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Abstract

Disruption of cyclic adenosine monophosphate response element binding protein (CREB) provides a
potential new strategy to address acute leukemia, a disease associated with poor prognosis, and for which
conventional treatment options often carry a significant risk of morbidity and mortality. We describe the
structure-activity relationships (SAR) for a series of XX-650-23 derived from naphthol AS-E phosphate
that disrupts binding and activation of CREB by the CREB-binding protein (CBP). Through the
development of this series, we identified several salicylamides that are potent inhibitors of acute leukemia
cell viability through inhibition of CREB-CBP interaction. Among them, a biphenyl salicylamide,
compound 71, was identified as a potent inhibitor of CREB-CBP interaction‘with improved

physicochemical properties relative to previously described derivatives of naphthol AS-E phosphate.



Acute leukemia is a rapidly progressing hematological malignancy that begins in either lymphoid
(acute lymphoblastic leukemia (ALL)) or myeloid (acute myeloid leukemia (AML)) cells. Acute
leukemias are characterized by the rapid clonal accumulation of immature lymphoid or myeloid
progenitors from the accumulation of several oncogenic mutations with resultant multilineage cytopenia.!
2 AML is the most common cause of leukemia death, while ALL is the most common type of cancer in
childhood.*# Even with intensive chemotherapy and hematopoietic stem cell transplantation, the overall
S-year survival for AML is less than 50% in younger patients and less than 10% in patients over 65-years
old, and for ALL is less than 80% in younger patients and less than 20% in patients over 65-years old.> In
addition, treatment of acute leukemia is associated with a variety of long-term complications and a high
risk of mortality.®® Therefore, the discovery of novel therapies that are more effective and less toxic
would be of great clinical benefit.

Transcription factors control the expression of essential genes to maintain normal hematopoiesis.
Mutations or dysregulated expression of these transcription factors play important roles in
leukemogenesis.” Transcription factors have been considered as difficult drug targets, however, recent
studies have shown that transcription factors can be targeted for cancer therapy by inhibiting their
association with interacting cofactors.!” ' We have studied the cAMP response element binding protein
(CREB), a transcription factor that promotes AML cell proliferation and survival, as a potential
therapeutic target for acute leukemia. Overexpression of CREB protein in AML cells is associated with a
significantly worse prognosis.'> '3 CREB overexpression in AML cells augments their growth rate and
confers resistance to apoptosis.!? Conversely, CREB knockdown in AML cells decreases cell proliferation
and induces apoptosis without any effects on long-term engraftment of hematopoietic stem cells
(HSCs).!'* 15 Upon activation by phosphorylation at Ser133 of the Kinase Inducible Domain (KID), CREB
recruits co-activator CREB binding protein (CBP) through the interaction of phosphorylated KID with the
KID Interacting (KIX) domain. The CREB/CBP complex turns on the expression of CREB-driven genes

that regulate cell proliferation and survival.'¢-13



Using an NMR-based screening approach to identify small molecules that bind to KIX,
Montminy et al. reported that KG-501 1 disrupted CREB-CBP interaction with an 1Cs, of around 90 pM,
but attenuated the transcriptional activity of CREB when added to cells with a much higher potency
(Figure 1)." Subsequent work by Xiao and coworkers showed that KG-501 1 is neither stable in tissue
culture media nor cell permeable and that the dephosphorylated product, naphthol AS-E 2, is significantly
more potent in cells, presumably due to improved permeability (Figure 1).2° Subsequent structure-activity
relationship (SAR) studies of 2 by Xiao showed that a small, electron-withdrawing group at the para
position in the phenyl ring was favored for inhibiting KIX-KID interaction and cancer cell viability
through the downregulation of CREB-dependent gene expression.?! To demonstrate the feasibility of
targeting CREB as a treatment for acute leukemia, we recently described a small molecule inhibitor of
CREB, XX-650-23 (N-(4-cyanophenyl)-3-hydroxy-2-naphthamide) 3, a compound originally based on 2
in collaboration with Xiao’s group.?> Compound 3 changes the expression of CREB-target genes, leading
to cell-cycle arrest and apoptosis of AML cells and increased survival of AML xenograft mice with no
toxicity to normal cells or animals. Despite significant interest in the development of clinical candidates
based on 3, little is known about the'SAR for this scaffold. In this work, we highlight our recent efforts to
develop a comprehensive understanding of SAR for 3 with the goal of identifying a lead candidate for

acute leukemia therapy with improved potency and physicochemical properties.

1, Naphthol AS-E phosphate 2, Naphthol AS-E 3, XX-650-23
(KG-501)

Figure 1. Structures of the CREB-CBP binding inhibitor KG-501 (1) and CREB-CBP pathway inhibitors

naphthol AS-E (2) and XX-650-23 (3).



Compound 3 binds specifically to the CREB KIX domain and was found to suppress the
proliferation of AML cell lines and primary human AML cells with low micromolar ICs,. 3 inhibits
histone H3 K27 acetylation in CREB-bound genes and CREB KIX-CBP KID domain interaction,
resulting in suppression of CREB-dependent transcriptional activity to induce apoptosis and G1/S arrest
in AML cells. Furthermore, 3 prolonged the median survival and reduced disease burden in AML
xenograft mice.?? However, due to its moderate potency and relatively poor pharmacokinetic properties, 3
is not suitable for clinical application. In order to develop a more potent and metabolically stable CREB-
CBP inhibitor, we decided to develop a better understanding of the effect of each structural element on
the potency and metabolic stability of 3 following a strategy outlined in Figure 2. Using this approach,
we planned to explore the SAR of various salicylamides in four key areas: (a) the evaluation of naphthyl
mimetics, (b) substitutes for the inter-connecting amide group, and (c) the effect of different substituents
and substitution patterns on the salicyl and anilide ring systems. The inhibitory potency of these
compounds was then assessed on cellular viability of acute leukemia cell lines and KIX-KID interaction.
Potent lead compounds were further investigated for the CREB KIX-CBP KIX domain interaction

inhibition potency, in vitro toxicity in normal bone marrow cells and metabolic stability.

Alteration of
amide group

Substitution
patterns on
Substitution anilide ring
patterns on
salicyl ring

Removal/Substitution
of naphthyl-OH group

Figure 2. Strategy to probe structure-activity relationships (SAR) of XX-650-23 (3).

Our initial efforts focused on the role of the naphthalen-2-ol group of 3. As shown in Table 1,

removal (4) or methylation (5) of the naphthyl-OH group completely abolished the cytotoxic activity



against AML cell lines, HL-60 and KG-1. Interestingly, the acetylated derivative, 6, showed similar
potency in inhibiting the viability of AML cell lines. It is possible that this ester is hydrolyzed to release
compound 1 in vitro, which could explain the similar ICs, values in both AML cell lines tested. It is worth
noting that this could allow for the exploration of a pro-drug strategy in order to modulate the
physicochemical properties of 3. In an effort to explore other hydrogen-bond donors, anilines (7 and 8),
indole (9) and 2-pyridone (10) analogs were tested but all were observed to have little biological activity
against AML cells. This suggests that the presence of the naphthalen-2-ol is essential for the biological

activity of 3.

Table 1. SAR of naphthalen-2-ol modifications.

Cell ICs, (LM)?

1. SOCl, (5.0 equiv), DMF (0.2 equiv) CN Entry R=
0 DCM, 25 °C, 12 h o HL-60 KG-1
RXOH RJ\N
2. 4-aminobenzonitrile (2 equiv) H OH
DCM, 25 °C, 12 h .
3 ‘ ’ 1.58 1.23
4 >10 >10
OMe
5 ' > 10 >10
OAc
6 1.69 1.70
NH,
7 © > 10 > 10
cl
"
8 ° 1. >10 >10
cl
NH
9 % >10 >10
(0]
10 HN | . >10 >10
N




Cell viability measured via CellTiter-Glo kit; average of triplicates reported.

To determine the importance of the inter-connecting amide moiety, we first explored the
constitutional isomer of 3 in which the carbonyl and amide nitrogen are transposed (11), and found it to
be inactive against AML cells. Substitution with a ketone (12) or N-methylation (13) also displayed no
activity in AML cells, suggesting that the amide hydrogen plays a key role as a H-bond donor or perhaps
stabilizes the desired conformation. Similarly, replacement of the amide group with a sulfonamide 14
abolished activity. The salicylamide isosteres, 15 and 16, were also prepared and tested. The substitution
of salicylanilide motif with benzimidazole or aminoindazole groups did not produce active compounds

against AML cell lines, suggesting that the salicylanilide group may be uniquely active.

Table 2. SAR of amide group modifications.

Cell ICs) (LM

Entry Structure HL 60 KG-1

OH CN
11 N >10 >10
| )
OH O O CN

12 >10 > 10

F
OH O /@/CN
13 N >10 >10
F
OHO[ 0 /@(CN
14 S\ >10 > 10
H
E
H‘N CN
15 Q/'k O >10 > 10
N
H
OH h{/@*CN
N
16 H >10 > 10

aCell viability measured via CellTiter-Glo kit; average of triplicates reported.



Previous exploration of SAR for this motif focused on substitutions of the anilide ring while
much less was known about SAR of the salicyl portion of 3. We prepared the 1-hydroxyl-2-naphthamide
17 and 2-hydroxy-1-naphthamide 18 analogs (Table 3). These modifications slightly decreased the
potency in both AML cell lines, suggesting that substituents in positions 4 and 5 of the salicyl ring are

preferred.

Table 3. Antiproliferative effects of naphthamide analogs on AML cells.

Cell ICs, (uM)*

Entry Structure
HL-60 KG-1

OH O /©/CN
17 N 341 272

OH O /@/CN
L
18 ‘ 4.43 3.76

2Cell viability measured via CellTiter-Glo kit; average of triplicates reported.

We further explored the effect of substituents in the salicyl ring. The synthetic scheme for
preparing a series focusing on the salicyl ring is depicted at the top of Table 4: generally, salicylic acid
derivatives were first converted to the corresponding acid chlorides using SOCI,, which was followed by
the amide coupling step using excess aniline (See Supplemental Information for experimental details).
Replacing the fused naphthyl ring with a biaryl system resulted in a slight gain of potency when a phenyl
group occupied position 4 (19), but a slight loss of potency with the phenyl group in position 5 (20).
Replacement of the phenyl ring with 4-pyridyl (21 and 22) and 3-pyridyl (23 and 24) rings led to a 5- to
10-fold drop in potency. Given these results, our next efforts were focused on understanding the SAR of
salicylamides containing a phenyl (25) rather than a naphthyl ring. Removal of substituents on the phenyl
ring decreases activity suggesting that functional groups meta and para to the carbonyl group are
necessary for potency (25). In general, it was found that the presence of a halogen in position 5 (R3) of the

salicyl ring, such compounds 29 and 30, correlated with improved potency relative to the unsubstituted



analog 25. A moderate increase in potency was observed with a benzyl group 26, whereas a minor boost
in potency was seen with trifluoromethyl 37 and trifluoromethyl 40. The only significant decrease was
seen with the para-methoxy substituent 44. A similar SAR pattern was observed for substituents at
position 4 (R?) and very little, if any, improvement could be made with substitution at positions 3 and 6
relative to the N-(4-cyanophenyl)salicylamide 25. The nature of the halogen also plays a role: the fluoro-
derivatives were, in all cases, slightly less potent than the bromo- or chloro- analogs. However, it is not
clear that this is an electronic effect or simply related to slight differences in lipophilicity affecting cell
permeability.

Next, we explored the effect of combined substituents on the salicylring in order to understand
whether double substitutions have a synergistic effect or lead to a loss of potency (46 and 47). We
observed the highest potency when a phenyl group occupied position 4 (19), or the introduction of
bromine (29) or chlorine (30) at position 5 of the salicyl ring. Compounds that contained both a phenyl
group at position 5 and a halogen (46 and 47) at position 4 showed no further significant improvement in

potency.

Table 4. SAR of 2-Hydroxy-phenyl modifications.

CN
‘ OH O 1. SOCI, (5.0 equiv), DMF (0.2 equiv) ) OH O /©/
R on  DCM.25°C, 12h R N

2 4 2. 4-aminobenzonitrile (2 equiv) 2 4
R R R DCM, 25 °C, 12 h R RS R

Cell IC5, (uM)?
Entry R! R? R3

HL-60 KG-1

19 H Ph H H 0.70 0.41
20 H H Ph H 1.35 1.30
21 H 4-Pyridyl H H 7.09 8.84
22 H H 4-Pyridyl H 5.41 7.99
23 H 3-Pyridyl H H 6.66 7.94
24 H H 3-Pyridyl H 7.96 8.33
25 H H H H 4.62 5.37
26 H H Bn H 1.74 1.93
27 Br H H H 291 3.26
28 F H H H 5.39 9.69



29 H H Br H 0.62 1.29
30 H H Cl H 0.70 1.86
31 H F H H 1.38 3.15
32 H H F H 1.42 2.67
33 H Br H H 1.21 1.45
34 H Cl H H 1.30 1.92
35 H H H F >10 >10
36 H CF; H H 1.03 1.44
37 H H CF; H 3.12 4.81
38 Me H H H >10 8.98
39 H Me H H 2.42 2.56
40 H H Me H 3.92 3.37
41 H H H Me 6.86 7.94
42 MeO H H H >10 >10
43 H MeO H H 5.47 5.43
44 H H MeO H >10 >10
45 H H H MeO > 10 >10
46 H Ph Cl H 0.52 0.48
47 H Ph Br H 0.70 0.85

2Cell viability measured via CellTiter-Glo kit; average of triplicates reported.

Concurrent with an exploration of SAR of the salicyl ring, a series focusing on the anilide moiety
was generated. As derivatives with halogens in either position 4 or 5 or a non-substituted phenyl in
position 4 of the salicyl ring were the most potent against AML cell lines (Table 4), we designed several
salicylamide derivatives bearing different substituents on the anilide ring and explored their activity
against leukemia cell lines (Table 5). Derivatives with a cyano group in position 4 (48) or without a
cyano group.in the position 2 (49) were significantly less potent than compounds with the same group in
position 4 of the anilide group (32). In general, it was found that anilides bearing electron-withdrawing
groups were significantly more potent. When trifluoromethyl, trifluoromethoxy, and nitro groups
occupied the position 3 (R*) or 4 (R?) of the anilide ring, we observed increased potency in AML and
ALL cell lines (Table 5 entries 50—63), while derivatives containing fluoro, chloro, acetyl, ester, phenyl,
methoxy, and sulfonyl groups were significantly less potent (data not shown). Based on our observations
that the most potent compounds contained anilides bearing electron withdrawing groups, several analogs

containing two substituents on the anilide ring were prepared. We observed that compounds with two



trifluoromethyl groups (Table 5, entries 64—73) were, in general, more potent in AML and ALL cell lines
than compounds with single trifluoromethyl group on the anilide ring. While single halogen substituents
on the anilide ring decreased potency, we observed a boost in potency when two halogens were
introduced (74-78). The combination of a chloro group with either a trifluoromethoxy or a
trifluoromethyl substituent did not further enhance the potency against leukemic cells (79—84). Similarly,
derivatives with both a chloro and a cyano group did not significantly increase the potency compared to

derivatives bearing two chloride groups (85-87).

Table 5. SAR for anilide ring.

RS
R4
OH O 1. SOCI, (5.0 equiv), DMF (0.2 equiv) QRO
oH DCM, 25 °C, 12 h N RS
R 2. Aniline (2 equiv) R R®
R2 DCM, 25 °C, 12 h R
# R! R R? RY R® RS Cell IC5, (M)
HL-60 KG-1 Jurkat Nalm6

48 H F CN H H H 775 9.10 nd? n.d.
49 H F H H H H >10 > 10 n.d. n.d.
50 H F H CFs H H 0.49 1.70 0.58 2.09
51 F H H CF, H H 0.68 0.74 0.80 1.53
52 H F H H CF, H 0.97 1.01 0.84 1.80
53 H cl H CF; H H 0.51 0.74 0.71 121
54 cl H H CF, H H 0.63 0.58 0.67 1.18
55 H Br H CF, H H 0.58 0.61 0.62 1.09
56 Br H H CF, H H 0.36 0.34 0.50 0.69
57 CF, H H CF, H H 0.38 0.78 0.82 112
58 Ph cl H CF, H H 0.49 0.77 1.16 0.80
59 Ph Br H CF, H H 0.54 0.40 0.74 1.00
60 F Br H CF, H H 0.45 0.82 0.88 1.30
61 H F H OCE, H H 0.85 0.78 0.81 121
62 H F H H OCF, H 0.73 0.83 0.70 1.37
63 H F H  NO, H H 0.52 1.10 0.94 2.08
64 H F CF, H CF, H 0.32 0.47 0.50 0.62
65 H cl CF, H CF, H 0.16 0.50 0.48 0.63
66 cl H CF, H CF, H 0.20 0.62 0.57 0.85
67 H Br CF, H CF, H 0.29 0.30 0.35 0.59
68 Br H CF, H CF, H 0.27 0.83 0.93 1.20
69 Ph H CF, H CF, H 1.14 0.86 1.24 1.58
70 Ph cl CF, H CF, H 0.79 043 0.54 0.56
71 Ph Br CF, H CF, H 0.43 0.30 0.68 0.84
72 F cl CF, H CF, H 0.43 0.47 0.73 2.13
73 F Br CF, H CF, H 0.25 0.51 0.70 0.95
74 H F cl H cl H 0.60 0.78 0.71 1.44
75 H F H cl H cl 0.89 0.85 0.88 1.62



76 H F Cl Cl H H 0.66 0.76 0.67 1.37
77 H F Cl Br H H 0.60 0.67 0.86 1.25
78 H Cl Br Cl H H 0.78 0.68 1.35 3.07
79 H Cl Cl OCF; H H 0.45 0.46 0.84 1.05
80 H F Cl OCF; H H 0.55 0.37 0.70 1.00
81 H Cl H OCF; H Cl 0.65 0.62 0.88 1.35
82 CF; H Cl OCF; H H 0.38 0.64 0.79 0.95
83 H Cl Cl CF; H H 0.46 0.45 0.69 1.22
84 H F CF; Cl H H 0.60 0.54 0.53 0.97
85 Br H Cl CN H H 0.44 0.96 0.75 0.92
86 H Cl H CN H Cl 0.50 0.86 0.62 0.73
87 Br H H CN H Cl 0.73 0.79 0.75 1.86
88 H F H NO, H Cl 0.28 0.49 0.53 0.91
89 H Cl H NO, H Cl 0.30 0.36 0.40 0.62

2Cell viability measured via CellTiter-Glo kit; average of triplicates reported.

bn.d.: not determined.

We found compound 88 to be particularly intriguing, as it bears significant resemblance to the
widely-used anthelmintic Niclosamide 89,232 having the salicylanilide core, an electron withdrawing
halogen para to the naphthyl hydroxyl group of the salicyl ring, and an electron-withdrawing nitro group
para to the anilide. Niclosamide has been reported to have anti-tumor activity in several cancers by
targeting several oncogenic signaling pathways including Wnt/p-catenin, mTORC1, STAT3, NF-xB, and
Notch.?>3% Indeed, when Niclosamide was tested in our hands, it was found to inhibit cellular viability of
AML cells by inducing apoptosis and cell cycle arrest, with minimal toxicity in normal bone marrow
cells.! Additionally, Niclosamide was observed to inhibit KIX- KID binding interaction and CREB-
dependent transcriptionin a dose-dependent manner. Primary xenograft models with AML patient
samples demonstrated that Niclosamide inhibits AML disease progression in vivo and prolongs survival.
Niclosamide also potentiates the cytotoxic effect of other chemotherapy drugs including Daunorubicin,
Vincristine, and Mitoxantrone.?!

Finally, we decided to investigate the potency of 8-hydroxyquinolines derivatives. Replacement
of the naphthyl ring with an 8-hydroxyquinoline derivative (90) displayed impressive potency against
AML and ALL cell lines except KG1. We further investigated the activity of derivatives of 90 against

leukemia cell lines (Table 6). Interestingly, these derivatives with structural modification of the anilide



moiety slightly decreased the potency of all tested derivatives (92—100), while the introduction of

bromine in the quinoline moiety resulted in similar potency (91).

Table 6. 8-Hydroxyquinoline modifications.

Cell IC5) (uM)?
HL-60 KG-1 Jurkat Nalm6

# Structure

OH O CN
/N
0 [ N 037 232 018 013
OH O /©/CN
N
= N
91 &j@%“ 033 ndb 023 021
Br

2 [ N 0.68 351 055 038
F
93 N oH O /@ 051 334 043 031
z N F
\ H

9 N NQ 0.61 356 043 045
X H Cl
OH O o
95 N . 0.63 330 051 038

CN

9% n NQ 089 377 027 035
X Hoen
OH O SR
97 WN 073 326 042 037
H
X

OH O N
98 @)LN 091 367 055 042
H
X
OH O CN
9 N . 071 324 027 023
H

x
OH O cl
100 N N 079 354 0.17 0.28
H
X CN

2Cell viability measured via CellTiter-Glo kit; average of triplicates reported.

bn.d.: not determined.



To confirm whether our lead compounds can inhibit the CREB-CBP pathway, we performed the
split Renilla luciferase (RLuc) complementation assay in which the RLuc activity can be reconstituted
only when N-terminal RLuc (RLucN) fused with KID and C-terminal RLuc (RLucC) fused with KIX are
brought to a close by KIX-KID interactions.?’ Without interaction between KIX and KID domains, the
RLuc fragments cannot exhibit emission of light in the presence of substrate coelenterazine. Therefore,
the emitted light from the reconstituted Renilla luciferase represents the binding activity of KIX and KID,
allowing us to access the KIX-KID interaction inhibition potency of lead compounds in live cells. There
was a positive correlation between KIX-KID interaction inhibitory activity and the potency in leukemia
cells. Consistent with their loss of potency in leukemia cells (Tables 1-4), removal of naphthyl-OH (4),
modification in the amide group (11) or methoxy substituent in the salicyl ring (44 and 45) showed
significantly less CBP KIX-CREB KID interaction inhibitory activity (Figure 3). As the introduction of a
bromo (29) or chloro (30) in position 5 of the salicyl ring modestly improved potency in AML cell lines,
their KIX-KID inhibitory potency was marginally increased (Figure 3). The presence of two
trifluoromethyl groups in anilide ring of compounds with a halogen in position 5 (66 and 67) or a non-
substituted phenyl in position 4 with'a halogen in position 5 (71) of the salicyl ring led to the significant
enhanced KIX-KID inhibitory activity (Figure 3), consistent with their improved potency in leukemia
cells. Furthermore, we have assessed the direct inhibitory effect of lead compounds (66, 67 and 71) on
KID-KIX interaction with a fluorescence polarization (FP) assay. The assay measures a BODIPY-labeled
phosphorylated KID domain of CREB and KIX domain of CBP using FP to provide the degree of KIX-
KID interaction. In the presence of an inhibitor, BODIPY-labeled phosphorylated KID domain could not
bind to the KID domain, which decreases the FP as a result of the increase in the mobility of the
BODIPY-labeled KID domain. Consistent with the split RLuc complementation assay data, these
compounds (66, 67 and 71) led to a decrease in fluorescence polarization (Supplementary Figure 1).
Compounds 66, 67 and 71 showed a similar potency in leukemia cells and KIX-KID inhibition with 88
and Niclosamide 89 (Figure 3), suggesting our lead compounds are targeting CREB-CBP for anti-

leukemic activity similar to Niclosamide 89.
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Figure 3. Split Renilla luciferase assay for CBP KIX-CREB KID interaction. RLucC-KIX and KID-
RLucN expressing vectors were transfected into 293 cells. Transfected cells were treated with compounds
half hour before forskolin treatment. Cells were incubated with the indicated amounts of compounds for
additional 90 min. If compounds block the association of KIX and KID domain, light emission by Renila
luciferase activity will be diminished. Renilla luciferase activity was measured using coelenterazine. Data

are presented as mean + SEM (n=3).

Though their enhanced potency in leukemia cells, 8-hydroxyquinoline derivatives did not inhibit
KIX-KID interaction (Figure 4), suggesting the naphthyl group is critical to provide specificity for the

inhibitory effect on KIX-KID interaction.



=

n

o
1

=
=
o

=
o
L

(-]
o
I

V(i
AL TR

oln-—f")lnr-olnx—ﬁlcr-emiﬂ-—Nlnr-nm-—mlni-nm‘—nllnr-nm‘—ﬂmr-m.m_rNu-)r-nlq‘—Nlnr-mln-—Nlnr-nm-—wlnr-nlrfv—mlnlsnln‘—ﬂmr-l.lM
=l =] co

Split RLuc activity
(% of control)

s
o

n
o

o

DMSH

3 90 91 92 93 94 95 96 97 98 99 100

Figure 4. Split Renilla luciferase assay for assessing the effects of 8-Hydroxyquinoline derivatives
on CBP KIX-CREB KID interaction. HEK 293 cells transfected with RLucC-KIX and KID-RLucN
expressing vectors were treated with 8-Hydroxyquinoline derivatives, and then Renilla luciferase activity

was measured using coelenterazine. Data are presented as mean £ SEM (n=3).

Compound 3 and Niclosamide 89 suppress leukemia cell viability in vitro and leukemia disease
progression in vivo by inhibiting CREB-dependent gene transcription and KIX-KID interaction with little
toxicity on normal human hematopoietic cells or mice.?> 3! As CREB knockdown using shRNA inhibited
AML cell growth without affecting the proliferation of normal hematopoietic cells,'* > we expected that
targeting CREB would be associated with less toxicity than conventional chemotherapy. Thus, the
potential toxicity of lead compounds was assessed in normal bone marrow (BM) progenitor cells. In vitro
colony formation activity of normal BM hematopoietic progenitor cells was not significantly inhibited up
to 10 uM of 67 and 71, consistent with 3 and Niclosamide 89 (Table 7). Though 90 inhibited colony
formation activity of normal bone marrow cells (ICsy: 3.07 uM), its 10-fold therapeutic window is still
enough for clinical application.

Since 66, 67, 71, and 90 showed low toxicity in normal BM cells as well as excellent potency in
leukemia cells, these compounds were evaluated for in vitro metabolic stability. However, compound 3
and Niclosamide 89 is metabolically unstable, limiting its development as a drug for the treatment of

AML.*? Therefore, we evaluated in vitro metabolic stability of our promising lead compounds to



determine what should be further profiled in pharmacokinetic (PK) studies. The microsomal metabolic
stabilities of these compounds were determined with human (HLM) and mouse liver microsomes (MLM)
(Table 7). 3 and Niclosamide 89 showed poor in vitro metabolic stability in both HLM (T,: 44.9 min
and 21 min) and MLM (T;,: 5.5 min and 6.6 min) (Table 7). 90 showed improved in vitro stabilityin
both HLM and MLM (T} ,;: 124.1 min and 156.7 min). Compound 67 showed an excellent potency in
leukemia cells and KID-KIX inhibitory activity, however, it was unstable in HLM and MLM assays. N-
[3,5-Bis(trifluoromethyl)phenyl]-4-chlorosalicylamide 66 observed a significant improvement in stability
when incubated with human microsomes (T;,: 159 min). However, this modification did not improve
metabolic stability in mouse liver microsomes (T,: 31.8 min). Liver microsomes from mouse and human
have the specific enzyme activities of cytochrome P450 with different cytochrome P450 isoforms 33,
which can account for the discrepancy we observed for compound 66. However, compound 71, bearing a
phenyl group in position 4 and bromine at position 5 was stable in both human and mouse liver

microsomes.

Table 7. Toxicity and in vitro metabolic stability data.

Structure Normal BM cells Metabolic Stability (T;)
IC5 (uM)) HLM (min) MLM (min)

” > 10 44.9 5.5

w

CF3

CFs > 10 52 29.1

Iz

67

Br

CFy
oH O

71 (W >10 159 159

O

OH O NO.
N/Q/
89 Hoa >10 21 6.6

Cl



v 3
/N N

90 3.07 124.1 156.7

I

Due to their excellent in vitro potency and improved in vitro metabolic stability, 71<and 90 were
further evaluated by profiling pharmacokinetic (PK) properties in NOD.Cg-Prkdcs<i@ [12rg™"i/Sz] (NSG)
mice after single intravenous (IV) administration (2 mg/kg). The time-concentration profiles of
Niclosamide 89, 90, and 71 in mouse plasma were shown in Figure S, and the pharmacokinetic
parameters were listed in Table 8. Compared with Niclosamide 89, 71 displayed a higher plasma
concentration (0.12 ng/ml vs. 19.0 ng/ml) and longer elimination phase half-life (0.56 h vs. 2.05 h),
suggesting that introduction of a phenyl group in the salicyl ring of 71 led to better pharmacokinetic
properties than Niclosamide 89. Interestingly, compound 90 also showed enhanced pharmacokinetic

performance (T;: 2.05 h).
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Figure 5. The plasma concentrations of 71, 90, and Niclosamide 89 after a single intravenous
administration to mice. The compounds were dissolved in DMSO/Kolliphor EL (Sigma)/water (3/5/82),
and then administered into NOD.Cg-Prkdcs 112rg™!"i'/Sz] (NSG) mice intravenously at a dose of
2mg/kg. The levels of compounds were determined in the plasma at various times after the intravenous

injection.



Table 8. Pharmacokinetic profile of 71, 90, and Niclosamide 89.

f gk RO Tn®) il ombny MRTew® o) (meiegmh gy
89 2 v 0.56 536 536 0.404 0.0025 0.0037 0.0015
71 2 v 2.05 2249 2334 1.016 0.0030 0.00086 0.00087
90 2 v 1.39 4070 4089 0.458 0.00098 0.00049 0.00022

Compound 1 and Niclosamide 89 induce apoptosis and G1/S arrest.?? 3! Though 90 showed
excellent cellular potency, in vitro microsomal stability and PK properties, compound 90 did not inhibit
KIX-KID interaction (Figure 4). To identify the mechanism of anti-leukemic cell cytotoxicity of 90 and
71, apoptosis and cell cycle analysis studies of compound-treated cells were performed. Apoptosis was
assessed using Annexin-V/DAPI double staining and anti-cleaved PARP (poly(ADP-ribose)polymerase)
(cPARP) antibody staining. While both 90 and 71 elicited apoptosis at early (Annexin-V*/DAPI") and late
(Annexin-V*/DAPI") stages after 1day treatment, significantly fewer cells entered apoptotic stage by
compound 90 compared with compound 71 (Annexin-V*: 9.3% vs. 39.7%) (Figure 6A). We further
investigated whether these compounds induced apoptosis through the activation of Caspase-3 by
measuring cPARP-positive population 34. cPARP-positive population was increased 1d after treatment of

90 and 71 (cPARP*: 17.3% vs. 58.1%) (Figure 6B).
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Figure 6. Treatment of compound 90 and 71 induces apoptosis. HL60 cells were treated with compounds
(1 uM) for 1d. (A) Apoptotic cells were assessed by Annexin-V/DAPI double staining. Compound 71
induced a higher percentage of early apoptotic (Annexin-V*/DAPI") and late apoptotic (Annexin-
V*/DAPTI") populations than compound 90. Percentages of early and late apoptotic cells are shown as
mean + SEM (n=3). (B) Cells were fixed, and then stained with anti-cleaved PARP (cPARP) antibody

and DAPI. Percentages of cPARP* apoptotic cells are indicated as mean £ SEM (n=3).

Sinee CREB knockdown using shRNA or CREB inhibition by treatment with compound 3 and
Niclosamide causes aberrant cell-cycle progression at the G1/S transition and G1 phase arrest,?>3! we
further investigated the effects of 90 and 71 on the cell cycle progression. Consistent with 3 and
Niclosamide 89 as a CREB pathway inhibitor, 71 induced G1 cell cycle arrest with increased cell
population at G1 phase (control vs. 71-treated cells, 48.37 + 0.15% vs. 69.77 = 0.58%, mean + SEM (n =

3), p <.001), but decreased cell populations at S, G2, and M phases (control vs. 71-treated cells, S: 27.50



+0.57% vs. 14.27 £ 0.15%; G2: 21.40 + 0.42% vs. 14.37 + 0.43%; M: 2.64 + 0.06% vs. 1.23 + 0.08%,
mean £ SEM (n = 3), p <.001) (Figure 7A & B). Conversely, 90 showed defective S/G2 transition with
enhanced percentage of S phase cells (control vs. 90-treated cells, 27.50 + 0.57% vs. 33.70 &+ 0.26%,
mean £ SEM (n = 3), p <.001, Figure 7A & B) and suppressed Cyclin B expression in G2 phase
population (Cyclin B MFI, control vs. 90-treated cells, 1196.33 + 40.48 vs. 875.33 +£41.90, mean + SEM
(n=3), p <.01, Figure 7C). Next, we investigated the effects of 90 and 71 on the expression of CREB
target genes, RFC3 and POLD2. RFC3 and POLD?2, critical players in DNA synthesis and repair,3* have
been shown to be downregulated by CREB knockdown and CREB inhibitors including Niclosamide 89.
22,36,37 Our quantitative RT-PCR results showed that mRNA expression levels of RFC3 and POLD? are
suppressed by compound 71 (Figure 8). This data indicates that 71 exerts its inhOibitory effect on
leukemia cells by inducing cell cycle arrest at G1 as well as apoptosis through inhibiting CREB-

dependent pathway consistent with compound 3 and Niclosamide 89.
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Figure 7. Effect of compound 71 and 90 on cell cycle progression. HL60 cells were treated with
compounds (1 uM) for 1d. Cells were stained for assessing DNA content (DAPI) and levels of p-H3,
Cyclin A and Cyclin B. (A) Cell cycle profiles of DMSO or compound-treated HL-60 cells were shown
as the bivariate distribution of DNA content versus the level of phosphorylated Histone H3. (B)
Percentages of cell populations residing at each cell cycle stage determined by DNA content (DAPI) and
levels of p-H3, Cyclin A and Cyclin B using FlowJo software were plotted as mean = SEM (n = 3). (C)
Protein levels of the Cyclin A and Cyclin B in G2 phase cells were assessed by flow cytometry analysis.
Median Fluorescence Intensities (MFI) of Cyclin A and Cyclin B were graphed as mean + SEM (n = 3).
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Figure 8. Downregulation of CREB-target genes (RFC3 and POLD?) following treatment of compound
71, not compound 90. HL60 cells were treated with compound 71 or 90 (1 uM) for 1d. RFC3 and POLD2
mRNAs were assessed by RT-qPCR and normalized against 7SL IncRNA expression level. The data

represent means of three independent experiments + SEM. *, p <.05; **, p <.01.



We have conducted a thorough investigation of the SAR around the lead salicylamide, XX-650-
23 3, and have discovered numerous molecules that have improved potency in acute leukemia cells, CBP
KIX-CREB KID interaction inhibitory activity, and physicochemical properties, whilst maintaining low
toxicity in normal human hematopoietic cells. Our study showed that adding trifluoromethyl,
trifluoromethoxy or nitro group to the position 3 or 4 of the anilide ring significantly increased the
potency of XX-650-23 3 in acute leukemia cells and the inhibitory KIX-KID interaction activity.
Furthermore, the addition of a phenyl group in position 4 and a halogen in position 5 of the salicyl ring
improved the physicochemical properties of compounds bearing two trifluoromethyl groups in the anilide
ring while maintaining potency in leukemia cells and KIX-KID interaction inhibition with low toxicity to

normal bone marrow cells.
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Introducing halogen to the 4, 5
position required for potency.
Phenyl group in the 5 position
required for potency and
metabolic stability.

Amide group required for potency:
modification of amide group
causes loss of activity.

Replacement of naphthyl ring
with an 8-hydroxyquinoline
maintains potency against
leukemia cells and metabolic
stability, but causes loss of KIX-
KID interaction inhibitory activity.

Introducing nitro, trifluoromethyl,
or trifluoromethoxy group to the 3,
4 position of anilide ring required
for potency.

Naphthyl-OH group required for
potency: removal of
modification of naphthyl-OH
group causes loss of activity.




