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Acute lymphoblastic leukemia (ALL) is the most common type of leukemia in children. Up to a quarter of
ALL patients relapse and face poor prognosis. To identify new compound leads, we conducted a
phenotypic screen using terrestrial natural product (NP) fractions against immortalized ALL cellular
models.

We identified vitexin, a flavonoid, as a promising hit with biological activity (EC50¼ 30 mM) in pre-B
cell ALL models with no toxicity against normal human tissue (BJ cells) at the tested concentrations.
To develop more potent compounds against ALL and elucidate its potential mode of action, a vitexin-
inspired compound library was synthesized. Thus, we developed an improved and scalable protocol
for the direct synthesis of 4-quinolone core heterocycles containing an N-sulfonamide using a one-pot
condensation reaction protocol. The newly generated compounds represent a novel molecular scaffold
against ALL as exemplified by compounds 13 and 15, which demonstrated EC50 values in the low
micromolar range (0.3e10 mM) with little to no toxicity in normal cellular models. Computational studies
support the hypothesis that these compounds are potential CDK inhibitors. The compounds induced
apoptosis, caused cell arrest at G0/G1 and G2/M, and induced ROS in cancer cells.

© 2018 Elsevier Masson SAS. All rights reserved.
1. Introduction

Acute lymphoblastic leukemia (ALL) is themost common type of
leukemia in children [1]. Up to a quarter of ALL patients relapse and
face poor prognosis [2]. Relapsed ALL cases are associated with
initial poor response and chemotherapy resistance [1e4]. New
potent compounds are required to effectively treat relapsed ALL.
Our drug discovery program objective is to identify new chemical
scaffolds to advance the bench-to-bedside therapeutic agent
development process in high-risk and drug-resistant leukemia.

Based on a phenotypic screen using stable B cellular ALL models
(representatives of this high-risk patient cohort), we expected to
identify specific molecular scaffolds to expand our knowledge on
current treatment modalities against ALL. We identified the natural
product vitexin (1, Fig. 1) as a hit compound. Vitexin has been
isolated from several sources including Acer palmatum [5]. Vitexin
was reported as a potent hypotensive inhibitor of ganglion activity,
Biology and Therapeutics, St.
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served.
with anti-inflammatory, anti-histamic, anti-cancer and anti-
bradykinin among a broad range of other biological activities
including antioxidant properties [5e7]. Some glycosylated flavo-
noids have a direct bond between the sugar and the anomeric
carbon (O-C bond), while others such as vitexin feature the sugar
bond at C6 or C8 (C-C bond). Studies of natural products have led to
the development of clinical candidates such as flavopiridol (Alvo-
cidib, 4, with FDA orphan drug designation to treat AML, Fig. 1),
flavonoid-like and FDA approved ATP-mimetic compound 5 (Fig. 1)
[8]. Mechanistic studies of flavonoid compounds suggest a two-
prone mode of action, CDK inhibition (particularly CDK9) and
various cellular effects from metabolic changes to antioxidant ac-
tivity [8]. Recently, the treatment of chronic lymphocytic leukemia
by flavopiridol in clinical trials was successfully reported [9].
Compounds 4 and 5were used as control compounds in this study.

The antioxidant activity of flavonoids depends on the molecular
structure, the degree of hydroxylation/glycosylation, and the po-
sitions of hydroxyl groups as they provide resonance effects on the
aromatic ring for radical atom engagement. Some of the most
widely studied isoflavones are genistein (2, Fig. 1) and baicalein (3,
Fig. 1), which reacts with topoisomerase II via radical mechanism,
disrupting the maintenance of DNA stability, and wogonin induces
autophagy [10]. However, their biological effects are observed in
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Fig. 1. Vitexin and related molecular scaffolds.
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the high micromolar range as solubility/cellular permeability are
some of the obstacles for the chromen core compounds [6]. While
natural products (NPs) show potent bioactivities, their modest
bioavailability properties can be affected by the presence and
number of hydrophilic moieties (i.e. sugars, which can modulate
water solubility and cell permeability). Thus, the introduction of
heteroatoms and polar functional groups could lead to modified
NPs with improved bioavailability properties.

The lack of scaffold diversity among standard care agents
against leukemia and relapsed patients strongly supports the
investigation of new chemical matter. We developed a vitexin-
inspired library based on the hypothesis that a quinolone core (6,
Fig. 1) instead of the chromen core (2, Fig. 1) would display
improved biological activity against ALL since such compounds
would a) decrease overall electronegativity due to the nitrogen, b)
enable hydrogen bonding via donor rather than acceptor, and c)
provide a handle to introduce functional groups to survey the
chemical space. Thus, the resulting compounds would be more
potent than vitexin, potentially enabling the development of a new
class of chemical agents against high-risk and relapsed ALL.

Our studies describe an efficient synthesis, structure-activity
relationship (SAR) studies of quinolin-4(1H)-one derivatives
inspired by vitexin against ALL cellular models and the potential
biological target(s).
2. Results and discussion

The study began by developing suitable synthetic conditions to
generate the core synthons required for biological evaluation. On
the basis of their chemical structures, the quinolone derivatives
were divided into 3 group series (Scheme 1). Series I consisted of
derivatives with 2-(4-methoxyphenyl) quinolone and 6, 8-
dimethoxy on the A ring to explore the biological effect of the N-
1 substituents and potentially improve biological potency. Series II
derivatives focused on the role of C2 substituents via amide for-
mation and evaluation of the electronic effects of these sub-
stituents. Series III included the evaluation of C6 to explore
alternative functional groups to the methoxy groups and reduce
potential metabolic liabilities, while maintaining biological activity.
Thus, the combined group series would enable the generation of
the corresponding N-sulfonamides, 2-amino-benzenethiazoles
connected at C2 and urea moiety at C6 for a thorough biological
evaluation.

Synthetic methodologies to access 4-quinolone derivatives are
frequently based on intramolecular cyclization reactions mediated
by acid or base (i.e. Conrad-Limpach or Gould-Jacobs reactions).
Once we identified 3, 5-dimethoxy aniline and 4-nitroaniline as the
synthetic building blocks for our 4-quinolone libraries, reaction
conditions were evaluated to access the desired core compounds
[11a]. Nucleophilic addition of 3, 5-dimethoxyaniline with aryl acid
chlorides in the presence of triethyl amine provided intermediate
A, which was treated with acyl chloride in the presence of tin
chloride, followed by condensation reaction mediated by potas-
sium t-butoxide under refluxing conditions (Scheme 1). The reac-
tion sequence involves the amide bond formation via Schotten-
Baumann reaction or aza-Michael addition followed by acylation/
condensation reaction to provide the functionalized cores for series
I-III in good yield. The intramolecular cyclization/condensation
reaction of the anilinewith an electrophile (intermediate B, Scheme
1), was mediated by modified thermal cyclization reaction condi-
tions (diphenyl ether at 250 �C, in one-pot reaction sequence).
Although, polyphosphoric acid can mediate such cyclization re-
actions, its corrosive nature and its high viscosity render work-up
and the purification process challenging [11].

For the synthesis of the core quinolones for series II and III,
substrate 3,5-dimethoxyaniline and 4-nitroaniline respectively
were treated with dimethyl but-2-ynedioate in the presence of
diphenyl ether to afford intermediate B, which was heated to form
the desired product via intramolecular cyclization reaction in one-
pot reaction sequence [11]. Consequently, the challenges posed by
the purification of the products were circumvented by cooling the
reaction vessel to RT, and rapidly adding hexane. The net effect of
this binary solvent mixture enabled the precipitation of the desired
product as a dark red powder, which was filtered and dried. Thus,
our one-pot protocol afforded the quinolone product in nearly
quantitative yield and avoided purification steps. To complete the
synthesis of series III core, the corresponding nitro compound was
reduced with Pd/C under a hydrogen atmosphere to yield the ex-
pected aniline product in excellent yield.

A preliminary survey of SAR was designed to assess potential
liabilities related to the following concerns a) similar quinolone
compounds display abroad range of biological properties, namely
antimicrobial, antiviral, antimalarial activity, and mediated cyto-
and geno-toxicity. Thus, our compounds were required to be
evaluated in normal tissue (BJ cellular model) to avoid globally
cytotoxicity, and b) comprehensive information regarding steric
and electronic factors at the C2-C3 centers to provide guidance in
generating a more appropriate quinolone system (Fig. 2). Com-
pounds 7e16 were synthesized to evaluate the role of an aromatic
versus the methyl ester at C-2, and the relevance of the introduc-
tion of the sulfonamide at N-1, followed by the evaluation of
halogen groups at C3 center. Compounds 16e21 were synthesized
to evaluate whether protecting groups influence biological activity.

To expand our evaluation of the molecular diversity that could
be introduced at N-1, we proceeded to focus on sulfonamide syn-
thesis (Fig. 3). Although numerous efforts have been made to
modify quinolones [11], there are currently few reports concerning
electrophilic substitutions at C-3 and direct N-modifications, which
are governed by the C2-C3 substituents of the quinolone. Direct N-
sulfonylation upon 2-aryl quinolone compound 7 was challenging
using conventional conditions such as sulfonyl chloride in the
presence of triethyl amine, as it provided O-sulfonylated compound
7b as the sole product. After extensive experimentation, we were
pleased to identify that copper mediated N-sulfonylation was
highly efficient for this quinolone substrate 7 with great functional
group tolerance, enabling the synthesis of quinolones with electron
withdrawing or donating groups on the aryl sulfonamide moiety.
Our findings extend the scope of utility for N-sulfonylation of
quinolones without C-3 electron withdrawing directing groups,
and also enable the directN-sulfonylation on substituted anilines in



Scheme 1. General synthesis to 4-quinolone core series I-III.

Fig. 2. Initial SAR evaluation: compounds 7e21.
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a quinolone motif. The optimal experimental conditions for the
solvolysis of copper oxide required acetonitrile under refluxing
conditions for 16 h. Thus, compound 7 was treated with the cor-
responding aromatic sulfonyl chloride reagents to provide 7a as a
single compound; 7bwas not detected by TLC or NMR analysis. The
reaction proceeded in good yields for compounds 22e38, which
were purified as single products.

Amides are one of the most ubiquitous and important functional
groups in natural and synthetic organic compounds so direct
amidation of the ester 16 was a synthetic efficient option. Several
conditions for the direct amidation were evaluated and found that
the sodium bis(trimethylsilyl) amide (NaHMDS) amidation condi-
tions were mild with high substrate generality for aromatic amines
[12]. Thus, we employed this nucleophilic amidation upon com-
pound 16 with a series of commercially available anilines. The
substrates were treated with sodium bis(trimethylsilyl) amide
(NaHMDS) in THF at RT. The base catalyzed amidation favored
electronically rich anilines, with modest yields were obtained for
electron deficient anilines. A plausible reaction mechanism is
shown in Fig. 4. The reaction was sensitive to sterically demanding
substrates or non-aromatic substrates, presumably not only due to
the electronics, but also by the encumbered approach of the
branched nucleophile. The reaction was allowed to stir for 24 h
under an inert atmosphere to provide the desired products in good
yields (39e53, Fig. 4). However, for compound 54, this amidation
conditions provided poor yields so the acid chloride of compound
16 was generated following the classic Schotten-Baumann reaction
conditions [12]. Compound 16 was hydrolyzed and then treated
with thionyl chloride to generate the corresponding acyl chloride,
which was treated with the corresponding secondary amine sub-
strate to provide the desired compound 54 in good yield.

Next, an exploration of solubility-enhancing substituents (such
as the urea functionality) [13] at the C6 position of the aromatic ring
was an appropriate step to enable cellular permeability, and eval-
uate the influence of the substituents of this scaffold. In addition,
the role of the methoxy groups could be compared with other
heteroatoms. Compound 21 was treated with the corresponding
electrophiles in DMFat RT for 12 h, affording the desired quinolone-
urea compound in good yield (Fig. 5).
2.1. Inhibition of proliferation by new compounds

A heat map of the anti-proliferative activity in ALL models
(KOPN8, SEM, SUP-B15 and UoCB-1) in comparison to normal tissue
models (BJ, THLE-2) using established CelTiter-Glo® cell viability
protocol [13] is shown in Table 1. While vitexin has been disclosed
to have activity against U937 lymphoma cellular model [7], we did
not observe cytotoxicity against Raji (Burkitt lymphoma cellular
model at the tested concentrations up to 100 mM using CelTiter-
Glo®). Several of these analogues displayed promising biological
activity, while compounds 19e25, 30e42, 46e53, 64e66, and 73
showed no cytotoxicity at the tested concentrations (see SI).

While several leukemia cellular models were utilized for our
viability assays, we focused our attention on compounds with
cytotoxicity against a particular subset of acute lymphoblastic
leukemia: KOPN-8, SEM, and SUP-B15 models, all of which carry
specific genomic lesions. KOPN-8 carries the MLL-ENL fusion gene,
SEM is a carrier of t(4, 11) fusion gene (MLL-AF4), and SUP-B15 was
established from a pediatric ALL relapsed patient (with the m-BCR
ALL variant of the BCR-ABL1 fusion gene) [14]. The gene for the
histone methyltransferase MLL participates in chromosomal
translocations that eventually create MLL-fusion proteins associ-
ated with very aggressive forms of childhood acute leukemia. The
presence of some MLL rearrangements is an independent dismal
prognostic factor and patients are usually treated according to
high-risk protocols [3,4]. Therefore, the identification of



Fig. 3. Synthesis of N-1 substituted compounds 22e38.

Fig. 4. Synthesis of C2 substituted quinolone compounds 39e54.
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compounds against models with MLL gene fusions is necessary for
the discovery of new therapies.

While quinolones have been reported to exert various biological
activities, but mainly antibiotic properties [15], we questioned the
possibility that they were inhibiting CDK9. The selectivity and po-
tency of flavopiridol, 4 towards CDK9 has been attributed to the 4-
keto, 6-phenyl ether interacting at the CDK9 hinge as a hydrogen
donor and acceptor between amino acid Asp104 and Cys106. The



Fig. 5. Synthesis of C6 substituted urea compounds 55e73.

Table 1
Representative heat map of selected compounds.
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remaining of the molecule can engage in p-stacking from the B ring
and hydrophobic interactions [13]. With a dihedral angle of 122�,
the chromen C ring is slightly different from our quinolone core
with an angle of 118�, which is forced to maintain the pyramidal
structure of the amine (Fig. 10A). However, the a-halogens influ-
ence the binding affinity of the enone to accept protons. In fact, the
dehalogenated compounds had weaker activity. However, the sul-
fonamides such as compound 18, are active in the low micromolar
range (5e6 mM) against KOPN-8 and SEM, and it showed less ac-
tivity (10 mM) against SUP-B15. The urea compounds 54, 56e58 also
showed promising activity against ALL cellular models and further
mechanistic studies will be conducted to evaluate which amino
acids are interacting with the carbamide group. Current SAR among
these compounds shows an activity trend based on the placement
and nature of the substituents of the aromatic ring at the NH at C6
against KOPN-8 and SEM. A few of these compounds showed
selectivity for SUP-B15, such as compounds 29, 60, and 72. Com-
pound 60 showed more promising activity (EC50¼ 3.2 mM) than
compound 72 (EC50¼ 9.1 mM) against SUP-B15. An interesting
observation for these latter compounds is their lack of SAR. Thus,
further biochemical assays combined with structural biological
studies will be pursued to answer this question. For instance,
compound 55 having meta-fluoride substituents showed no ac-
tivity against SUP-B15 at the tested concentrations (�30 mM) yet
the para-fluoride substituent 60, showed potency, selectivity to-
wards this cell line and therapeutic window in BJ cells. Addition of
moderately small groups, or bulky groups (9-methyl-9H-fluorene)
to the urea, such as alkyl phenyl, heterocycles (furan, indole),
introduction of ethers (trimethoxy, dioxane) did not substantially
improve their biological profile (EC50> 15 mM) against these
cellular models.

The results indicate the methoxy groups at the A ring of the
molecule might not play a significant role in the biological activity
observed. It is also possible that our compounds (series I-III) might
not act on the same target as the SAR among them is not clearly
defined. Gratifyingly, our compound series provided compounds
(13, 15, 18 from series I, 54 from series II and 56e58 from series III)
with improved biological activity than vitexin. Further mechanistic
studies and fine tuning to improve solubility on these compounds
will be conducted.
2.2. Compound 15 induces G0/G1 cell cycle arrest

Fluorochrome-labeled Annexin V and DNA content [16] with PI
were studied in treatment with compounds 15, 54, and 56 for a 24 h
period in KOPN-8 and SUP-B15 (see SI) to confirm apoptosis.
Representative images for negative control (DMSO), positive con-
trol (2.0 mM staurosporine) and compound 4 (5.0 mM) for 24 h
treatment are shown. Data presented on compounds 15, 54, and 56
(D-F, Fig. 6) clearly captured the increase of late apoptotic state (Q2)
upon compound treatment with a modest amount observed for
compound 54.



Fig. 6. Representative of FITC Annexin V apoptosis, and Propidium Iodide (PI) staining after 24 h in KOPN-8 cellular model. A. vehicle control (DMSO). B. positive control (2 mM
staurosporine) C. Compound 4 (5 mM). D. Compound 15 (10 mM). E. Compound 54 (10 mM). F. Compound 56 (10 mM).
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Next, DNA content of KOPN-8 cells was measured to interrogate
cell cycle effects compared with flavopiridol, 4. Proliferating cells
progress through various phases of the cell cycle (G0, G1, S, G2, and
M phase) and CDKs are important regulators of cell cycle [17]. No
serum starvation or chemical-induced synchronization methods
were used for ALL cellular models to avoid potential secondary
effects due to such manipulation [18], however, synchronization
was performed in a validated cellular model (MDA-MB231 cell
lines, see SI for data) to capture any differences. Graphical quanti-
tation of the respective cell cycle phases for compound 15, 54, and
56 at 10e20 mM versus controls (DMSO negative control, staur-
osporine and compound 4 as positive controls) for 24 h is shown in
Fig. 7. Cell cycle arrest occurred in the G0/G1 phase at 10 mM con-
centration for compounds 15 and 56 as compared to controls. At
this concentration, ~15e20% of cells accumulated at G0/G1 phase,
indicating inhibition of the pre-replicative phase, and initiation of
apoptosis was also observed by Annexin V. The DMSO control in-
dicates that the cells were primarily at the S phase at the time of the
experiment and only a small number (10%) were entering the G2/
M. Compound 15 distributed the cells in a similar manner to the
Fig. 7. KOPN-8 cell cycle distribution upon compound treatment. Compound 15 effects
on cell cycle were similar to compound 4, while compounds 54 and 56 had less effects
on the cycle compared to controls.
cytotoxic staurosporine, but showed a slightly increase at the G2/M
phase, a phenomenon also observed for compound 5. Data are
shown from at least three independent experiments. Statistical
analysis of data was performed using Graph Pad Prism 5 and
Microsoft Excel software. The differences between the groups were
analyzed by t-test. Standard error bars represented the standard
deviation of the mean (±SD).

2.3. Cell death validation and potential biological targets

To further examine the effects of compound 15 in comparison to
clinical compounds 4, and 5, and to gain understanding on how
compound 15 causes cell death, additional cellular experiments
were conducted (Figs. 8 and 9). Because quinolone compounds
have the potential to react with glutathione, the precursor N-acetyl
cysteine (NAcCys) was also added to a set of cells to investigate
whether 1, 4-Michael addition reactions would prevent cell death.

As shown in Fig. 8, compound 15 (10e100 mM final concentra-
tion) caused cell death in a dose dependent manner as shown by
PARP-cleavage after 3 and 24 h. In the NAcCys treated cells, little to
no PARP cleavagewas observed at 3 h for the higher concentrations,
presumably due to its anti-oxidant effect. However, it was detected
at the higher dose at 24 h.

Similarly compound 5 induced PARP cleavage after 3 h, but not
at 24 h. The addition of NAcCys in combination to compound 5 had
similar effects as compound 15. Compound 4 treated cells showed
consistent levels of PARP cleavage over time with or without anti-
oxidant. Then, the expression levels of the short-lived anti-
apoptotic factorMcl-1 were investigated as blocking CDK9 removes
its ability to inhibit apoptosis [19]. Both compounds 4 and 5 sup-
pressed expression of Mcl-1, and compound 15 showed a similar
pattern in a dose dependent manner.

To interrogate the signaling of cyclin dependent kinases, we
turned our attention to the positive transcription elongation factor
b (P-TEFb, which consists of CDK9 and cyclin T1 or T2) complex. P-
TEFb is recruited to RNA polymerase II transcription initiation
complexes, where P-TEFb phosphorylates the transcription elon-
gation factors DRB sensitivity inducing factor (DSIF), the negative
elongation factor (NELF) and the C-terminal domain (CTD) of the



Fig. 8. Western analysis of KOPN-8 cellular line treated with compound 15 and control compound 4e5 for 3, and 24 h respectively.

Fig. 9. Reactive oxidative species (ROS) studies of compound 15. A. MCF7-Ruby red labeled (Cox8A-mitochondria) cells treated with 50 mM 15 alone. B. 50 mM 15 along with 50 mM
NAcCys for 1 h, followed by staining with CellROX® green reagent and nuclear stain Hoechst 33342 (blue). C. ROS relative quantification. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 10. Predicted binding mode of compound 15 to CDK9 using MOE program. A. Protein surface and compound 15. B. Top close view of interactions between compound 15
(magenta) and the hinge region of the ATP binding site, (ATP gray) and interacting amino acids (cyan). C. Surface representation of ATP pocket of CDK9, with compound 15 bound
(magenta). Red arrows indicate regions for chemical space exploration. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version
of this article.)
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largest subunit of RNA polymerase II, thereby enabling transcrip-
tion complexes to transition into the productive elongation phase
[20e22]. Work by Chao has demonstrated inhibition of RNAPII
elongation by compound 4, resulting in abortive transcription of
most protein coding genes [22]. Both compounds 4 and 5 caused a
decrease in the levels of phosphorylated Ser-2 of the CTD after 3 h
with recovery recorded for compound 5, but not for compound 4
after 24 h. Compound 15 showed a decrease in Ser-2 phosphory-
lation CTD levels in a dose dependent manner at 24 h. The cMyc
expression decreased in dose dependent manner for compound 15,
with no substantial change for compound 4.

Finally, we evaluated the phosphorylation levels of the Retino-
blastoma tumor suppressor protein (Rb) critical to multiple cellular
activities related to cell cycle. Rb is rarely mutated in human can-
cers, instead regulatory pathways that alter Rb activity by phos-
phorylation at CDK sites are altered [22]. Recent studies indicate
that CDK4/6 activates Rb for binding cellular targets during early G1
phase, which results in Rb mono-phosphorylation to drive
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quiescent G0 cells into a more metabolically active, but early G1
phase arrested phenotype [16]. The constitutively mono-
phosphorylated Rb neoplastic cell avoids cell cycle exit and differ-
entiation, so we evaluated changes in Rb phosphorylation in our
compound treated KOPN-8 cells. Little to no change was recorded
after 3 h, while less expression of total Rb and pRb was observed in
a dose dependent manner for compound 15 after 24 h treatment.
After 72 h, extensive cell death was recorded, limiting the detection
of these proteins (data not shown). At the 24 h time point, com-
pound 15 showed reduction in pRb in a dose dependent manner
similarly to the observed effects of compound 4. The combined
findings suggest that CDK9 is a potential target (s) of the described
compounds. However, further mechanistic studies arewarranted to
confirm this speculated biological target.

Eleven Nineteen Leukemia (ENL) and AF4 proteins, common
associating partners of MLL in childhood acute leukemia are known
to bind and utilize P-TEFb for their transformation properties [21],
thus highlighting why compound such as 15 have better potency in
subtypes of ALL cellular models. This suggests that therapies tar-
geting P-TEFb activity in leukemia might be a direction to pursue
for refining precision therapeutics.

2.4. Compound 15 induces oxidative stress in live cellular models

A high level of oxidative phosphorylation represents a liability
to tumor cells due to the role of mitochondria in apoptosis, and
generation of ROS is carefully regulated [23]. Live cell CellROX®

experiments were conducted to evaluate if our lead compounds
trigger intrinsic apoptotic pathways by inducing reactive oxygen
species (ROS) since reduced Mcl-1 expression and CDK inhibition
had been recorded. CellROX® green reagent is a cell-permeable dye
with weak fluorescence while in a reduced state, and exhibits
bright green photostable fluorescence upon oxidation by ROS (with
absorption/emissionmaxima of 485/520 nm) [24]. A representative
experiment is shown in Fig. 9. The mRuby-Cox8A [25] labeled MCF-
7 cellular model was treated with compound 15 (Fig. 9A) or treated
with 15 along with ROS quencher, NAcCys for 1 h, followed by
CellROX® green reagent addition, and relative quantification
(Fig. 9B and C). Compound 15 clearly increased total ROS, particu-
larly mitochondria-derived ROS (orange, Fig. 9A). The cells exposed
to NAcCys were distinctly protected against ROS, as it presumably
increases glutathione levels, which bind to either the toxic break-
down products generated from 15, or directly to 15. To further
assess the latter possibility, LC-MS analysis of incubation of com-
pound 15 in DMSO with NAcCys or with glutathione for 1 h at 37 �C
did not detect any potential 1,2 or 1,4 Michael addition products.

2.5. Molecular docking studies

Protein kinase structural studies have shown that the adenine
moiety of adenosine triphosphate (ATP) docks into a hydrophobic
cleft between the two lobes of the kinase domain of CDK4/6 and 9,
interacting with the kinase hinge region through hydrogen
bonding. Several inhibitors of these CDKs are known to bind at this
conserved nucleotide binding site. For instance, compound 4 es-
tablishes ATP-like hydrogen bond interactions with CDK2, CDK4/6,
and CDK9 in complex with cyclin T domain binding cleft by
computational docking studies coupled with co-crystallographic
data [26].

To elucidate whether our compounds were interacting with the
CDKs in a similar binding mode to compound 4 and 5, molecular
docking studies of these compounds with CDK4/6 and CDK9 were
performed. Homology models of CDK4 and CDK9 were built with
MOE from the ATP bound conformation of CDK2 (PDB code: 1qmz)
[26]. In addition, a magnesium ion was included in the same
location as observed in the 1qmz model. A local minimization of
nearby residues was performed to facilitate the octahedral coor-
dination geometry between protein residues and magnesium ion.
The CDK2 with a derivative of flavopiridol (L868276) complex
shows that the inhibitor binds at the ATP binding site. The protein is
folded into the typical bilobal structure with the N-terminal
domain consisting predominantly of b-sheet structures, and the C-
terminal domain consisting mainly of alpha helices [26].

We predicted the interactions of compound 15 with the CDKs
could be driven by hydrophobic and van der Waals interactions
with the amino residues that form the pocket for the adenine base
in the ATP-CDK2 protein complex. To test such hypothesis, com-
pound 15 and compound 13were docked into the cleft of CDK4 and
CDK6 using the Glide docking tool in Maestro [27]. However, both
CDK4 and CDK9 provided low docking scores indicating additional
effects from solvent or protein rearrangement might be important
contributors to the binding modes, which were not captured by our
solvent free flexible ligand docking studies.

Compounds 13 and 15 showed similar binding mode for CDK9,
which was lacking in the CDK4 studies, supporting our experi-
mental data. The docked compound 15 (magenta) in the binding
cleft of CDK9 overlaid on the ATP from our working template 1qmz
[26], is depicted in Fig. 10A. A close-up image (Fig. 10B) showcases
the docked ligand interactions with the hydrophobic residues L156,
V79, A166, A153 and the aliphatic chain of LYS48 in the CDK9 ho-
mology model. A hydrogen-p interaction between Ala153 and the
quinolone motif was observed while no significant overlap be-
tween the ATP adenosine ring and compound 15 were observed.

Furthermore, the sulfonyl group of this compound interacts
favorably with the magnesium ion. Additional molecular in-
teractions could be exploited at the indicated sites (red arrows,
Fig. 10C) to increase binding affinity. Our combined molecular
studies highlight the restricted ATP pocket as a potential region to
explore in order to improve selectivity and potency for our lead
compounds (13/15) as they bind differently to CDK9 from CDK4 in
the docked models. The differences in pose and docking scores
indicate the divergence in how these compounds interact with the
CDK9 cleft region, emphasizing opportunities for selectively tar-
geting these isoforms. Our studies also suggest the 2-methoxy
phenyl ring could grow into the pocket made by Thr62, Phe30
and Thr29 to improve its binding affinity (Fig. 10C). Furthermore,
the study shows that coordinating groups on the sulfonamide could
improve potency through chelation with the magnesium ion. The
methoxy group of the aromatic sulfonamide fits in the hydrophobic
pocket lined by F103 and V79, which can accommodate larger alkyl/
Ar groups to increase favorable interactions in this region.
Hydrogen bond acceptors or donors may also provide interactions
with the backbone of F105 and D104. Molecular dynamic studies
with explicit solvent are warranted to better understand their
binding mode and develop more potent compounds.

2.6. Conclusion

In summary, a new series of 4-quinolone compounds inspired
by the natural product vitexinwas developed using a simplified and
scalable synthetic protocol using readily available reagents. Com-
pounds 12e15 represent a novel anticancer sulfonamide scaffold
class with similar mechanism of action to CDK inhibitors and share
similar chemical properties to flavopiridol. As depicted in Table 1,
the halogenated 4-quinolon-N-sulphonamides displayed prom-
ising biological activity and selectivity towards specific ALL cellular
models. Our cellular evaluation indicate halogenated sulfonamides
(12e15) show anti-proliferative effects preferentially against MLL-
ALL cellular models, while the urea derivatives (55e73) displayed
anti-proliferative effects across most ALL cellular models tested
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with therapeutic window in non-tumor cellular mode (BJ) of at
least 10 fold.

This study is significant as: (a) we have developed a protocol to
access 4-quinolon-core scaffolds in one-pot reaction, followed by a
direct N-sulfonylation reaction of these quinolones which enables
the synthesis of a diverse group of compounds (b) while chroman-
flavones are well documented from a biological perspective, our 4-
quinolon-core offers a new scaffold that will serve as a chemical
probes to better understand high risk ALL cellular subtypes and
better understand the biological mechanisms that drive them, and
(c) our study illustrates the importance of natural products as
valuable tools for drug discovery as they have provide the foun-
dation for a targeted-driven medicinal chemistry program against
high risk ALL subtypes. The combined results warrant future
studies to elucidate the exact mechanism of action of these novel 4-
quinolones as selective agents against high risk ALL.
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