63, 131.16, 130.07,
128.77, 128.40, 126.02, 124.39, 122.66, 121.20, 112.36, 56.37, 55.04, 52.92, 45.95, 23.63. m/z
(ESI) calculated for C19H21N3O3 [M+H]+: 340.16, found: 340.44.

1-(2-(2-Nitronaphtho[2,1-b]furan-1-yl)ethyl)pyrrolidine (R62): Yield: 27%, 1H NMR
(400 MHz, cdcl3) δ 8.53 (d, J = 8.4 Hz, 1H), 8.02 (s, 1H), 8.00 (s, 1H), 7.77 (t, J = 7.8 Hz, 1H),
7.64 (q, J = 8.2 Hz, 2H), 3.89 (t, J = 8.4 Hz, 2H), 3.02 (t, J = 8.4 Hz, 2H), 2.85 (s, 4H), 1.93 (d,
J = 5.7 Hz, 4H). 13C NMR (101 MHz, cdcl3) δ 150.70, 132.81, 131.12, 129.97, 128.70, 126.14,
123.80, 122.90, 121.18, 112.23, 54.09, 53.99, 45.25, 29.67, 25.31, 23.53. m/z (ESI) calculated for
C19H21N3O3 [M+H]+: 311.13, found: 311.61.

1-(2-(2-Nitronaphtho[2,1-b]furan-1-yl)ethyl)piperidine (R75): Yield: 65%, 1H NMR
(400 MHz, cdcl3) δ 8.47 (d, J = 8.6 Hz, 1H), 8.05–8.00 (m, 2H), 8.01 (d, J = 1.9 Hz, 2H),
7.74 (ddd, J = 8.4, 7.0, 1.4 Hz, 1H), 7.67 (d, J = 9.1 Hz, 1H), 7.62 (ddd, J = 8.1, 7.0, 1.2 Hz,
2H), 3.85–3.76 (m, 2H), 2.87–2.78 (m, 2H), 2.63 (s, 4H), 1.67 (p, J = 5.6 Hz, 6H). 13C NMR
(101 MHz, cdcl3) δ 150.67, 132.62, 131.15, 130.01, 128.84, 128.39, 125.99, 124.82, 122.81, 121.35,
112.36, 57.20, 54.40, 26.00, 24.28, 23.57. m/z (ESI) calculated for C19H20N2O3 [M+H]+: 325.15,
found: 325.38.

4-(2-(2-Nitronaphtho[2,1-b]furan-1-yl)ethyl)morpholine (R76): Yield: 53%,1H NMR
(400 MHz, cdcl3) δ 8.43 (d, J = 8.3 Hz, 1H), 8.05–8.01 (m, 2H), 7.74 (ddd, J = 8.4, 7.0, 1.4 Hz,
1H), 7.68 (d, J = 9.1 Hz, 1H), 7.63 (ddd, J = 8.1, 7.0, 1.1 Hz, 1H), 3.84–3.77 (m, 6H), 2.89–2.84
(m, 2H), 2.67 (t, J = 4.8 Hz, 4H). 13C NMR (101 MHz, cdcl3) δ 150.70, 132.70, 131.20, 130.12,
128.78, 128.43, 126.06, 124.24, 122.62, 121.20, 112.41, 66.95, 56.86, 53.58, 29.69, 23.51. m/z
(ESI) calculated for C18H18N2O4 [M+H]+: 326.13, found: 326.29.

2-(2-Nitronaphtho[2,1-b]furan-1-yl)ethan-1-amine (R118): Yield: 31%, 1H NMR (400 MHz,
cdcl3) δ 8.38 (d, J = 8.4 Hz, 1H), 8.05–7.88 (m, 2H), 7.76–7.55 (m, 3H), 3.76 (t, J = 7.2 Hz, 2H),
3.31 (t, J = 7.3 Hz, 2H). 13C NMR (101 MHz, cdcl3) δ 150.80, 132.78, 131.23, 130.11, 128.86,
128.46, 126.07, 123.97, 122.72, 121.25, 112.37, 29.68, 29.64, 29.60. m/z (ESI) calculated for
C14H12N2O3 [M+H]+: 257.08, found: 257.51.

2.6.3. Synthesis of Halogenated Naphthofuran Ethanol (R67 and R68)

The synthesis of halogenated naphthofuran ethanol is shown in Scheme 3. The ni-
tro compound R47 was treated with chlorine or iodine succinimide using hexafluoroiso-
propanol as solvent to yield R67 and R68.



Genes 2022, 13, 1144 6 of 20

Genes 2022, 13, x FOR PEER REVIEW 6 of 20 
 

 

(101 MHz, cdcl3) δ 151.26, 130.78, 129.26, 127.56, 126.72, 125.63, 124.65, 122.70, 121.85, 

113.07, 111.85, 61.54, 28.63. 

2-(2-iodonaphtho[2,1-b]furan-1-yl)ethan-1-ol (R68): Yield: 78%, 1H NMR (400 MHz, 

dmso) δ 8.31 (d, J = 8.4 Hz, 1H), 8.02 (d, J = 8.3 Hz, 1H), 7.77 (d, J = 9.0 Hz, 1H), 7.74 (d, J = 

9.0 Hz, 1H), 7.64 (ddd, J = 8.4, 6.8, 1.3 Hz, 1H), 7.52 (t, J = 7.5 Hz, 1H), 4.97 (s, 1H), 3.65 (t, J 

= 7.5 Hz, 2H), 3.09 (t, J = 7.5 Hz, 2H). 13C NMR (101 MHz, dmso) δ 156.20, 130.68, 129.48, 

127.35, 126.93, 125.94, 125.25, 125.11, 123.22, 121.56, 112.45, 102.15, 60.46, 31.44. 

 

Scheme 3. Condition: (a) Hexafluoroisopropanol, 55 °C. 

2.6.4. Synthesis of methyl pyrazole nitro naphthol ethanol (R114): 

The synthetic scheme is outlined in Scheme 4. R47 was brominated using bromine to 

generate the halogenated intermediate (8). Methyl pyrazole was then coupled to 8 using 

Suzuki coupling to generate R114. 

2-(7-(1-methyl-1H-pyrazol-4-yl)-2-nitronaphtho[2,1-b]furan-1-yl)ethan-1-ol (R114): 

Yield: 56%, 1H NMR (400 MHz, cdcl3) δ 8.37 (d, J = 8.4 Hz, 1H), 8.01–7.95 (m, 2H), 7.98–

7.91 (m, 1H), 7.68 (d, J = 8.9 Hz, 1H), 7.64–7.55 (m, 1H), 7.51–7.43 (m, 1H), 4.49 (t, J = 7.7 

Hz, 2H), 4.00 (s, 3H), 3.50 (t, J = 7.7 Hz, 2H). m/z (ESI) calculated for C18H15N3O4 [M+H]+: 

338.11, found: 338.59. 

 

Scheme 4. Reagents and conditions: (a) Br2, acetic acid; (b) 1-methyl-4-pyrazole boronic acid pinacol 

ester, K2CO3, Pd2(PPh3)43, 4:1 DMF: H2O, 90 °C. 

2.6.5. Synthesis of nitro-naphthofuran (R158): 

Synthesis of nitro-naphthofuran compound is outlined in Scheme 5. Bromontiro-

methane was added to reacted with naphthaldehyde (9) to generate intermediate (10). 

Following this, 10 was refluxed in acetic anhydride to generate nitro-naphthofuran R158. 

2-nitronaphtho[2,1-b]furan (R158): Yield: 29%, 1H NMR (400 MHz, CDCl3) δ 8.18 (dd, 

J = 8.1, 4.5 Hz, 2H), 8.02 (t, J = 8.5 Hz, 2H), 7.75–7.69 (m, 2H), 7.63 (ddd, J = 8.2, 7.1, 1.2 Hz, 

1H). 13C NMR (101 MHz, dmso) δ 152.66, 151.87, 132.60, 130.79, 129.68, 128.66, 128.08, 

126.95, 124.41, 122.59, 112.86, 108.91. 

 

Scheme 3. Condition: (a) Hexafluoroisopropanol, 55 ◦C.

2-(2-Chloronaphtho[2,1-b]furan-1-yl)ethan-1-ol (R67): Yield: 57%, 1H NMR (400 MHz,
cdcl3) δ 8.28–8.23 (m, 1H), 7.96–7.90 (m, 1H), 7.70 (d, J = 8.7 Hz, 1H), 7.62–7.55 (m, 2H),
7.49 (ddd, J = 8.1, 6.9, 1.2 Hz, 1H), 4.02 (t, J = 7.2 Hz, 2H), 3.30 (t, J = 6.9 Hz, 2H). 13C
NMR (101 MHz, cdcl3) δ 151.26, 130.78, 129.26, 127.56, 126.72, 125.63, 124.65, 122.70, 121.85,
113.07, 111.85, 61.54, 28.63.

2-(2-Iodonaphtho[2,1-b]furan-1-yl)ethan-1-ol (R68): Yield: 78%, 1H NMR (400 MHz,
dmso) δ 8.31 (d, J = 8.4 Hz, 1H), 8.02 (d, J = 8.3 Hz, 1H), 7.77 (d, J = 9.0 Hz, 1H), 7.74 (d,
J = 9.0 Hz, 1H), 7.64 (ddd, J = 8.4, 6.8, 1.3 Hz, 1H), 7.52 (t, J = 7.5 Hz, 1H), 4.97 (s, 1H), 3.65 (t,
J = 7.5 Hz, 2H), 3.09 (t, J = 7.5 Hz, 2H). 13C NMR (101 MHz, dmso) δ 156.20, 130.68, 129.48,
127.35, 126.93, 125.94, 125.25, 125.11, 123.22, 121.56, 112.45, 102.15, 60.46, 31.44.

2.6.4. Synthesis of Methyl Pyrazole Nitro Naphthol Ethanol (R114)

The synthetic scheme is outlined in Scheme 4. R47 was brominated using bromine to
generate the halogenated intermediate (8). Methyl pyrazole was then coupled to 8 using
Suzuki coupling to generate R114.

Genes 2022, 13, x FOR PEER REVIEW 6 of 20 
 

 

(101 MHz, cdcl3) δ 151.26, 130.78, 129.26, 127.56, 126.72, 125.63, 124.65, 122.70, 121.85, 

113.07, 111.85, 61.54, 28.63. 

2-(2-iodonaphtho[2,1-b]furan-1-yl)ethan-1-ol (R68): Yield: 78%, 1H NMR (400 MHz, 

dmso) δ 8.31 (d, J = 8.4 Hz, 1H), 8.02 (d, J = 8.3 Hz, 1H), 7.77 (d, J = 9.0 Hz, 1H), 7.74 (d, J = 

9.0 Hz, 1H), 7.64 (ddd, J = 8.4, 6.8, 1.3 Hz, 1H), 7.52 (t, J = 7.5 Hz, 1H), 4.97 (s, 1H), 3.65 (t, J 

= 7.5 Hz, 2H), 3.09 (t, J = 7.5 Hz, 2H). 13C NMR (101 MHz, dmso) δ 156.20, 130.68, 129.48, 

127.35, 126.93, 125.94, 125.25, 125.11, 123.22, 121.56, 112.45, 102.15, 60.46, 31.44. 

 

Scheme 3. Condition: (a) Hexafluoroisopropanol, 55 °C. 

2.6.4. Synthesis of methyl pyrazole nitro naphthol ethanol (R114): 

The synthetic scheme is outlined in Scheme 4. R47 was brominated using bromine to 

generate the halogenated intermediate (8). Methyl pyrazole was then coupled to 8 using 

Suzuki coupling to generate R114. 

2-(7-(1-methyl-1H-pyrazol-4-yl)-2-nitronaphtho[2,1-b]furan-1-yl)ethan-1-ol (R114): 

Yield: 56%, 1H NMR (400 MHz, cdcl3) δ 8.37 (d, J = 8.4 Hz, 1H), 8.01–7.95 (m, 2H), 7.98–

7.91 (m, 1H), 7.68 (d, J = 8.9 Hz, 1H), 7.64–7.55 (m, 1H), 7.51–7.43 (m, 1H), 4.49 (t, J = 7.7 

Hz, 2H), 4.00 (s, 3H), 3.50 (t, J = 7.7 Hz, 2H). m/z (ESI) calculated for C18H15N3O4 [M+H]+: 

338.11, found: 338.59. 

 

Scheme 4. Reagents and conditions: (a) Br2, acetic acid; (b) 1-methyl-4-pyrazole boronic acid pinacol 

ester, K2CO3, Pd2(PPh3)43, 4:1 DMF: H2O, 90 °C. 

2.6.5. Synthesis of nitro-naphthofuran (R158): 

Synthesis of nitro-naphthofuran compound is outlined in Scheme 5. Bromontiro-

methane was added to reacted with naphthaldehyde (9) to generate intermediate (10). 

Following this, 10 was refluxed in acetic anhydride to generate nitro-naphthofuran R158. 

2-nitronaphtho[2,1-b]furan (R158): Yield: 29%, 1H NMR (400 MHz, CDCl3) δ 8.18 (dd, 

J = 8.1, 4.5 Hz, 2H), 8.02 (t, J = 8.5 Hz, 2H), 7.75–7.69 (m, 2H), 7.63 (ddd, J = 8.2, 7.1, 1.2 Hz, 

1H). 13C NMR (101 MHz, dmso) δ 152.66, 151.87, 132.60, 130.79, 129.68, 128.66, 128.08, 

126.95, 124.41, 122.59, 112.86, 108.91. 

 

Scheme 4. Reagents and conditions: (a) Br2, acetic acid; (b) 1-methyl-4-pyrazole boronic acid pinacol
ester, K2CO3, Pd2(PPh3)43, 4:1 DMF: H2O, 90 ◦C.

2-(7-(1-Methyl-1H-pyrazol-4-yl)-2-nitronaphtho[2,1-b]furan-1-yl)ethan-1-ol (R114): Yield:
56%, 1H NMR (400 MHz, cdcl3) δ 8.37 (d, J = 8.4 Hz, 1H), 8.01–7.95 (m, 2H), 7.98–7.91 (m,
1H), 7.68 (d, J = 8.9 Hz, 1H), 7.64–7.55 (m, 1H), 7.51–7.43 (m, 1H), 4.49 (t, J = 7.7 Hz, 2H),
4.00 (s, 3H), 3.50 (t, J = 7.7 Hz, 2H). m/z (ESI) calculated for C18H15N3O4 [M+H]+: 338.11,
found: 338.59.

2.6.5. Synthesis of Nitro-Naphthofuran (R158)

Synthesis of nitro-naphthofuran compound is outlined in Scheme 5. Bromontiromethane
was added to reacted with naphthaldehyde (9) to generate intermediate (10). Following
this, 10 was refluxed in acetic anhydride to generate nitro-naphthofuran R158.
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Scheme 5. Reagents and conditions: (a) bromonitromethane, K2CO3, acetone, rt; (b) acetic anhy-
dride, reflux.

2-Nitronaphtho[2,1-b]furan (R158): Yield: 29%, 1H NMR (400 MHz, CDCl3) δ 8.18
(dd, J = 8.1, 4.5 Hz, 2H), 8.02 (t, J = 8.5 Hz, 2H), 7.75–7.69 (m, 2H), 7.63 (ddd, J = 8.2, 7.1,
1.2 Hz, 1H). 13C NMR (101 MHz, dmso) δ 152.66, 151.87, 132.60, 130.79, 129.68, 128.66,
128.08, 126.95, 124.41, 122.59, 112.86, 108.91.

2.7. Cell Lines

The ABC DLBCL cell lines used in the study were RIVA and HBL1. RIVA (ACC585)
was purchased from the DSMZ repository and HBL1 was a gift from the laboratory of Dr.
Lisa Rimsza. The GCB DLBCL cell lines, HT (CRL2260) and VAL (ACC586), were purchased
from the American Type Culture Collection and DSMZ, respectively. The benign GC B cells,
GM22671, were obtained from the Coriell Institute for Medical Research (Camden, NJ, USA).
All cells were cultured in 10% fetal bovine serum (Atlanta Biologicals, Flowery Branch,
GA, USA) and 1% penicillin/streptomycin (Gibco, Grand Island, NY, USA) supplemented
RPMI 1640 medium (Corning, Corning, NY, USA). Cell viability was assessed by trypan
blue exclusion, and the experiments were conducted when viability ≥ 90%. All cell lines
were tested for mycoplasma every 6 months and were negative prior to and for the duration
of this study. All cell lines were authenticated by the University of Arizona Genetics Core
(Tucson, AZ, USA) using the PowerPlex 16 System (Promega, Madison, WI, USA), which
consists of forensic-style 15 autosomal STR loci, including 13 CODIS DNA markers (nine
of the standard loci collected by ATCC and DSMZ), and amelogenin every 12 months
(Supplementary Table S2).

2.8. Cytotoxicity Assay

The concentration at which growth was 50% of untreated and 0.4% DMSO vehicle
treated controls for each compound (GI50) was determined by the 3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)- 2-(4-sulfophenyl)-2H-tetrazolium (MTS) colorimetric
assay, as per the manufacturer’s specifications (Promega, Madison, WI, USA). Cells were
plated in a 96-well plate at a concentration of 20,000 cells/well and were equilibrated
overnight at 37 ◦C. Cells were then treated over a dose–response range of 0.02–40 µM, at
2-fold dilutions. The cells were incubated with each compound for 72 h, subsequently
incubated for an additional 3 h with the MTS reagent, and assayed for absorbance at
490 nm on the BioTek Epoch plate reader (Santa Clara, CA, USA). The cell viabilities were
logarithmically transformed and non-linear curve fitted using least squares regression, and
the GI50 values were calculated using GraphPad Prism software version 9.0.2 (GraphPad
Software).

2.9. Gene Expression by Real-Time Quantitative PCR

The effects of NSC373981 on CARD11 gene expression were determined using real-
time quantitative PCR as previously described. Cells seeded at a density of 250,000 cells/mL
were harvested following 24 h treatment with NSC373981 (2.5, 5.0, and 10.0 µM). Cells
untreated and treated with 0.1% DMSO were used as controls. Total RNA was isolated with
a Roche High Pure RNA isolation kit (San Francisco, CA, USA) and reverse transcription
was performed using the BioRad iScript kit according to the manufacturer’s protocols.
Real time quantitative PCR was conducted with the BioRad Probe Supermix and TaqMan
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Probes using the BioRad CFX1000 Touch thermal cycler. The Ct values were normalized to
TATA-binding protein (TBP; Hs00427620_m1) and compared to the untreated controls to
obtain ∆∆Ct values. The TaqMan probes for genes of interest were as follows: CARD11,
Hs01060620_m1; BCL2, Hs 00608023_m1; MYC, Hs00153408_m1; KRAS, Hs00364284_g1;
and TERT, Hs00972650_m1.

2.10. Statistical Analysis

Data are presented as representative from three independent experiments and/or as
the mean ± standard error from at least three independent experiments unless otherwise
stated. Significance (p < 0.05) was evaluated using either a Two-Way ANOVA with the
Tukey’s multiple comparisons test or a One-Way ANOVA with Dunnett’s multiple compar-
isons test. All analyses were performed with GraphPad Prism software version 9.0.2.

3. Results
3.1. G-Rich Element within CARD11 Promoter Forms a Stable G4 Structure

We discovered a G-rich sequence 80 bases upstream of the CARD11 transcription start
site (TSS) consisting of 49 bases on the noncoding strand (Figure 1A) that is capable of fold-
ing into a stable G4 structure (Figure 1B). This purine dense element has a stretch of seven
runs of 3 to 5 Gs with potential to form multiple G4 structures (Figure 1A,C,D), as often seen
in G4 sequences that contain more than the minimum four runs of Gs [37,38]. The G4 signa-
ture of the full-length CARD11 oligomer demonstrates the typical K+-dependent CD spectra
with a corresponding increase in thermal stability reflected in the melting temperature (Tm)
that is comparable to the well-characterized MYC and BCL2 G4s (Figure 1B). The presence
of a shoulder in the spectra around 290 nm indicates the CARD11 G4 most likely adopts a
mixed antiparallel–parallel conformation and is supported by the spectral overlap with the
BCL2 G4, which is known to exhibit the same folding pattern [37] (Figure 1B, inset). We then
evaluated the ability of truncated CARD11 G4 sequences based on four consecutive G runs
from the 5′ end, 5′ middle (mid), 3′ mid, and 3′ end of the full-length to form G4 structures.
We observed that 5′ end and 3′ mid G4s displayed the highest thermal stability at both low
and high K+ concentrations; however, the 3′ end G4 was substantially stabilized at 100 mM
K+ with a 15.5 ◦C shift in Tm from 20 mM K+ (Figure 1C). We confirmed that the CARD11
oligomer forms stable G4s using the DNA polymerase stop assay where the ability of a
polymerase to traverse a linear piece of DNA to produce a full-length product is leveraged
to observe shorter, terminated products when the polymerase encounters a G4 and cannot
continue to synthesize the DNA from the template. We observed three major stop products
for the CARD11 wild-type sequence with increasing KCl concentrations, which most likely
represent 3′ end, 3′ mid, and 5′ mid G4s (Figure 1D). The prominent, KCl-dependent 3′ end
stop product is consistent with the marked increase in stability of the 3′ end G4 observed
in the Tm analysis upon increasing K+ from 20 mM to 100 mM (Figure 1C). Similarly, 3′

mid G4 exhibited a notable shift in Tm (∆14.3 ◦C) and a corresponding increase in a stop
product near the presumed location of this G4 (stop product 2; Figure 1D, Supplementary
Figure S4A). With the increase in stop products 1 and 2 at higher K+, there was a reduction
in stop product 3 that was prominent at lower K+ (Figure 1D). As expected, based on the
inability of the CARD11 mutant, a sequence where at least one G from each of the seven
runs was substituted with a thymine to form a G4 structure according to CD spectroscopy
(Figure 1E), and there were no distinct stop products formed and a full-length product is
visible even at high KCl concentrations.
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Figure 1. G-rich sequence in the CARD11 promoter regions forms G-quadruplex (G4) structures.
(A) Schematic of the CARD11 promoter region with the potential G4 forming elements (green
box) identified in close proximity to the transcription start site (TSS). (B) Circular dichroism (CD)
spectra of the CARD11 G4 sequence in the absence and presence of increasing concentrations of KCl.
Corresponding melting temperatures (Tm) are provided. CD spectra of the established MYC (dashed
red line) and BCL2 (dashed blue line) G4 forming sequences in 100 mM KCl served as controls. Inset,
direct comparison of the CARD11 and BCL2 G4 sequence spectra at 100 mM KCl. Data represent
three independent experiments. (C) CD spectra of the CARD11 G4 full-length, 5′ end, 5′ mid, 3′ mid,
and 3′ end runs of Gs in the presence of 20 and 100 mM KCl. Corresponding Tm are provided with
the shifts in melt curves for the 3′ mid and 3′ end G4s, which displayed the largest increases. Data
represent two independent experiments. (D) Representative DNA polymerase stop assay gel of three
independent experiments (see Supplementary Figure S4 for replicates and Supplementary Figure S5
for base-resolution in unadjusted gels) of the CARD11 G4 wild-type and mutant sequences in the
absence and presence of increasing concentrations of KCl. * denotes the thymine substituted guanines.
(E) CD spectra of the CARD11 G4 wild-type and mutant sequence with thymine substitutions for Gs
in each run in the absence or presence of 100 mM KCl.

3.2. A CARD11 G-Quadruplex Stabilizing Small Molecule Inhibits Transcription

We performed a fluorescent-based compound screen of the NCI Diversity Set IV
library of 1584 small molecules to identify CARD11 G4 interactive molecules. In using the
established FRET-melt assay, we can detect shifts in G4 Tm under different G4-forming
conditions. In this experiment, Tm is calculated as the temperature at which half of the
fluorescence emitted from the donor fluorophore (FAM) is lost to the acceptor fluorophore
(TAMRA) upon G4 formation where these fluorescent molecules are brought within close
proximity of one another and energy is transferred [39]. The CARD11 G-quadruplex
forming sequence labeled with FAM and TAMRA fluorophores at the 5′- and 3′- ends,
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respectively, served as molecular bait for identifying small molecules that stabilized the
structures, resulting in a detectable increase in Tm. Before conducting the compound
screen, we verified the FRET probe consisting of the CARD11 G4 sequence folded into a
KCl-dependent G4 structure (Figure 2A). We then screened the compounds in a 96-well
plate format with the same controls, CARD11 G4 probe in 40 mM KCl buffer with and
without 2% DMSO (Figure 2B). Hits were defined as shifting the Tm by at least 4 ◦C and we
obtained 21 compounds producing a 1.3% hit rate. A candidate compound, NSC373981,
was selected and confirmed to stabilize the CARD11 G4 by DNA polymerase stop assay in a
dose-dependent manner similar to a known pan-G4 ligand, pyridostatin (PDS) (Figure 2C).
Of note, starting at 1:2 molar equivalents of DNA:compound for both PDS and NSC373981,
there was an increase in stop product 1 relative to DMSO vehicle treated control, as seen in
the previous KCl stabilization of the CARD11 G4 (Figure 1D, Supplementary Figure S4A),
although incubation with PDS resulted in a quantifiable higher band intensity of stop
product 1 relative NSC373981 at 1:5 and 1:10 molar equivalents (Figure 2C, bottom panel).

Historically, G4s are regarded as transcriptional silencers, but there is recognition that
strand location impacts the regulatory role of these structures in inhibiting or promoting
transcription [28,30,40–46]. Since the CARD11 G4 sequence resides on the non-coding,
template strand, we hypothesized that G4 stabilization could result in transcription si-
lencing. Consistent with previous work for some non-coding strand G4s [22,30,37,46], we
observed a significant, dose-dependent repression of CARD11 mRNA levels in both ABC
DLBCL cells, RIVA and HBL1, and the GCB DLBCL cell HT following NSC373981 treatment
(Figure 2D). In contrast, the treatment of the GCB DLBCL cell VAL and the benign GC B
cells, GM22671, with NSC373981 did not result in any significant change in CARD11 mRNA
levels. Considering the prevalence of different G4 forming sequences in other important
cancer initiating and driving genes [26,44], we determined whether NSC373981 preferen-
tially targets the CARD11 G4 for transcription regulation relative to other promoter G4s.
When we observed CARD11 downregulation, we detected a concomitant dose-dependent
decrease in mRNA for BCL2 and MYC genes (Figure 2D). Given that the CARD11 G-rich
sequence displays a similar G4 signature to BCL2 (Figure 1B) and NSC373981 increased the
BCL2 G4 melting temperature (Supplementary Figure S6) as well as a predicted binding of
NSC373981 with the MYC G4 through Pi–Pi stacking interactions [47,48] (Supplementary
Figure S7); most likely, this simultaneous lowering of BCL2 and MYC occurs through
promiscuous G4 stabilization. However, it is important to note that, due to the CARD11
activation of NFkB, a loss of CARD11 may also indirectly restrict BCL2 and MYC expression,
which are known downstream targets of NFkB and BCR signaling [49–52]. Additionally,
we examined mRNA levels of KRAS and TERT as representatives of well-characterized pro-
moter G4s with tandem structures and atypical folding patterns [29,32,53,54]. In the same
treatments with NSC373981, two of the three cell lines with decreased CARD11 mRNA
(RIVA and HT) display a 25–30% decrease in KRAS or a 40–55% in TERT whereas the other
DLBCL cell (HBL1) did not have detectable differences in either KRAS or TERT mRNA
(Figure 2D). This effect on KRAS and TERT mRNA expression often required the highest
NSC373981 concentration and appears less extensive compared to the 45–90% lowering of
CARD11, BCL2, and MYC mRNA, suggesting a slight preference for these more canonical
G4 regulated genes. Of note, RIVA and HT, with the expression of all five oncogenes
affected by NSC373981 treatment, exhibited a higher cytotoxicity relative to HBL1 cells
(Supplementary Figure S8A,D). Despite little to no change in CARD11 mRNA in the benign
B cells (GM22671), NSC373981 was cytotoxic at low µM concentration, which could be
attributed to the potential of the nitro group to generate oxygen radicals within a cellular
context due to the electron-withdrawing effect that can cause DNA damage. Cytotoxicity
did not correlate with the basal expression of CARD11, since VAL and HBL1 cells exhibit
similar GI50 concentration, but a 2-fold difference in basal levels (Supplementary Figures S8
and S9). Likewise, RIVA, HT, and GM22671 cells express the same basal level of CARD11
as VAL, and yet they are more sensitive to NSC37981 (Supplementary Figures S8 and S9).
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Figure 2. Identification of a CARD11 G-quadruplex (G4) stabilizing small molecule that downregu-
lates CARD11 gene expression. (A) Representative FRET melt curves of the CARD11 G4 fluorescent
probe in 10, 40, or 100 mM KCl relative to a KCl free buffer and the corresponding differences in
Tm (∆Tm). Data represented as mean ± SE from three independent experiments. (B) Representative
FRET melt curves of a compound plate and the corresponding ∆Tm relative to probe with DMSO in
the presence of 5 molar equivalent concentrations of candidate compounds. Compounds producing
a right shifted melt curve from the probe alone with DMSO vehicle control indicating an increase
in Tm of at least 4 ◦C were considered candidates. Screen was performed with probes in a 40 mM
KCl buffer. (C) Representative DNA polymerase stop assay gel of three independent experiments
(see Supplementary Figure S11 for replicates) of the CARD11 wild-type sequence in 20 mM KCl in
the presence of increasing molar equivalents of pyridostatin (PDS) or NSC373981. DMSO served as
the vehicle control. Quantification is shown below as fold-change in band intensity normalized to
DMSO. (D) Real-time quantitative PCR for CARD11, BCL2, MYC, KRAS, and TERT mRNA levels
in diffuse large B cell lymphoma (DLBCL) and benign B cells following treatment with increasing
concentrations of NSC373981 for 24 h. Untreated and DMSO treated cells served as controls. Genes
of interest were normalized to the TBP housekeeping gene. Data represented as mean ± SE from
three independent experiments. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.
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In support of G4 stabilization as the main driver for the mRNA repression of NSC373981,
parallel concentrations of PDS induced a similar significant, dose-dependent reduction in
CARD11 mRNA with decreased levels of BCL2, MYC, and TERT mRNA (Supplementary
Figure S10). However, unlike the low micromolar cytotoxicity of NSC373981 in cells with
repressed expression of all five oncogenes (RIVA and HT), PDS exhibited a higher GI50 by
at least 5-fold (Supplementary Figure S8B,D).

3.3. Naptho(2,1-b)furan-1-ethanol,2-nitro- Requires the Nitro Group for G-Quadruplex
Stabilization and CARD11 Gene Repression

With the long-term goal of targeting the CARD11 G4 as an alternative therapy for DL-
BCL and to identify what substituents of NSC373981 are important for the G4-interactive,
CARD11 mRNA-repressive pharmacophore for developing lead molecules, we generated
11 analogs based on altered groups in four different positions, R1–R4 (Figure 3A, Table 1).
The syntheses of these analogs are outlined in Schemes 1–5 and provided in more detail in
the Supplementary Materials. Initially, we performed a qPCR screen of the 11 analogs and
the synthesized version of NSC373981, R47 using RIVA cells following a 24 h treatment
at 10 µM, the highest concentration in which we see the greatest effect of NSC373981.
We confirmed R47 achieved comparable downregulating effects of CARD11 mRNA as
NSC373981, which provided confidence in accurate synthesis of analogs using the naptho-
furan 3-membered ring backbone (Figure 3B). The first generated analog was R43, where
removal of the nitro group located at the R1 position abolished CARD11 mRNA repression
activity (Figure 3B). We next tested whether substitution at the R1 position would recover
the transcriptional effect by using Cl (R67) or I (R68); however, neither halogen restored
the repressive activity to the same level as NSC373981 (Figure 3B). We confirmed the loss
of CARD11 activity for R68 over a concentration gradient and demonstrated that there
was also no effect on BCL2 and MYC mRNA levels (Figure 3C). Additionally, R68 did
not stabilize CARD11 G4 as indicated by the absence of increased stop products in the
DNA polymerase assay (Figure 3D). Taken together, the null effects of R43, R67, and R68
on mRNA expression and lack of G4 stabilization of R68 suggests that the nitro group
plays a role in NSC373981 acting as a CARD11 G4 stabilizer and downregulating CARD11
expression.

Table 1. Chemical structure and molecular weight of NSC373981 analogs.

Name Analog Structure Analog R-Position Molecular Weight (g/mol)
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Figure 3. NSC373981 requires nitro-group for CARD11 G-quadruplex (G4) stabilization and repres-
sion of CARD11 transcription. (A) Schematic depicting the NSC373981 parent compound structure
and analogs generated to alter 4 different positions. (B) qPCR screen of 11 analogs in RIVA ABC
diffuse large B cell lymphoma (DLBCL) cells following 24 h treatment. Untreated (NTC, no treatment
control) and DMSO (VTC, vehicle treatment control)-treated cells served as controls. Data from
controls represented as mean ± SE from 4 to 8 independent experiments. Data from 11 analogs
represent a single experiment. (C) qPCR of RIVA cells treated for 24 h at increasing concentrations
of the respective analog shown in the schematic with the specific altered substituent. NTC and VTC
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were used as negative controls and NSC373981 at 10 µM served as a positive control. Data represented
as mean ± SE from three independent experiments. (D) Representative DNA polymerase stop assay
gel of two independent experiments (see Supplementary Figure S12 for replicate gel) With the
quantification of band intensities of the CARD11 wild-type sequence in the presence of increasing
molar equivalents of NSC373981, R62, and R158 and 1:10 molar equivalent of R68, R76, and R114
compared to DMSO control. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

While leaving the nitro group in place, we then generated analogs with amine substi-
tutions of the hydroxyl group (-OH) at R2. Of these five analogs, R62 with a pyrrolidine,
the only five-membered ring amine substituent, exhibited a similar reduction in CARD11
mRNA as NSC373981 (Figure 3B), which was validated and shown to extend to BCL2 and
MYC repression but not KRAS or TERT (Figure 3C). R62 retained CARD11 G4 stabilization
activity with prominent polymerase arrest at stop product 1, particularly for 1:5 molar
equivalents (Figure 3D), suggesting that the -OH substituent has potential to improve
selectivity. In contrast to R62, substituting -OH with a six-membered ring amine (R56, R75,
R76) or with a basic amino group -NH2 (R118) attenuated transcription repression activity
(Figure 3B). As a representative, R76 was confirmed to have no effect on mRNA expression
of CARD11, BCL2, or MYC (Figure 3C) or on CARD11 G4 stabilization (Figure 3D). In addi-
tion, we removed the nitro group from R56 (R52), which also generated a -OH substituted
counterpart to R43, and as expected, R52 did not induce a lowering of CARD11 mRNA
(Figure 3B). Next, we examined the effects of preserving the nitro group while removing
the entire ethanol side chain (R158). R158 induced a significant and almost complete knock-
down of CARD11 mRNA relative to NSC373981 (Figure 3B,C). This potent transcriptional
inhibition was also observed for MYC and BCL2, and although it is not as dramatic, there
was a decrease in KRAS and TERT levels indicating that activity is enhanced in the absence
of a substituent at R3. R158 stabilized not only the CARD11 G4 with notable increases in
stop products 1 and 2 (Figure 3D) but elevated the melting temperature of the BCL2 G4
by 10 ◦C, whereas NSC373981 produced a shift of 4 ◦C (Supplementary Figure S6). Lastly,
to evaluate how aromatic substitution on the other end of molecule affects CARD11 G4
stabilization and subsequent transcription, we generated R114. The addition of a methyl
pyrazole to the R4 position failed to produce an active compound. R114 did not alter
CARD11, BCL2, or MYC mRNA levels (Figure 3B,C) and did not stabilize CARD11 G4,
as indicated by the absence of enhanced stop products in the DNA polymerase assay
(Figure 3D). Overall, the removal of the nitro group or substitutions of -OH at the R2 posi-
tion, with the exception of pyrrolidine (R62), compromised the CARD11 G4 stabilization
and mRNA downregulation activity of NSC373981, suggesting that both the presence of
the nitro group and a fairly compact substituent at R2 are critical for preserving activity.
Despite the augmented potency of R158, the preferential stabilization of BCL2 G4, along
with the lack of anti-KRAS and TERT activity of R62 points toward the importance of a
substituent at the positions of the ethanol side chain and the -OH to limit interaction with
other G4 structures. Furthermore, the cytotoxicity of the representative analogs appeared
to correlate with activity in that inactive analogs R68 and R114 displayed at minimum a
6-fold less toxicity, while analogs with enhanced G4 stabilization, R158, or comparable
activity, R62, induced corresponding 5-fold higher or similar cytotoxicity as NSC373981,
respectively (Supplementary Figure S8C,D). The increase in GI50 for R62 in RIVA and HT
to a similar concentration as seen in HBL1, which remained unchanged from NSC373981,
is consistent with the abrogated effect on KRAS and TERT mRNA. Interestingly, R76, an in-
active analog, was cytotoxic within the same range as NSC373981 and R62 (Supplementary
Figure S8C,D).

4. Discussion

This study is the first to not only demonstrate that the CARD11 promoter has a G-rich
sequence capable of folding into a G4 structure but that this structure is targetable for the
stabilization and downregulation of CARD11 transcription. Additionally, we found that
there are potentially at least four different G4s that can form from the full-length sequence
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with the 5′ end and 3′ mid four G runs providing the most thermally stable structures.
While the current evidence regarding strand bias for whether a G4 structure acts as a
silencer or activator of transcription remains mixed and strongly supports the possibility
that the function of the G4 may be dependent on promoter contexts including parameters
such as distance from TSS and presence or absence of transcription repressor and activator
proteins [28,30,40–46,55], our data validate that G4s located on the non-coding strand tend
to act as transcription silencers. We show that both a known pan-G4 ligand, PDS, and
the newly identified small molecule NSC373981 from the NCI diversity library stabilized
CARD11 G4 and consequently lowered CARD11 mRNA expression. Interestingly, of the
five cells tested, the VAL DLBCL cell line and GM22671 benign GC B cells did not exhibit
CARD11 repression following treatment with NSC373981. This lack of response is unlikely
due to a difference in basal CARD11 expression since responsive lines, RIVA and HT, have
similar baseline CARD11 mRNA levels. It is possible the VAL and GM22671 cells do not
contain an intact CARD11 G-rich sequence; however, sequencing the promoter region was
beyond the scope of this initial study.

When there was a reduction in CARD11, we observed a concomitant decrease in
levels of both BCL2 and MYC mRNA. We found that the CARD11 G4 sequence shares a
similar signature CD spectrum with BCL2 for a mixed antiparallel–parallel structure and
NSC373981 also increases BCL2 G4’s melting temperature. Taken together with a predicted
interaction with the MYC G4, NSC373981 G4 targeting activity extends beyond the CARD11
promoter. The desired outcome of inhibiting CARD11 is to block BCR signaling, which
culminates in the activation of NFkB [33–35] and turning on the expression of downstream
prosurvival effector molecules including BCL2 and MYC [49–51]. Thus, by lowering
CARD11, we may also indirectly inhibit additional transcription of BCL2 and MYC. In
addition to repressing CARD11, BCL2, and MYC, the expressions of two other G4-driven
genes, KRAS and TERT, were often lowered by NSC373981. Since achieving selectivity for
a particular G4 structure is an important milestone in the field of molecularly targeting
G4 structures, we generated analogs to provide understanding into the pharmacophore
required for CARD11 G4 interaction and stabilization while improving pharmacodynamic
properties.

The analogs were synthesized based on the accessible sites on the furan ring core
of NSC373981. When the nitro group in the parent compound was removed or replaced
with a less mutagenic halogen (R1 position: R43, R67, R68), CARD11 G4 stabilization
and the effect on CARD11 mRNA were completely lost, indicating the nitro group is
necessary for inducing repression of CARD11. The iodine and chlorine substitutions in
R67 and R68 are both weakly electron withdrawing when compared to the nitro group
found in R47 (synthesized NSC373981). In the second set of analogs, the -OH group
was replaced with various amines (R2 position analogs) to improve the solubility of the
furan ring core. Replacing the -OH group with a primary amine (R118) only reduced
CARD11 mRNA expression by ~20% in the screen, suggesting more than one acidic proton
(-OH has one acidic proton and NH2 has two) or an aliphatic, and basic amine is not
preferred for transcription inhibition even though the amine is readily ionizable to help
improve solubility. All four analogs with a heterocyclic amine with six-membered ring R2
substitution (R52, R56, R75, and R76) did not alter CARD11 mRNA levels. Of note, R62, a
substituted amine with a five-membered ring, induced a repression of CARD11 comparable
to that of R47 and NSC373981 with a diminished effect on KRAS and TERT and maintained
CARD11 G4 stabilization activity, indicating that this substituent functions not only in
activity but also possibly in selectivity. Removing the ethanol side chain altogether from
the furan ring (R158) resulted in a dramatic increase in potency for inhibiting CARD11
transcript production and enhanced G4 stabilization. However, R158 significantly reduced
BCL2, MYC, KRAS, and TERT with a notable stabilization of the BCL2 G4, further supporting
the alcohol side chain and -OH group provides preferential targeting toward CARD11 G4.
These pharmacological insights, while limited due to the relatively small number of analogs,
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set the foundation for continued drug development and design of CARD11 G4 interactive
molecules.

In demonstrating the presence of a G4 forming sequence in a key BCR signaling factor,
our findings strongly suggest that this DNA motif plays a critical role in regulating the
expression of the CARD11 oncogene and has the potential to serve as a molecular target.
An aggressive subset of DLBCL relies on BCR signaling, which is a pathway highly sought
after for targeted therapy. Thus far, there is minimal success, with the major obstacle facing
in most approaches being the cancer precision medicine of inherent or acquired resistance
due to alterations in the protein–drug interface [14,56,57]. We propose that targeting the G4
DNA secondary structure within CARD11 may overcome this mechanism of drug resistance
by directly limiting the amount of gene available for translation into protein. Our study
provides the groundwork for further exploring the predominant, biologically relevant
folding pattern of the CARD11 G4 structure and how targeting this structure impacts BCR
signaling for developing new therapeutic strategies in BCR-dependent lymphomas.
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//www.mdpi.com/article/10.3390/genes13071144/s1, Materials and Methods: Detailed synthesis of
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ity and determination of growth inhibitory concentrations of NSC373981 and analogs; Figure S9:
Basal levels of CARD11 mRNA; Figure S10: PDS qPCR of CARD11, BCL2, MYC, KRAS, and TERT;
Figure S11: Replicate DNA polymerase stop gels of PDS and NSC373981 stabilization of the CARD11
G-quadruplex forming sequence; Figure S12: Replicate DNA polymerase stop gel of NSC373981 and
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used in this study; Table S2: STR analysis of the DLBCL cell lines.
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