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ABSTRACT: The CXXC domain is a reader of DNA methylation
which preferentially binds to unmethylated CpG DNA motifs.
Chromosomal translocations involving the MLLI gene produce in-
frame fusion proteins in which the N-terminal portion of the
MLL1 protein harboring its CXXC domain is fused to the C-
terminal portion of multiple partners. For the MLL-AF9 fusion,
mutations which disrupt CXXC domain—DNA binding abrogate
the ability to cause leukemia in mice. Based on this, we initiated an
effort to develop small-molecule inhibitors of the MLL1 CXXC
domain as a novel approach to therapy. We developed a fluorescence polarization-based assay for MLL CXXC domain—DNA
binding and screened a library of Cys-reactive molecules. For the most potent hit from this screen, we have synthesized a library of
analogs to explore the structure—activity relationship, defined the binding site using chemical shift perturbations in NMR spectra,
and explored the selectivity of compounds across the CXXC domain family.
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pigenetic signaling requires proteins that add epigenetic and recognize unmethylated CpG dinucleotides. CXXC

marks (writers), proteins that erase epigenetic marks domains have a highly conserved spacing of eight cysteines
(erasers), and proteins that recognize the epigenetic marks that coordinate two zinc ions and fold into a saddle-like
(readers). There has been widespread interest in targeting structure that centers over an unmethylated CpG residue when
these epigenetic proteins, particularly in the realm of cancer bound to DNA.'"" CXXC domains are present in 12 different
therapy, with numerous agents proceeding to clinical trials. mammalian proteins including MLL1, MLL2, DNMTI,
The paradigm for small-molecule inhibition of a reader domain CGBP, TET1, TET3, KDM2A, and KDM2B."”
is bromodomain inhibitors, which started with a tool All 12 of the human CXXC domain proteins are involved in
compound developed in the Bradner laboratory' and has epigenetic signaling. They can be broken down into various

. . . . . 2,3
translated into multiple chmce‘\l candidates being evaluated. subgroups based on their epigenetic signaling functions: H3K4
Efforts to target re-ader domains have also been extended. to methylation (CFP1, MLL1, MLL2), H3K36 demethylation
plant homeodomain (PHD) fingers, WD40 repeat domains, (KDM2A, KDM2B), DNA methylation (DNMT1), and DNA

and Royal family readers (MBT, chromodomain, Tudor hvd .
¢ ! thylat TET1, TET3, CXXC4 (IDAX)). A
domain, PWWP domain).‘*_6 Thus, there is strong precedent ydroxymethylation ( ( )

for the targeting of reader domains for drug development.
Readout of the methylation state of DNA is carried out by
small protein domains capable of binding to CpG dinucleo-
tides and very specifically discriminating methylated versus
unmethylated DNA. Methylated CpG dinucleotides are
recognized by the well-characterized methyl binding domains _
(MBDs). The five members of the MBD-containing family of Received:  April 25, 2022 GG
proteins are MBD1, MBD2, MBD3, MBD4, and MeCP2. To Accepted: July 1, 2022
date, the only characterized domain capable of selective Published: July 7, 2022
binding to unmethylated CpG dinucleotides is the CXXC
domain. The CXXC domains from several proteins, including
MLL1,”® MBD1, and CGBP,’ have been shown to bind DNA

recent analysis of the binding specificities of the members of
the CXXC family classified them into four groups: CpGpG
(CFP1), CpG (MLL1, MLL2, FBXL19, KDM2A, KDM2B,
MBD1), CpN (TETI1, TET3, CXXC4, CXXCS), and weak
binding (DNMT1)."?
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Figure 1. (A) Ribbon representation of the structure of the MLL1 CXXC domain—DNA complex (RCSB PDB ID: 2KKF). (B) K, determination
of the binding of GST-MLL1 CXXC domain binding to DNA using the fluorescence polarization assay. (C) Ky values and standard deviations
(SD) for GST-MLL1 CXXC domain, the Cys1188Ala mutant of GST-MLL1 CXXC domain (MLL1m), and 10 other CXXC domain family

members.

The Mixed Lineage Leukemia 1 (MLLI) gene (approved
name KMT2A) at the 11923 locus was first identified by its
involvement in chromosomal translocations associated with
acute leukemia. Patients with MLLI rearrangements develop
either AML, ALL, or mixed-lineage leukemia.'*™'¢ MLL1
fusion leukemia accounts for around 10% of AML and ALL.
Chromosomal translocations involving the MLLI gene
produce in-frame fusion proteins in which the N-terminal
portion of the MLL1 protein harboring the CXXC domain is
fused to the C-terminal portion of one of many protein
partners. Regardless of the particular MLL1 fusion, MLL1
leukemia is associated with early relapse, and patients are
generally classified as poor-risk.'”"®

We have previously shown that MLL1 and MLL-AF9, an
MLL1 fusion protein driver of leukemia, bind to specific
clusters of CpG residues in the Hoxa9 locus and regulate
expression of two transcripts within this locus, Hoxa9 and miR-
196b."”?° MLLI functions to protect this specific region from
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DNA methylation.'” We subsequently solved the structure of
the MLL1 CXXC domain—DNA complex using NMR
spectroscopy,'’ showing how the CXXC domain distinguishes
non-methylated from methylated CpG DNA (Figure 1). Point
mutations were identified that disrupt the CXXC domain DNA
binding ability, in particular the Cys1188Asp mutation, which
completely abrogated DNA binding. In the context of MLL-
AF9, the Cys1188Asp mutation resulted in increased DNA
methylation of the specific Hoxa9 region, increased H3K9
methylation (a silencing histone mark), decreased expression
of the Hoxa9-locus transcripts, and abrogated both immortal-
ization potential and ability to cause leukemia in mice.'® Thus,
we established that the MLL1 CXXC domain interaction with
DNA is a valid target for therapeutic intervention in MLLI
fusion leukemia. In addition, recent studies of MLLI in the
context of other cancers have established a critical role in
cancers of the colon, salivary gland, and head and neck.>"*?

https://doi.org/10.1021/acsmedchemlett.2c00198
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Figure 2. (A) Structure of the initial hit. (B) Results of ICy, determination using the competition FP assay for the initial hit 1. (C) Selected region
of the *C—"H HSQC spectrum of the MLL1 CXXC domain alone (red) and in the presence of compound 1 (blue). Text shows assignments for
the peaks in the MLL1 CXXC domain. (D) Surface representation of the MLL1 CXXC domain bound to DNA (stick representation), with the

side chain of Phell79 highlighted in red and that of Cys1188 in magenta.

Based on the validated role of MLL1 CXXC domain—DNA
binding in MLL-AF9 fusion protein-driven leukemia, we
initiated an effort to develop small-molecule inhibitors of the
MLL1 CXXC domain as a novel approach to therapy.
Furthermore, small-molecule inhibitors of CXXC domains,
epigenetic readers of DNA methylation, have not been
described, so inhibitors would provide tools to effectively
probe the functional role of this domain in different biological
settings. There are very few examples of well-characterized
small-molecule inhibitors of protein—DNA interactions which
target the protein. Reports of inhibitors of the far-upstream
element binding protein (FBP),”* a ssDNA binding protein,
and of FOXM1 inhibitors** are among the few examples of
which we are aware. Successful targeting of a protein—DNA
interaction would add an additional example of successful
targeting of this class of interactions.

In order to be able to express and purify the MLL1 CXXC
domain, MLLI1 residues 1147—1203 were cloned into the
pGEX-4T1 vector and expressed in BL21 E. coli cells. The
protein was purified first on a glutathione affinity column
followed by ion exchange chromatography. In order to be able
to assess the specificity of inhibitors we developed, we also
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cloned and expressed the CXXC domains of 10 additional
family members: CGBP: 161-217; MLL2: 958—1014;
KDM2A: 562—618; KDM2B: 604—660; TET1: 583—633;
TET3: 49—98; CXXCS: 255—-30S; IDAX: 130—181; DNMT1:
645—700; FBXL19: 31—86. These were expressed and purified
using the same methods as for the MLL1 CXXC domain.

To measure DNA binding of the CXXC domains, we
employed a fluorescence polarization (FP)-based assay with a
fluorescein-labeled dsDNA oligonucleotide (5'-GGGTCGCG-
GGAG-3'), the sequence of which was based on our previous
studies of binding of the MLL1 CXXC domain to DNA."” K,
values were measured for all the CXXC domains via addition
of increasing concentrations of the CXXC domain to a fixed
concentration of the oligonucleotide (see Figure 1 for binding
data for the MLL1 CXXC domain and measured values for all
the CXXC domains). As mentioned above, there are some
differences in binding preference for different CXXC domains,
so the oligonucleotide used for the assays may not be optimal
for other CXXC domains, but it does bind to all the proteins;
we have done competition assays for compounds at a fixed
multiple of the determined Kp value for each CXXC domain
(2Kp).

https://doi.org/10.1021/acsmedchemlett.2c00198
ACS Med. Chem. Lett. 2022, 13, 1363—1369
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Table 1. (Top) Measured ICy, Values for Inhibitors with the MLL1 CXXC Domain and (Bottom) Measured IC;, Values for
Selected Compounds with CXXC Domains from 10 Additional Members of the CXXC Domain Protein Family”

Structure Compound R MLL1 IC5q (UM)
o a 1 4-H 71 £04
o ~ 1a 4-Cl 41 4
1b 4-CH, 495 + 46
' 1c 4-OCHj 43 5
1d 4-N(CHj3), 827 + 95
ho 1e 4-OCH,CH; 33 +04
1f 3-OCH,CHj4 51 =6
19 4-H (CONH,) NA
1h 4-H (COOCH,CH;) NA
2a ethyl NA
i 2b cyclopropyl NA
“ 2¢,d 1-propenyl (Z,E) NA
2e 2-chloroethenyl (Z) NA
- 2f 2-chloroethenyl (E) NA
/J\ 2g ethynyl NA
& e 2h 1-propynyl NA
2i 4-penynyl NA
2j 5-hexynyl NA
3 4-H 49 +05
3a 4-OCH3 15 +£1.5
3b 4-OCH,CH, 22 +4
3c 3-OCH,CHj4 7.7 £1.0
V. 4 Phenyl 46 7
RN 4a 4-Cl-phenyl 153 +39
4b 4-F-phenyl 74 17
. 4c 4-CHs-phenyl 136 +20
4d 4-OCHjs-phenyl 76 19
h" 4e CH,CH3 114 +22
compound ICg, (#M)
CXXC domain 1 la 1c le 3 3a 3b 3c
MLL1 7.1 £ 04 41 + 4 43 + 4 33+ 04 49 + 0.1 15+1 22 +1 7.7 £ 0.7 47 £3
MLL1 (C1188A) 3.6 + 04 108 + 6 S1+£3 154 £ 0.6 20+ 1 S9+1 104 + 12 43 +£2 52 +2
MLL2 NA NA NA NA NA NA NA NA NA
TET1 113 + 1.1 166 + 23 81+6 63 + 14 11+2 31+6 2443 10.7 + 0.9 107 + 17
TET3 S1+ 1.1 48 +1 30+3 58 + 0.8 5.5+02 15.5 £ 04 21 £2 7+1 33+ 4
KDM2A 3.9 +£05 3+4 30+2 42+ 08 44 + 0.7 164 + 0.6 36 £ 02 7.4 + 0.9 30+3
KDM2B 6.4 + 0.8 S3+3 53+3 3.6 + 04 83 +£0.8 32 +4 30 £ 4 94 + 0.7 35+ S
IDAX 4.0 + 04 3+1 35+3 12 +03 24 +07 83 + 12 89 + 1.6 22+07 23+3
FBXL19 1.8 +£ 0.2 31+ 4 17+ 1 24 £ 05 31+03 89 + 19 10.9 + 0.8 2.6 + 0.1 21.7 £ 04
CXXCS 4.8 £0.3 35S 47 +£3 162 + 0.3 28+ S S6£7 131 = 17 40+ 3 S3+7
CGBP NA NA NA NA NA NA NA NA NA
DNMT1 NA NA NA NA NA NA NA NA NA

“NA = no activity. Standard deviations are calculated from three separate measurements.

As mentioned above, there are very few examples of
successful targeting of protein—DNA binding. This is likely
the result of the fact that the surfaces that mediate binding to
DNA are typically convex and highly positively charged,
making them more difficult surfaces to find drug-like molecules
which can bind. Interestingly, many DNA binding domains
have Cys residues located on or near their DNA binding
interfaces, typically as a mechanism to regulate activity via
redox signaling. Because of the unique nucleophilicity of the
Cys sulfur atom, these Cys residues present an opportunity to
identify compounds which can covalently react with the Cys to
mediate inhibition of DNA binding. Similar approaches were
used in the development of the covalent kinase inhibitors
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afatinib (targeting EGFR) and ibrutinib (targeting Bruton’s
tyrosine kinase) which were approved by the FDA for non-
small-cell lung cancer and chronic lymphocytic leukemia,
respectively.””~>” These inhibitors covalently react with a Cys
on the target kinase in each case. As described above, we have
solved the structure of the MLL1 CXXC domain—DNA
complex using NMR.'? The structure shows that all but one of
the Cys residues (Cys1188) are chelated by one of the two Zn
atoms to stabilize the structure. Cys1188 is exposed and
located on the DNA binding interface. As mentioned above,
replacement of Cys1188 with an Asp results in a complete loss
of binding to DNA, and an MLL1-AF9 fusion protein with the
Cys1188Asp mutation was unable to cause leukemia in vivo.

https://doi.org/10.1021/acsmedchemlett.2c00198
ACS Med. Chem. Lett. 2022, 13, 1363—1369
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Based on the critical location of Cys1188 on the DNA
binding interface, we screened a 1000 compound Cys reactive
library from Enamine using the FP assay. This resulted in the
identification of six compounds (structures in Figure SI)
which showed inhibition of the CXXC domain—DNA
interaction but were not active in screens against 3 other
unrelated targets, indicating they show specificity of action.
The most potent compound identified in this screen, 1, is
shown in Figure 2A, with an ICs, of 7 uM in the FP assay
(Figure 2B, Table 1). To distinguish whether a compound is
acting as a reversible or irreversible inhibitor, it is necessary to
analyze the kinetics of the reaction between the compound and
the protein.”® We have carried out a kinetics analysis of the
inhibition of the CXXC domain with this compound by
monitoring the FP versus time. We did not see any time
dependence of the reaction (Figure S2), indicating that this
compound interacts with the CXXC domain reversibly. In
addition, MALDI mass spectrometry analysis does not show a
stable adduct being formed (Figure S3), consistent with
reversible binding. In order to confirm that the compound
does bind to the MLL1 CXXC domain, we recorded PN—'H
and C—"H HSQC spectra of the CXXC domain in the
presence of 1. While we observe only modest chemical shift
changes in the "N—"H HSQC or in the aliphatic region of the
BC—'H HSQC, we clearly observe significant chemical shift
perturbations for resonances belonging to the aromatic ring of
Phel179 (Figure 2C), confirming binding of the protein to the
CXXC domain and identifying the site on the protein where
binding occurs. This site of binding clearly overlaps with the
surface on the protein which mediates DNA binding (Figure
2D), indicating the compound acts by competitively blocking
the binding of the DNA. Finally, we mutated Cys1188 to Ala
and assayed the compound, and we do not see a reduction in
activity (Table 1), indicating it is not interacting with the
Cys1188 sulfur. It is possible it is covalently interacting in a
reversible manner with some other residue on the protein, but
the simplest rationale for our data is that the compound is
acting as a standard reversible inhibitor.

We tested this compound for its ability to inhibit the growth
of an MLLI fusion containing leukemia cell line (MV4-11) as
well as a non-MLLI fusion leukemia cell line (K562). We do
not observe activity for the free acid form of the compound,
likely due to poor cellular permeability of this very polar
molecule. We then made the ethyl ester derivative 1h, which
was active against the MV4-11 cell line but not against the
K562 cell line (Figure 3), likely via cellular esterase-mediated
hydrolysis to produce the active acid form of the compound.
The observed selectivity is consistent with activity occurring
through targeting of the MLL1 CXXC domain and suggests
there will be specificity of action in targeting MLL1 fusion-
containing cells.

Our initial hit 1 was chosen to explore optimization based
on its favorable ligand efficiency (LE) value of 0.42. Table 1
shows the initial library of analogs synthesized to explore
structure—activity relationships (SARs) as well as the effects of
tetrazole and sulfonamide bioisostere replacements for the
carboxylate moiety. Multiple substitutions for the acrylamide
moiety were explored (compounds 2a—2j), including
propionamide 2a, but all proved to be inactive, indicating
substitutions at this site are not tolerated. The compound
series 1—1h explored a number of substitutions on the phenyl
ring. Introduction of 4-Cl, 4-Me, 4-OMe, and 4-N(CHj;),
substitutions on the phenyl ring decreased activity. Introduc-
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Figure 3. (A) Concentration-dependent effects of compounds 1 and
1h on the growth of the MV4-11 leukemia cell line after 72 h,
measured using an MTT assay. Results of three replicates are shown.
(B) Concentration-dependent effects of compounds 1 and 1h on the
growth of the K562 leukemia cell line after 72 h, measured using an
MTT assay. Results of three replicates are shown.

tion of ethoxy functionality at the 4 position improved activity,
whereas introduction at the 3 position decreased activity, likely
indicating a steric clash with the 3 substitution. It is notable
that the 4-ethoxy substitution improved activity, whereas the 4-
methoxy substitution decreased activity, suggesting introduc-
tion of more lipophilic substituents at this position may be
favored. Modification of the carboxylate to an amide (1g) or
an ethyl ester (1h) resulted in complete loss of activity.

As the carboxylate moiety is likely to be the primary
determinant for the lack of cellular activity due to an inability
to cross the cell membrane, we have also explored bioisostere
replacements for the carboxylate, namely tetrazole (com-
pounds 3a—3c) and sulfonamide (compounds 4a—4e).
Introduction of the tetrazole improved activity however
additional substitutions on the phenyl ring all decreased
activity. Unlike the carboxylate series, a 3-ethoxy substituent
on the phenyl was more active than the 4-ethoxy substitution,
implying a different orientation of the tetrazole compound in
the binding site on the CXXC domain. Tetrazole analog 3 was
not active on cells, so introduction of this moiety did not alter
the putative lack of cellular permeability. All of the sulfonamide
derivatives (4a—4e) were significantly weaker in activity than
1.

As described above, we have expressed and purified the
CXXC domains from 11 proteins and established FP-based
assays with all of them. This makes it possible to assess the

https://doi.org/10.1021/acsmedchemlett.2c00198
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specificity of the compounds we have synthesized. Table 1
shows a tabulation of the ICs, values with the 11 CXXC
domains for all the compounds with ICg, values of 50 uM or
better for the MLL1 CXXC domain. The most striking
difference observed is the complete lack of activity of these
compounds on the CXXC domains of MLL2, CGBP, and
DNMT]1, indicative of some degree of specificity within the
CXXC domain family. After replication, DNA methylation at
CpG sites is maintained by DNMT1,”* so the lack of activity
against the DNMT1 CXXC domain is likely to be advanta-
geous. Indeed, loss of DNMT1 has been shown to lead to
genomic instability and cancer.’® Generally speaking, the
compounds shown are active against the other eight CXXC
domains, with some limited degree of selectivity for various
family members. It is notable that le shows approximately S-
fold selectivity for MLL1 versus CXXCS, whereas 1 does not
show such selectivity. This suggests that introduction of more
lipophilic groups at the 4 position of the phenyl ring may not
only improve activity but may also improve specificity to some
degree. It is notable that the compounds shown retain good
activity against the TET1 CXXC domain. TET1 has been
shown to be essential for MLL fusion driven leukemia and has
been suggested as a therapeutic target.”’ Therefore, a CXXC
domain inhibitor with activity against both the MLLI1 and
TET1 CXXC domains is likely to be more efficacious by virtue
of hitting two relevant targets in the disease. Furthermore, such
polypharmacology is likely to be much more detrimental to
MLL fusion leukemia cells than normal cells, so it is also likely
to improve the therapeutic index.

B EXPERIMENTAL PROCEDURES

Detailed experimental procedures and characterization data for all
compounds are provided in the Supporting Information.
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The Supporting Information is available free of charge at
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Figures S1—S3, biochemical and cell culture procedures,
procedures for chemical synthesis, and characterization
data for all compounds (PDF)
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