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wmme  CK 18 can be medically targeted in human breast cancer subtypes overex-
pressing this kinase. The invention further provides a method of treating can-
cer, such as a breast cancer, melanoma, glioblastoma, medulloblastoma, ren-
S al, bladder or colon cancer, or a cancer that metastasizes to the brain, lung, or
Pttt N bone provided that both elevated CK16 and p-catenin dependence are in-

3 - SERS . . .
Eﬁ volved in those metastatic diseases. The cancer can be a breast cancer of the

A B
oKis SidTisswe
Nomal 5 Bl HERQ: it A

ke

LuminalB___Undlaasified

Normal 0 RkSeq

RN agresion

=066
p=<00001

CEHID Log,

Sontrol

£
5 ¢
-+ MDAMB-231

AN . .
@N”FN,,) g triple negative subclass of breast cancers (TNBC), or can be an HER+ breast
SRz =T =
LN B cancer.
H | J
-}CF7 - DAME: -
120) NDA Bt 20 Dggggﬁm 20 e EW G,
gaﬂ Say = 150 I
28 5 B e P
s4 4 25 I 3y %
* Zg *1? afs Ume Ben B-n Z
RS & S ¢ SRS @ $ MMRAY

—_— _— ¥ o
W SR-3029 TIMISR3023 P CKT5

i on 15
g0 2% 5 SRNA
(2 1 210 G
240 i g0 Bos S OKE
& s H T Adin

[ 3 Foo

SEasss

K1 CKle

FIG. 1

Het!

" ht



WO 2017/066055 A1 |IIIWAT 00N 000 A

Published:
—  with international search report (Art. 21(3))



WO 2017/066055 PCT/US2016/055436

Therapeutie Targeting of Caseln Kinase 18 in Breast Cancer

CROSS-REFERENCE TO RELATED APPEICATION
This application claims the priority of U S, provisional application serial number
62/240,683, filed October 13, 2018, the disclosure of which is incorporated herein by reference

in its emtirety.

STATEMENT OF GOVERNMENT SUPPORT
This invention was made with governovent support under CA175094 from the National

Institutes of Health. The government has certain rights in the invention.

BAUKGROUND

Breast cancer accounts for nearly one quarter of all cancer diagnoses and is the principle
cause of cancer-related mortality in women worldwide (/, 23 Currently, treatment selection for
breast cancer is based on pathological information and histological grade, and on the expression
status of the estrogen (ER), progesterone (PR) and epidermal growih facior 2 (HER2/neu)
receptors, where targeted trestments blocking receptor function have made improvement in
overall suwrvival ({, ). Indeed expression of ER and/or PR is a good prognostic factor and
predictive indicator for benefit from endoorine therapies and although HERZ overexpression
connotes adverse prognosis, patients greatly beneflt from anti-HER?Z targeted treatments (4, 5).

in contrast, the friple negative subclass of breast cancers (TNBC), defined by the absence
of the ER and PR receptors and the lack of HERZ amplification, have no targeied tregtment
options, are highly aggressive and exhibil poor prognosis {§ 7). Although breast cancer research
has pioneered and highlights the clinical benefits of targeted treatments, further identification of
drivers and associated signaling pathways, particularly for TNBC and HER?2 breast cancers, are
needed to instruct the development of targeted therapies, to extend disease-free survival and
improve the lives of cancer patients.

Casein kinase-1 delta {CK18) and epsilon {CK1¢) are two highly related serine/threonine
kinases known 1o regulate diverse cellular processes, including circadian rhythm, membrane

trafficking and the cyioskeleton, and both have been implicated in cancer (8-1/). Por example,
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myristolated CK 1z is sufficient to transform marnmary epithelial cells i vitro whereas
expression of a dominant-negative mutant of CK 18 impairs SV4@-induced mammary
carcinogenesis in vive (12} As kinases CK16 and CK g are eminently tractable for small
molecule drug discovery. Nevertheless, the contribution of these kinases to human cancer is
poorly understood and the non-selective nature of previcusly reported CK18/CK s inhibitors has
impeded validation of these kinases as anti-cancer targets (¢ /3-75). Indeed, pharmacologieal

cffects originally ascribed to inhibition of CK18/CK e are now known to be due to off-iarget

SUMMARY
This invention is direcied, in varicus embodiments, 10 a method of inhibiting CK 18§,
comprising contacting the CK18 with an effective amount or concentration of a compound of
formula (I}
Het'
N

e;sH
0
e
RNT N N
Art

(0,
wherein

each R is independently selected hvdrogen or (C-Cglalkyl, or two R groups bonded to a
nitrogen atom together with the nitrogen gfom can form a 5-7 membered heterocyelyl optionally
further comprising | or 2 heteroatoms selected from the group consisting of (3, §, and NR’,
wherein R’ is hydrogen or {C-Cglalkyl;

Ar' is an arvl or a S-membered or 6-membered heteroaryl, which is unsubstituted or is
substituted with 1-3 independently selected halo, {C-Cglalkyl, (Ci-Cofluoroalkyl, (Cy-
Ceralkoxyl, cyano, nitro, C{(=CINR,, OCEOINR,, N(RICEOOR, N(RYCEOR, or CEO0R;

Het' is a monocyolic or bicyelic heteroaryl, which is unsubstituted or is substituted with
I3 independently selected halo, (C-Cyalkyl, {Ci-Ceifluorcalkyl, {C-Cslalkoxyl, cyano, nitro,
CHEOINR,, QCEOINR,, NRYCEOOR, N(RYCEOR, or C=00R;

or a pharmaceutically accepiable salt thereof.
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In various embodiments, the invention is directed to a method of ireating cancer,
including but not limbted to breast cancer, melanoms, ghoblastoma, medulloblastoma, renal,
bladder and colon cancers, In addition, cancers Jike breast cancer that metastasize to the brain,
lung, bone are also amenable to reatment with our CK18 inhbitors, as long as both elevated
CK18 and B-catenin dependence are involved in those metasiatic diseases, The method of
treatment comprises administering o 8 pationt afflicted therewith an effective dose of a
compound of formula (17 as described above,

More specifically, the compound of formula (T} can be
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s/ ¥ (SR-3029),

or a pharmaceuntically acceptable sall thereof.
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S

The invention further discloses that cancers particularly susceptible to treatment with
CK1d inhibitors are those cancers with upregulated expression levels of both CX 16 and 8-
catenin, Accordingly, in various embodiments the invention provides a method of identifying an
gnticancer drug offective for treatment of 8 cancer in a patient, comprising determining z level of
CR 18 and 5 leve] of B-catenin in the patient and selecting & CK 13 inhibitor for a treatment
regimen if both the levels are elevated. Further, the invention provides a method of treating in g
patient a breast cancer, & melanomas, a glichlastoma, a medulioblastoma, or a renal, bladder or
colon cancer, or a cancer that metastasizes to the brain, lung, or bone, comprising determining if
slevated CK 18 and B-cateonin levels are present in the patient, and if both levels are slevated,
selecting a CK 18 inhibitor for a freatment regimen,

In various embodiments, the invention provides a method of treatment of a triple negative

subclass of breast cancers (INBC). In other embodiments the invention provides a method of
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freatment of an HER+ breast cancer. The methods comprise administering an effective dose of a

compound of formula (I} to a patient afflicted with the breast canger.

BRIEF DESCRIPTION OF THE FIGURES
Fig. 1 | C&F3 is a chinically relevant and effective target for select breast cancer subtypes,
(&) UKIJ mRNA expression in invasive ductal breast carcinomas ({3} vs. adjacent normal
fissue (M p=6.78e-15), (B) Expression of CKiaf, OKI18 and K e across PAMSE breast
cancer subtypes based on RNA-Seq data (n=%72 tumor samples, 113 solid tissue normal), Log2
normalized read count (RSEM) is shown () CSNKI D DNA copy number analyses in invasive
breast carcinomas clustered according to CE/J expression (n=303). Gene-level copy number
estimates {GISTICZ threshold): -2,-1,0,1,2, representing homozygous deletion, single copy
deletion, diploid normal copy, low-level copy number amphification, or high-level copy mumber
ampiification are shown. {B¥) Scatter plot of CSNKID Log, mRNA expression vs. Logy copy
number values {972 breast cancer patients). (£} CK18 and CKlc protein expression in indicated
breast cancer cell lines and MCFI0A mammary epithelial cells. () Chemical structure of 3R-
3029, {G) Anti-proliferative potency of SR-3029 in the indicated breast cancer cell lines. Diata
are plotted as % proliferation vs. vehicle {p=6). (H) Clonogenic growth and survival of indicated
cells in the presence of SR-3029 or vehicle (n=3; p=0.0008). (I} Percent apoptosis by PI
‘Annexin V FACS following 72 hr treatment with indicated doses of SR-3029 (n=3; ¥¥% Jefi fo
right p=0.0007 and 0.0001 ). (§) Left, Clonogenic growth of MDA-MB-231 cells overexpressing
CK 18 or GFP +/- SR-3029 (ne=3; #4% =0, 001, *%, p=0.0035). Righ, western blot confirming
CK1d overexpression +/- 30 nM SR-3029 at 48 br. (X} Relative growth ({gff; n=3, 2181, p=0.01,
sid2; p=0.003} and percent cell death by trypan blue exclusion was measured {pight; n=13, sidl;
p=0.01, 8162 p=0.027) § days afier transfection of MDA-MB-231 with non-targeting (NT) or
CK 18 siRNAs, (L) gPCR data and imumunoblot confirming knockdown of CK18 but not CKlse
{n=3; ¥*% o< 00013,
Fig. 2 | Inhibition of CKIH/CK 1 impairs orthotopie breast fumer growih i vive
{A) Effects of CKI18/CK ¢ inhibitors on growth and estgblishment of MDA-MEB-231-luc tumors
monitored by lununescence intensity over time. Mice were treated once per day with SR-302% or
vehicle (13:10:80, DMSO: Tween-80: Water) at 20 mg/kg by { p. injection. Arrow indicates start

of treatment (=¥ for gach cohorty ¥%, p=0.013. (B} Tumor size by huninescence and ()
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comparison of gross fumor size at day 55, Representative tumors are shown. (I8 Growth curves
of indicated TNBC tumor models in mice treated with vehicle (black lined or SR-302% (blue ling)
as above, Arrows indicate timing of fivst dose (w=8-10 for each cohort; *¥, p=0.01; #*%,
p=U.0008). (B} TUNEL staining on serial sections of vehicle and SR-3029 treated MDA-MB-
231 tumors (representative images are showny (white line scale=200 pm). (F) Kaplan-Meier
survival curves corresponding to studiss shown in (D) {p-value caloulated using log-rank test).
{3} Body weight of mice treated daily with SR-3029 (blue line) or vehicle (black line} was
followed for 8 weeks (n=8-10),

Fig. 3 | Silencing or inhibitien of CK18 provokes breast tumeor regression and efficiently
blocks growth of PDX breast models, (A) Lgft, gPCR data confirming efficient knockdown of
CKI4, but not of CKe transeripts, following 72 hr of treatment of MDA-MB-231-shCK16
gxpressing cells with Dox (0.3 pg/ml) (n=3; ¥*¥¥, p=0.0003)}. Righy, corresponding CK 19 profein
expression. (B) Cells expressing Dow inducible CK18 or non-targeting (NT) shRNA were treated
with | pg/ml Dox for 72 hr and transfected with vectors expressing CK16 or GEP cDNA
resistant (o shRNA. Following a further 72 hours, percent cell death was measured by trypan
blue exclusion in MDA-MB-231-sh{CK 18 (Black) and cells expressing non-targeting shRNAs
(NT- white} (=g %%, p=0.0001). () Growth of orthotopic MBA-MB-231-shCK 18 tumors in
mige +/- Dox (administered ad 1ib in chow, 200 myg/kg), as monitored by caliper measurements
{n=8 for each cobort; **, p=0.006). Arrow indicales addition of Dox. (B} CK1& knockdown in
tumor tissue isolated from three independent mice, 7 days after Dox administration began. (B}
Immuncblot comparing CK18 expression in exiracts of human novmal breast or three
independent BMC-4013 P tumors. (F) Growth cwrves of BOM-4013 PDX tumors in mice
treated with vehicle (black line) or SR-302% (blue Hre), Arrow indicates timing of first dose
(=12 for cach cohort; *¥*¥, p=0.0002). (G) Kaplan-Meier survival carve corresponding to
studies shown in {(F) (p-value caleulated using log-rank test). (H) TUNEL staining on serial
sections of vehicle and SR-3029 treated BMOC-4013 tumors (representative images ave shown)
{white line scale=200 wm).

Fig. 4 | Modulation of the Wat/B-catenin pathway is a biomarker for K18 activity and
imbibition. (A) Wnt pathway gones significantly enviched in CK 16 overexpressing human breast
tumors (fold change>2, p-value<(.03) (red 1s CK13 gene), (B} Effect of SR-3029 (+) or vehicle

(~} treatment {18 hr, 30 nM) on nuclear vs. cytoplasmic B-catenin in the indicated breast cancer
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cell lines. () Expression of active B-catenin (ABC) in MDA-MB-231 cells after 18 by treatment
with SR-3029 or vehicle or following transfection with CK 18 silNAs (harvested at 48 he). (I8
inhithition of TCF-dependent luciferase activity in MDA-MB-231 cells treated with increasing
doses of SR-3029 for 6 hr or following 5 days treatment with 1 pg/ml Dox 1o activate exprossion
of indicated shRNAs (u=3; ¥, p=0.013; *¥¥ p=0.0002). (E) Effect of CX 146 inhibition {lgff, 24
hr treatment with 100 oM SR-30629) or knockdown {#ighs, 48 hr after transfection) on expression
of indicated proteins and (F) mRNAs by immunoblot or gPCR, respectively (n=3). ()
BExpression of indicated mENAs 24 hr after trestment with 100 nM SR-3029 (n=3; *, p<0.05; **,
p<0.01; ¥%% p<Q.001; BFRPI p=0.0003; WNT3 p=0.001; WNTSA p=0.0007; MYC p=0.0271;
CONDY p=0.00584; CD44 p=0.0071) (H) TCOF-dependent uciferase activity in HEK293T celis
+- CK 18 shRNA expression (+/- Lug/ml Dox for 72 hr) followed by 3 hy treatiment with 1 pg/mi
Wat-3a (***, p=7.23E-05 and 5.578-06 left to right). (§) HEK293T cells stably expressing the
TCF-dependent luciferase reporter were transfected with a control vector or a constitutively
active {nuclear} mutant of B-catenin {($33Y) and incubated overnight +/- SR-3029 prier to
addition of recombinant Wnit-3a (3 hr) {representative of 3 independent experiments is shown;
wxk o= (0.0004 (gff) and C.0002 (righn)). (J) Immunostaining for ABC expression (white line
scale=200um). (X)) Relative growth 4 days after infection of indicated cell lines with lentiviruses
expressing either non-targeting (NT) or [-catenin shRNAs (n=3; Leff fo right, ¥, p=0.03, **¥,
p=0.0008, ¥¥* p=(.001, ***, p=0.001) and corresponding western blots (right panel).

Fig. S 1 CKI8 bs 1 pecessary and sufficient driver sf Wat/-catenin signaling in human
breast cancer. {A) Cell growth (Jeff) and apoptosis (right) measured after 72 he +/- SR-302% in
MDA-MB-237 cells transfected with an empty vector or Breatenin-533Y (o=4; ¥, p=0.03}. (B}
MIDA-MB-231-shCK 18 cells treated with Dox {4 days, 1 pg/ml) were transfocted with an empty
veetor or B-calenin-J31Y and cell number measured afier 72 hr (=3 ¥%%, p=0.001). (€}
Expression of nuclear and cvtoplasmic B-catenin in MUF7 cells engineered to overexpress CK18
or GFP. Bottom, quantification of nuclear f-catonin expression normalized to Histone HY (n73;
*, p=(1.02). (1) Immunostaining for ABC in MUF7 cells oversxpressing CK18 or GFP (while
line scale=200 um). (K} gPCR analysis of f-oatenin targets in MOF7-CK 18 vo. MOF7-GFP celis
(=33 % p=0.01; #*%, p=0.001) (F) Immuncblot confirming CK15 oversxpression and
ingreased cvelin-31. (G Effect of 8R-302% on clonogenic growth of MCFEF7 cells overexpressing

CK 18 vs. GFP {m=6; Leff fo right; **, p=0.01, **, p=0.002), (H) Growth of MCF7-CK 13 and
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MCF7-GFP cells 4 days after infection with f-catenin shRNA lentivirses (o=3, Lefl fo right,
R p=0.0008; Y, p=0.004, ¥, p=0.001). Right parel, immuncblot showing CK18
overexpression and knockdown of -catenin,

Hig, & | UR 19 s a driver of Wal/B-catenin signaling i vive. (A) Expression of nuclear and
cytoplasmic B-catenin, and (B) the indicated mRNAg, in MDA-MB-231 tumors from mice
treated with 20 mg/kg SR-3029 ve vehicle datly for 7 days (n=4; *, p=0.05; ¥¥, p=0.01; #%%
p=0.001), () BEffects of SR-3029 on tumeor Cyclin-D1 protein expression at day 7. Right pancl is
guantification {=3; **, p=0.01}. (I} Freguency of CSNKID copy number amplifications
(TCGA) i renal papillary cell carcinoma (renal papillary) and bladder cancer tumors (TCGA).
(E} Correlation of CSNKID DNA copy number and UK/ S expression in renal papillary cell
carcinoma (=172} and bladder cancer (=220}, (¥} -logo p-values showing significant overlap
between Wot/f-catenin pathway genes and CK 18 signature lists (p<0.03, fold change >1.3} for

indicated cancer types (red Hue is threshold of significance, p=0.05}.

DETAILED DESCRIPTION
Identification of specific drivers of human cancer is required o instruct the development

of targeted therapeutics. Here we demonstrate that CSNKID 15 amplified and/or overexpressed in
human breast tumors and that CK16 is an unexploited vulnerability of human breast cancer
subtypes overexpressing this kinase. Specifically, selective knockdown of CK18, or treatment
with an in-house, highly selective and potent CK19 inhibitor, triggers apoptosis of CK 18-
expressing breast tumor cells ex vivo, potent fumor regression in orthotopie models of triple
negative breast cancer, including patient derived xenografls, and tumor growth inhibition in
HERZ+ breast cancer models. MNotably, we show that Wnt/B-catenin signaling is a hallmark of
human tumors overexpressing CK18, that disabling CK18 blocks nuclear accumulation of B-
catenin and T-cell factor transcriptional activity, and that constitutively active J~catenin
overndes the effects of inhibition or silencing of CK 18, Thus, CK18 inhibition represents @
promising strategy for targeted treatment in human breast cancer having Wnt/f-catenin
involvement.

We sought to assess the functional role and potential clinical relevance of €K.18 and/or
CK 1z as exploitable valnerabilities in breast cancer. Heredn we establish that CE1disa

promising target for breast cancer therapeutics, and demonstrate the efficacy of an in-house,
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sclective and potent small molecule inhibitor that is effective against breast cancer subtypes
gverexpressing CKI8. Further, we demonstrate that the gene encoding CK18, {SNEID, is
frequently amplified and/or overexpressed in a subset of human breast cancers, across each of
the major breast cancer subtypes, and that knockdown or inhibition of CK18 provokes breast
tumor regression in patient derived xenograft and breast cancer cell line orthotopic xenografl
models of TNBC and HER2+ breast cancer. Notably, our mechanistic studies have established
that CK18 activity i3 a eritical driver of Wat/B-catenin pathway activation in breast cancers, 8
molecular phenotype known o associate with poor prognosis in breast cancer patients,

Our results are discussed in greater detail below, Owr invention provides a mcthod of
inhibiting casein kinase 18 (CK 18}, and consequently, a method of tresting breast cancer,
comprising contacting the CK18, e.g., in the tissue of 5 living patient, with an effective amount
of a compound of formula {1}, or more specifically a compound of formula SR-3029, the

structures of which are shown gbove,

-
ALt T 8
SADTERI0N 11 ¢

To assess the invelvement of CK 18 and CKle in human breast cancer we examined the
expression of each isoform in humaean breast tumor specimens compared o pormal manmary
figsue. Analysis of the cancer genome atlas (TCGA) datasets revealed highly elevaled expression
of CKI18 (CSNKIDY in invasive breast carcinomas (Fig. 1A), and in an independent dataget,.
Assessment of CK1 isoform expression across the four major breast cancer subtypes (Pam3(
inirinsie classtfications) (/&) revealed that CK1J is widely overexpressed within a subset of
tumors across each major class (Fig, 1B} In contrast, CKJe expression is more restricted to the
basal-like subclass (Fig. 18B) and is not associgted with invasive breast carcinoma, Strikingly,
gene copy number analysis (TCGA)Y revealed amplification (high and low iei’ei) of 17q25.3
invelving the CSNKID locus in over a third (36%) of human breast tumors, with higher
frequencies of amplification in the huminal B and basal-like classes. In contrast, the CSNKIE
focus was not amplified in breast cancer {data not shown). Notably, increased CSNKID copy
munber sigmificantly correlates with the expression of CKVJ transoripts (p-value<(,0001) with
increased correlation observed within the HERZ2+, Basal-Like and Luminal B subtypes compared
to the Luninal A twmors {Fig. 1C and D). Consistent with these findings, immunchistochemical

anadyses confirm overexpression of CK 12 in human breast tumor specimens versus normal
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bregst tissue and CK. 18 was overexpressed across 2 pans! of human breast cancer cell Haes (Fig
1E}. By comtrast, high CKle expression was detected in only 3 of the breast cancer cell lines

analvzed (Fig. 1E) and expression of both UK isoforms was low in immortal buwman MCF10A

breast epithelial cells as well as in the MCEP7 and T470 ER+ breast cancer cells,

$ w8l Cheera it b
§ Tmaeat ol RN A AT B
ANOST L8 Laanwin

We recently reported initial structure activity relationships of a series of small molecule
dual inhibitors of CK18 and CKle ({6). For example, SR-3029 (Fig. 1F}, is an ATP competitive
inhibitor with exceptions] potency and selectivity, and therefore constitutes an ideal small
molecule probe of CK18/CKle biclogy. Cell prokiferation assays revealed that breast cancer cell
types overexpressing CK18 are extremely sensitive to CKI18/CK 1 inhabition with ECs’s in the
low nanomolar range (5-70 oM}, In conirast, MCF7 and T47D breast cancer cells and the
MCFI0A cell line, which all expressed low levels of CK 18, were 2-3 orders of magnitude Jess
gensitive to SR-3029 (Fig. 1G). This selectivity for breast cancer cells overexpressing CK 18 was
gonfirmed in clonogenic growth assays where SR-3029 completely blocked clonogenic growth
and survival of MDA-MB-231 cells, but had no effect on the colony forming capacity of MCF7
breast cancer cells (Fig. 1H). Finally, FACUS analysis established that SR-302% treatment
selectively triggered rapid apoptosis of CK18 overexpressing breast cancer cells (Fig. 1}

We confirmed that the anti-cancer effects of SR-3029 were due fo on-target inhibition of
CK 18 and/or CKls. First, forced overexpression of CK 18 angmented the clonogenic growth of
MDA-MEB-231 TNBC cells versus GFP-expressing controls, and was sufficient to rescue the
growth inhibitory effects of SR-302%9 (Fig. 11}, Second, simultaneous knockdown of CK16 and
CK 1z, or silencing of CK 13 alone, triggered apoptosis and impaired the growth of MDA-MB-
231 cells (Fig. 1K, L), This effoct was specific, as expression of siRNA resistant CK18 cDNA
effectively rescued the growth inhibitory effects of CX 1§ silencing. Notably, knockdown of
CK iz alone had no effect on MBA-MB-231 cell growth and survival. Finally, we investigated if
there were any potential off target effects. SR-3029 inhibits only 196 of the kinome and has a
weaker affinity for only three kinases in addition to CK 148 and CKlg {CDK4, MYLK4 and

analogues SR-2890 and SR-1277, which all show simtlar anti-proliferative sctivities against

buman cancer gells (I8), including MDA-MB-231 TNBC cells. In contrast, these cells are
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insensitive to AC220, a low nanomolar inhibitor of FLT3 and FLT3 mutsnts. Collectively, these
findings ostablish CK 13 as a biclogically relevant target of 8R-3029 that is required for the
growth and swrvival of certain breast cancer cells.

N ey
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SR-3029 exhibits pharmacokinetic properties amenable for in vive studies (76).
Accordingly, we tested the efficacy of SR-3029 in prechinical tumor models. MDA-MB-231
TNBC ceils engineered to express firefly luciferase were engrafted into the mamumary fat pads of
immunodeficient nude mice and seven days later ireatment began. As a single agent SR-3029 (20
mg'kg daily i p.) markedly impaired tumor growth (Fig. 24, B). Indeed, only 2 recipients
subjected to SR-3029 therapy developed tumors, and these were strikingly small in size
compared to those that arose in vehicle treated mice (Fig. 2B, C). Next, orthotopic MDA-MB-
231, MDA-MB-468 (TNBC), SKBR3 and BT474 (HERZ+) tumor xenografts were allowed to
reach an average size of 100-mm’ prior {o treatment. Dadly £p, admindstration of SR-3029 (20
mg/kg) provoked marked tumor growth inhibition in all xenopraft models {Fig. 2D}, Notably,
regression of aggressive MEDA-MB-Z31 tumors was associated with fulminant apoptosis (Fig.
2B} and a significanily prolonged lifespan (Fig. 2F). Moreover, analysis of body weight, bood
chemistry and tissue infegrity by histochemistry revealed that long-term daily dosing with SR~
3029 (48 days) is well tolerated, with no overt toxicity (Fig. 2G).

To confinm the effect of CK 138 inhibition on impaired tumor growih in vive, MDA-MB-
231 cells were engineered to stably express a doxyeyeline (Dox)-inducible shRNA-directed
against CK18 (MDA-MB-231-shCK 13). Treatment of these cells with Dox ex vive led o
efficient and selective knockdown of CK18 and rapid apoptosis/ecell growth inhibition, and this
effect was rescued by exogenous expression of shRNA resistant CK 18 (Fig. 3A, B). Following
establishment of orthotopic xenografls of MDA-MB-231-shCK 18 tumors (> 100-mm™),
administration of Dox and inducible knockdown of CK18 led to a marked suppression of tumor
growth, consistent with results obtained with SR-3029 (Fig. 3C, D). We also assessed the effects
of SR-3029 on growth of a primary-patient derived xenograft (PDX) model, BCM-4013; an
aggressive bazal-like invasive ductal carcinoma with limited response to treatment with dasatinib
and docetaxel. Notably, histological and molecular profiling of this stably passaged PDX
recapitulates many features of the primary twmor including response to treatment (J9).

Following expansion of the BCM-4013 PIXX model in vive, orthotopic tumors were
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established, tested for expression of CK 186 (Fig. 3E) and efficacy studies performed. In accord
with cell Huoe models, administration of SR-3029 {20 mg/kg daily i p.} significantly inhibited the
growth of these PINX tumors and triggered tumor cell apoptosis (Fig, 3F-H) (p=0.0003). These
studies establish that CK 18 expression predicts sensitivity to SR-3029 and indicate that CK18 is

an efficacions breast cancer target with potential relevance to human disease.

i
s

MY T e FEN T F P 3
At Horatomin Nooernasity
Watb-catenin Signadin

¢ LTl $e W@ R O H [ £
oy IR iirriary ot 8 AL Y RrSes T MrEaset § ansors
a Hallmark ot ORId-EX DICSSINE DT LaReers

=3

bt

13

-
=
2
e}
(]

To define pathways regulated by CK18 in human breast cancer and to identify potential
momarkers for CK 13 inhibition, TCGA patient tumor datasets were analyzed for gene signatires
assoctated with CK 18 overexpression, 612 genes were identified whose expression significantly
correlated with CK 18 expression (fold change>2, p-value<(.(3), and Ingemuity Pathway
Analysis (JPA) identified significant overlap with genes of the canonical Wit pathway, inchuding
Wot/B-catenin targets (CCNDDY, Wit pathway components {(F209) and endogenous modulaiors
of the pathway (WNT3, WNT94 and SFRP T (Secreted frizzied-related provein 1y (Fig. 4A).

importantly, while activated Wnt/B-catenin signaling is associated with poor clindeal
cutcome, pathway-activating mutations typical of other cancer types are rare in breast cancer
(28 21 These findings suggesied the hypothesis that CK18 is an important activator of the Wit
pathway in homan breast tumorigenesis and that genes regulated by this pathway could
potentially serve as blomarkers required for further preclinical and clinical development of CK18
inhibitors.

The role of CK 18 and CKlt in development and discase has been attribuied to both Wit
dependent and independent roles (/¢ 13, 22, 23). Moreover, the requirement for CK16/CKIein
activation of the canonical Wnt/ B-catenin pathway is controversial, with both cell fype and
context specificities {17, 22}, We therefore assessed the effects of CK 18 inhibition on $-catenin
activity in CK 18-expressing breast cancer cells. Activation of Wt signaling resulis in the
stabilization and nuclear translocation of B-catenin, which together with TCF/LEF transcription
factors induces the expression of downsiream target genes associated with breast cancer
tumorigenesis {24-20), Treatment of (CK 18 overexpressing) MDA-MB-231, MIDA-MB-43¢,
MEBA-MB-468 and BT474 breast cancer cells with 8SR-3029 markedly reduced expression of the
active, nuclesy pool of B-catendn (Fig. 4B). Further, CK15 knockdown or SR-3028 treatment led
to a reduction in the unphosphorylated, active form of B-eatenin (ABC, Fig. 40) and markedly

reduced endogenous Beatenin/TCF transoriptional activity, as measured in MDA-MB-231 cells
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siably expressing a TCV-dependent tuciferase reporter (Fig. 413, Accordingly, selective
knockdown of CK1$ or inhibition by SR-302% repressed the expression of endogenous §-
catenin/ TCF target genes, including CONDI, MYC, CD44, as well as WNTS and WNTE4, which
were all assoclated with CK18 expression in human tumors (Fig, 4E, F). Moreover, SR-3029
treatment also resulied in a marked increase in the expression of the endogenous Wnt antagonist
SFRPI, yvet had no effect on Notch pathway mRNAs (J4G], NUMB DTX) (Fig. 4G), an
additional pathway strongly implicated in breast cancer pathogenesis (27).

To tost if inhibition of CK18/CK 1e is sufficient to switch off canonical Wnt signaling in
response to Wnt ligands, we generated HEK293T cells stably expressing g TCF-dependent
luciferase reporter. As predicted, Wnt-3a-directed induction of the TCF reporter was abolished
by treatment with SR-3029 or CK19 knockdown (Fig 4H and I}, Further, forced expression of a
constitutively active {nuclear} mutant of B-eatenin (833Y) (28) increased TCF reporter activity
and this was refractory to the inhibitory effects of SR-3029 (Fig. 41). Thus, inhibition of CK18 is
sufficient o block activated B-catenin signaling in human breast cancer cells and Wni-inducible
activation of the pathway through canonical signaling.

To assess the conseguence of impaired Wnt/f-catenin signaling on the fumerigenic
growth of hwnan breast cancer cell subtypes that are sensitive to CK IS inhibition, we exprassed
B-catenin shRNAs in MDA-MB-231 and MDA-MB-468 cells. Each of these cell types expressed
high levels of nuclear B-catenin (Fig. 41} and were dependent on B-catenin for sustained cell
growth and survival (Fig. 4K). Conversely, MCF7 cells, which express little<to-no nuclear f-
catenin, were insensitive to B-catenin knockdown, consistent with their low expression of CK18
and relative insensitivity to SR-3029 (Fig. 4K). To more directly assess the role of impaired 3-
catenin signaling in the anti-tumor activity of targeting CK 13, we utilized two constilutively
active P-catenin mutas. Forced expression of f-catenin-533Y, or the NHy-terminal
constitutively active mutant {Br-catenin N9O) was sufficient to rescue the growth inhibilory and
apoptotic offects of either SR-3029 or CK18 knockdown in MDA-MB-231 cells (Fig. 54, Bl
Thus, CK 18 controls B-catenin activity, which is necessary for breast cancer cell growth and
survival.

MOF7T ER+ treast cancer cells express low levels of CK18 (Fig. 1E), have reduced

expression of active {nuclear} B-catenin versus MDA-MB-231 cells, are refractory to SR-3029
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MNotably, MCF7 cells engineered to overexpress CK18 displayed increased expression of nuclear
B-catenin (Fig. 53C, D) and downstream Wt target genes, including CONDY, CD4¢4, WNTS and
WNTS4 (Fig. SE, F). Further, forced overexpression of CK 18 potentiates the clonogenic growth
of MCE7 cells and sensitizes them to SR-3029 in both shori~term and long-term growth assays
{Fig. 5G). Notably, knockdown of B-catenin was sufficient to impair exogenous UK 18-driven
MCF7 cell growth (Fig. SH), confirming a critical mechanistic role for the Wni/B-catenin
pathway in the growth promoting activity of CK13.

To assess if CK18 inhibition impalrs Wat/f-catenin signaling in vive and if modulation of
this pathway represent a predictive biomarker, MDA-MEB-231 tumors isclated from mice treated
for 7 days with 20 mg/kg SR-3029, or vehicle {once daily, i p. administration) were analyzed for
mackers of activated B-calenin sigualing. Expression of nuclear B-catenin was markedly reduced
o tumors derived from SR-3029 wreated mice compared to vehicle treated controls (Fig, 6A), and
this was associated with decreases in CCNDI, WNT3, WNT94 and RARA mRNA transcripts, as
well as with a marked increase in expression of SFRPT transcripts (Fig. 6B). Moreover, down-
regulation of COND! was observed af the protein level in tumors derived from SR-3029 treated
mice g5 well as in those that bad undergone Dox-inducible stlencing of CK 15 (Fig. 6C). Fipally,
as Wnt/B-catenin signaling is known to play a key role in the homeostasis of regenerating tissues,
the effects of long-term SR-3029 treatment on the integrity of the small intesting was assessed.
MNotably, H&E staining revealed no gross morphological defects and TUNEL staining fhiled to
detect evidence of apoptosis, in contrast to that observed in corresponding tumors (Fig. 2E).

Collectively these findings established a Hnk between sctivation of a CK18-to-B-catenin
pathway and sensitivity to SR-3029, and suggested that foatures of this pathway would define
tumeors that will respond to this targeted therapy. Notably, anslyses of additional TCGA cancer
datasets revealed CSNKID copy number amplifications (high and low} in over 70% of patients
with papillary renal cell carcinoma and in nearly 50% of patients with bladder cancer, and gene
amplification in these tumors also correlated with increased CK18 expression {(Fig. 6D, E).
Motably, there was a significant overlap between the CK 18 gene signature list and Wnt pathway
genes in both cancer types {CK 18 high ve. CK13 low, p<0.05, fold change 1.5), (Fig. 6F). Thus,
the CR18-to-f-catenin signaling circuit may be an unexploited vulnerability across a spectrum of

human malignancies,
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Identification of specific drivers of human breast cancer has instracted the development
of targeted therapies such as trastuzurmab for the treatment for FERZ amplified breast cancers
and hormonal therapies for the treatment of ER+T breast cancers, and these targeted agents have
improved the survival and clinical management of these diseases (3.2}, In contrast, patients with
relapsed disease and those with TNBC lack targeted therapics, and represent an urgent unmet
clinical noed. The dala presented herein implicates CK 18 as a highly atractive therapeuiic target
with potential benefit for HERZ+ and TNBC breast cancer patients aberranily expressing CK14.

Heretolore, the rolefs) of CK18 in human cancer have been poorly understond and prior
small molecule modulators of CK 18 have lacked either the potency and/or selectivity required fo
validate CK18 ag an anticancer target {8, /3-13 33} For example, the probe molecule 1261
used in several studies has subsequently been shown 10 act not by inhibition of CKIS/CK s, but
rather by blocking tubulin Rmetion {J.3). Moreover, studies with the CK18/CK iz dual inhibitor
PHEG70462 have shown that it lacks anti-cancer activity ({3, 74, and that this is likely due 1o
important off-target activity against mudiiple kinases, including several having pro-apopiotic
activity (/&) In contrast, our small molecnle inhibitor (SR-3029) is highly selective, potent (/6)
and efficacious i multiple preclinical models of human breast cancer. Further, owr findings
demonstrate that everexpression of CK 18 predicts sensitivity to §R-3029 in cell-based models of
the bresst cancer, suggesting that dependence on CK16 is cell type and context spegific.

Overgxpression of CK 18, which is widespread across gach of the four major breast
cancer subtypes, may thus identify tomors that will respond to this targeted treatment strategy.
Further study across a broader spectrum of petient-derived tumor samples is needed to fully
investigate this hypothesis.

(Gain- and loss-of-function mutations in positive {f-catenin} and negative (4PC, AXINI,
gte. ) regulatory components of the Wnt pathway are prevalent at a high frequency in human
cancers {reviewed by (34)). In contrast, while aberrant activation of the Wnt pathway is frequent
in breast cancer, {2/, 35, 36} mutations in Wnt pathway components in these malignancies are
rave {20, 24, 37}, Here we have shown that CK18-{o-B-catenin signaling iz activaied in a subset
of human breast cancers, where silencing or pharmacological inhibition of CK18 is sufficient to
disable §-catenin activity and provoke breast cancer cell apopiosis, Our findings thus implicate
CK19 as a key target kinase that can be explotied (for instance by SR-3029) to disable aberrant

Wat/B-catenin signaling that is manifest in several breast cancer subiypes. Previous reports have
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described several pathways where CK18 plays an important role (23, 33} Thus, while the anti-
breast cancer activity of SR-3029 clearly tarpets Wnt/B-catenin signaling, additional effectors
could contribute to its substantial anti-tumor setivity in vive.

Collectively, the findings presented herein identify CK 18 as an efficacious therapeutic
target with great potential for clinical relevance in a select subset of cancers, including but not
exclusively breast cancer, where CK18& is: (1) activated via amplification and/or overexpression;
{11} a necessary driver of f-catenin activity in these tumor subtypes; and (i1} necessary for the
growth and survival of cell and preclinical models of human breast cancer,

Accordingly, n various embodiments, the invention can provide a method of inhibiting
casein kinase 18 (CK 18}, comprising contacting the CK 18 with an effective amount or

concentration of a compound of formula (I

wherein

each R is independently selected hydrogen or (C-Cglalkyl, or two R groups bonded to a
nitrogen atom together with the nitrogen atom can form a 5-7 membered beterocyelyvl optionally
further comprising 1 or 2 heteroatoms selected from the group consisting of O, §, and NR?,
wherein R’ is hydrogen or {C-Cglalkyl;

Ar'is an aryl or a S-membered or 6-membered heteroaryl, which is unsubstituted or ie
substituted with 1-3 independently selected halo, {C-Calalkyl, (C-Coifluoreaikyl, (T~
Cetalkoxyl, evano, nitro, C=OINR,, OCHEOINR,, NRYCEOIOR, N(RYCEOR, or CEOGIOR;

Het' is a monocyelic or bicyclic heteroaryl, which is unsubstituted or is substituted with
1-3 independenily selected halo, (C-Cglalkyl, {C-Csaifluorealkyl, (C-Cylalkoxyl, evano, nitro,
CEOINR;, OCEOINR,, NRYCEOOR, NRYCEOR, or CE=OOR;

or a pharmaceutically acceptable salt thereof,

The invention further provides, in various embodiments, a method of treating cancer,
comprising administering to a patient afflicted therewith an effective dose of a compound of

formulda (D)
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each R is independently selected hydrogen or (Cy-Cgalkyl, or two R groups bonded to a

8

wherein

nitrogen atom together with the nitrogen atom can form a 5-7 membered heterocycly! optionally
farther comprising 1 or 2 heteroatoms selecied from the group consisting of Q, §, and NR”,
wherein R’ is hydrogen or (C-Cglalkyl

Ar'isan aryl or a S-membered or S-membered heteroaryl, which is unsubstituted or is
substituted with 1-3 independently sclected halo, (C-Cslalkyl, (Ci-Cy)fluoroalkyl, (Cy-
Celalkoxyl, cyano, nitro, CENR,, OU(=INR;, NR)C(E=OIOR, N(RYCEOR, or CE=GIOR;

Het' is a monocyelic or bieyelic heteroaryl, which is unsubstituted or is substinuted with
1-3 independently selected halo, (C;-Cqlalkyl, (Ci~Cifluorcalkyl, (C-Cealkoxyl, cyano, niiro,
C=0WNR,, OC=OINR,, KRYCECIOR, NRYCEFOR, or C=0YOR;  or a pharmaceutically
acceptable salt thereof,

For example, the compound of formula () can be

NH

N N
oD
g

: S
SRRt
==/ " (SR-3029),

or a pharmaceutically acceptable salt thereof.
The cancer that can be treated with an effective amount of a compound of formula (I) can
be g cancer with upregulated expression levels of both CK18 and §-catenin. For example, the

ia



WO 2017/066055 PCT/US2016/055436

cancer can be breast cancer, melanoma, ghioblastoma, medulloblastoras, rengl, bladder or colon
cancer, or can be a cancer that metastasizes to the brain, lung, or bone provided that both
elevated CK18 and PB-catenin dependence are involved in those metastatic diseases. For
example, the breast cancer can be of the triple negative subclass of breast cancers {TNBC) or s
an HER+ breast cancer.

Accordingly, the invention can provide a compound of formula (1) of claim 1 for
freatment of cancer, such as wherein the compound is SE-3029, or a pharmaceutically acceplable
salt thereof.

The cancer that can be treated with an effective dose of & compound of formula (I) can be
a breast cancer, melanoma, glioblastoma, medulioblastomas, renal, bladder or colon cancer, or
can be a cancer that metasiasizes 1o the brain, Jung, or bone provided that both elevated CK18
and B-catenin dependence are involved in those metastatic diseases. For example, the cancer can
be a breast cancer of the iriple negative subclass of breast cancers (TNBC) or can be an HER+
breast cancer.

The invention further discloses that cancers particnlarly susceptible to treatment with
CRI inhibitors are those cancers with upregulated expression levels of both CK 18 and B-
caterin, Accordingly, the invention provides, in various embodiments, a method of identifying
an anticancer drug effective for tregtment of a cancer in a patient, comprising detormining a level
of CK1& and a level of B-catenin in the patient and selecting a CK13 inhibiior as the anticancer
drug if both the levels are clevated. Further, the tnvention can provide a method of trealing ina
patient a breast cancer, a melanoma, a glioblastoma, a medulloblastoma, or & renal, bladder or
colon cancer, or a cancer that metastasizes to the brain, lung, or bone, comprising determining if
glevated CK 18 and B-catenin lovels arc prosent in the patient, and if both levels are slevated,
selecting a CK18 inhibitor for s ireatment regimen. The level of CK 18 and the level of B-calenin
can be determined using ordinary skill and knowledge in the art in conjunction with the disclosed
subiect matter herein. A level of CK18 or Becalenin in & patient 18 considered 1o be “elevated™ if
Hs concentration in body tssue is statistically significantly higher than average levels in
comparable patients,

“Treating” or "treatmment” within the meaning herein refers 10 an slleviation of symptoms
associated with a disorder or disease, or inhibition of further progression or worsening of those

sympioms, or prevention or prophyiaxis of the disease or disorder, or curing the disesse or
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disorder. Similarly, as used herein, an “effective amount” or a “therapeutically effective
amount” of a compound of the nvention refers to an amount of the compound that alleviates, in
whole or in part, symptoms associated with the disorder or condition, or halts or slows further
progression or worsening of those symptoms, or prevents, or provides prophylaxis for, the
disorder or condition. In particular, a "therapeutically effective amount” refers to an amount that
is effective, at dosages and for periods of time necessary, to achieve the desired therapeutic
result, A therapsutically effective amount is also one in which any toxic or detrimental effects of
compounds of the investion are oulweighed by the therapeutically beneficial effects.

The expression “effective amount”, when used to describe therapy o an individual
suffering from a disorder, refers to the guantity or conceniration of & compound of the invention
that 13 effective to inhibit or otherwise act on CK I8 in the individual's tissues wherein CK18 g
involved in the disorder, such as breast cancer, wherein such inhibition or other action occurs o
an extent sufficient to produce a beneficial therapeutic effect.

Phrases such as “under conditions suitable to provide” or “under conditions sufficient to
vield” or the like, in the context of methods of synthesis, as used herein refers to reaction
conditions, such as timwe, tlemperature, solvent, reactant concentrations, and the hke, that are
within ordinary skill for an experimenter to vary, that provide a usefsl quantity or yield of a
reaction product. I is not necessary that the desired reaction product be the ouly reaction
product or that the starting materials be entirely consumed, provided the desired reaction product
can be isolated or otherwise further used. Compounds usefid in practice of the invention can be
prepared according to literature procedures in conjunction with ordinary knowledge and skill in
organic synihesis,

All single enantiomer, diastersomeric, and racemic forms of & structure are intended,
undess a particulsr stereochemistry or lsomeric form is specifically indicated. In seversi
instances though an individual stereoizsomer is described among specifically claimed compounds,
the stereochemicsl designation does not imply that aliernate isomeric forms are less preferred,
undesired, or not elaimed. Compounds used in the present invention cgn include enriched or
resoived optical isomers at any or all asymmetric atoms as are apparent from the depictions, at
any degree of enrichment. Both racemic and diastereomeric mixtures, as wel as the individusl
optical isomers can be isolated or synthesized 50 as to be substantially free of their enantiomeric

or digstereomeric partners, and these are all within the scope of the invention.
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As used herein, the terms “stable compound” and “stable siructure” are meant to indicate
a compound that is sufficiently robust to survive isolation o a useful degree of purity rom a
reaction mixture, and formulation into an efficacious therapeutic agent, Only stable compounds
are contemplated herein,

When a number of carbon atoms in a group, €.g., an alkyl, alkenyl, alkynyvl, cycloalkyl,
aryl, ete, is specified as a range, each individual infegral number representing the number of
carbon atoms is intended. For example, recitation of a (C-Cylalkyl group indicates that the alkyl
group can be any of methyl, ethyl, propyl, isopropyl, butyl, sec-butyl, isobutyl, or tert-butyl. I ix
undersiood that a specification of a munber of carbon atoms must be an integer.

in general, “substituted” refers {o an organic group as defined herein in which one or
mere bonds to a hydrogen atom contained therein are replaced by one or more bonds 1o a non-
hydrogen atom such as, but not Hmited to, a halogen {e.g., F, Cl, Br, or I}; an oxygen atom in
groups such as hydroxy! groups, alkoxy groups, arvloxy groups, aralkyloxy groups,
oxo{carbonyl} groups, carboxyl groups including carboxyvlic acids, carboxylates, and carboxylate
gsters; a sulfur atom in groups such as thiol groups, alkyl and aryl sulfide groups, sulfoxide
groups, sulfone groups, sulfony! groups, and sulfonamide groups; a nitrogen atomm in groups such
as amines, hydroxylamines, nitriles, nitro groups, nitrose groups, Neoxides, hydrarides, azides,
and enamines; and other heteroatoms in various other groups. Non-limiting examples of
substituents that can be bonded to a substituted carbon {or other) atom include F, CL, By, §, OR,
N, NG, NQOy, ONGs, azido, CF;, OCFy, R, O {oxo), § (thioneo), methylenedioxy, sthylenedioxy,
N{R), SR, SOR, SO:R, SO:N(R);, SO4R, CIOR, CIOYOR, CIOWHCOR, CBIR,
COYOR, OC(OIR, CEOM(R),, OC(OIN(R),, CISINRY, (CH)osNRIC(OIR, (CHy).
ANRIN(R ), NERNRICIOIR, NERINRHC{OWOR, NERINRYCONR);, NRYSO:R,
RERISCN{R ), NERY COOR, NEYCIOR, NERXC(SIR, NOUCOMNR Y, NRICEINERY,
N{CORYCOR, N(ORR, C=NHNR Y, CIOW{OR)IR, or C=NORIR wherein R can be
hydrogen or a carbon-based moiety, and wherein the carbon-based moiety can itself be further
substinuted; for example, R can be hydrogen, alkyl, acyl, cycloalkyl, aryl, aralkyl, heterocyelyl,
heteroaryl, or heteronrylalkyl, wherein any alkyl, acyl, cycloalkyl, arvl, aralkyl, heterocyelyl,
heterparyl, or hetercarylalkyl can be further independently monoe- or multi-substituted with
sore or all of the above-lisied functional groups, or with other functional groups; or wherein twe

R groups bonded to g nitrogen atom or to adjacent pitrogen atoms can fogether with the nitrogen
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atom or atoms form a heterocyelyl, which can be further mono- or independently multi-
substituted with some or all of the above-listed functional groups, or with other fimctional
groups.

In various embodiments, a substituent can be halo, nitro, cyano, OR, NR;, or R, or is
CO)OR, C{OINR;, OC(OYOR, OC(OINR,, N(RIC(OIOR, N(RYC(DINR; or thio/thiono analogs
thereof. By “thio/thiono analogs thereof”, with respect to a group containing an Q, is meant that
any or all O atoms in the group can be replaced by an § atom; e.g., for group C{OYOR, 5
“thio/thiono analog thereof” includes C(R)YOR, C{UNSR, and C(SISK; e.g., for group OC(OINR,,
a “thio/thiono analog thercof” includes SC{OINR,, OC(SINR,, and SC{SINR;; and so forth,

In various embodiments, a substituent can be any of halo, (C1-C&lalkyl, {(C1-Céalkoxy,
{CIH-Chihaloalkyl, hydroxy(C1-C8alkyl, alkoxy(C1-Cé&lalkyl, (C1-Célalkanovl, {(Cl-
Coalkanoyloxy, cyano, nitro, azido, RpN, RoNC(0), R NC(HO, RoNCIOINR, (C1-Cslalkenyl,
(CI-Chalkynyl, {C6-Cldaryl, (C6-Cl®arvioxy, (C6-ClGarovl, (C8-C1)aryl{C1-CHalkyl,
{C6-ClBarvi{C1-Chialkoxy, (CO-Claryloxy(C1-Chlalkyl, (C6-Clharyloxy(C1-Coialkoxy,
{3~ to S-memberediheterocvelyl, (3- to S-memberedtheterocyelyl(Cl-Colalkyl, (3- 10 9-
memberediheterocyelyl{C1-Célalkoxy, (3- to 10-memberedheteroaryl, (8- to 10-
memberediheteroaryi{C1-Coxalkyl, (5~ to [G-memberediheteroaryl{ C1-Célalkoxy, or {5~ to 10-
memberedheteroaroyl.

Alky! groups include straight chain and branched carbon-based groups having from 1 to
about 20 carbon atoms, and typically from 1 to 12 carbons or, in some embodiments, from 1 to &
carbon atoms, or from 1 to 4 carbon atoms. Examples of straight chain alkyl groups include
those with from 1 to 8 carbon atoms such as methyl, ethyl, n-propyl, n-butyl, n-peniyl, n-hexyl,
n-heptyl, and n-oetyl groups. Examples of branched alkyl groups include, but are not limited o,
isopropyl, iso-butyl, sec-butyl, t-butyl, neopentyl, isopentyl, and 2,2-dimethyipropyl groups. As
used herein, the term “alkyl” encompasses n-alkyl, isoatkyl, and anteisoalkyl groups as well as
other branched chain forms of alkyl

The terms “halo” or “halogen” or "halide” by themaelves or as part of another substituent
mean, unless otherwise stated, a Huorine, chlorine, bromine, or iodine gtom, preferably, fluoring,
chlorine, or bromine.

The term “Huorcalkyl” includes mone- and poly-fluore alkyl groups; examples include

{Fy, ToFs, and the like.
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The term “alkoxy” or “slkoxyl” refers to an oxygen atom connected to an alkyl group,
including a cycloalkyl group, as are defined above. Examples of Hnear alkoxy groups include
but are not limited to methoxy, ethoxy, n-propoxy, n-butoxy, n-pentyloxy, n-hexvloxy, and the
like. Examples of branched alkoxy include but are not lmited 1o isopropoxy, sec-butoxy, tert-
butexy, isopentyloxy, isohexyloxy, and the like. Exemplary alkoxy groups include, but are not
limited to, atkoxy groups of 1-6 or 2-6 carbon atoms, referred to herein as Cyaalkoxy, and C,.
salkoxy, respectively. Exemplary alkoxy groups include, but are not limited to methoxy, ethoxy,
isopropoxy, eie.

Aryl groups are cyelie aromatic hydrocarbous that do not contain heteroatoms in the ring.
An aromatic compound, as is well-known in the art, is 2 multiply-unsaturated cyelic system that
contains 42 x electrons where n is an integer, Thus aryl groups include monoecyelic and
polyeyclic ring systems. In some embodiments, ary! groups contain about & to about 14 carbons
in the ring portions of the groups. Aryl groups can be unsubstitnied or substituted, as defined
above, Representative substituted aryl groups can be mono-substituted or substituted more than
once, such a3, but not limited o, 2-, 3+, 4-, 5-, or 6-substituted phenvl or 2-¥ substituted naphthyl
groups, which can be substituted with carbon or non-carbon groups such as those listed above,

Heterocyelyl groups or the term "heterocyelyl” includes aromatic and non-aromatic ring
compeounds containing 3 or more ring members, of which one or more ring atom is 8 heterostom
such as, buf not limited to, N, O, and 8. Thus a heterocyelyl can be a cycloheteroalkyl, or g
hetercaryl, or if polyeyelie, any combination thereof. In some embodiments, heterocyelyl groups
include 3 to about 20 ring members, whereas other such groups have 3 to about 15 ring
members,

Hetercarvl groups are heterocyolic sromatic ring compounds containing § or more ring
members, of which, one or more iz a heteroatom such as, but not limited to, N, O, and 8; for
instance, heleroary] rings can have § 1o about §-12 ring members. A hetercary! group is a variety
of a heterocyelyl group that possesses an aromatic electronic structure, which is a multiply-
unsaturated cyclic system that contains 4n+2 7 electrons wherein o i an integer,

The term “pharmaceutically-acceptable salt” refers 1o salis which possess toxicity profiles
within a range that affords utility in pharmaceutical applications. Pharmaceutically unacceptable
salis may nonetheless possess properties such as high erystallinity, which have utility in the

practice of the present invention, such as for example utility in process of synthesis, purification
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or formulation of compounds of the invention, “Pharmaceutically or pharmacologically
acceptable” inchude molecular entitics and compesitions that do not produce an sdverse, allergic
or other untoward reaction when administered 1o an animal, or a human, as appropriate. For
homan adiminisiration, preparations should meet sterility, pyrogenicity, and general safety and
purity standards as required by FDA Office of Biologles standards,

It is within ordinary skill to evaluate any compound disclosed and claimed herein for
cifectiveness in inhibition of CK13 and in the variows cellular assays using the procedures
described gbove or found in the scientific Hterature. Accordingly, the person of ordinary skill
can prepare and evaluate any of the claimed compounds without undue experimentation.

Any compound found {o be an effective mhibitor of CK 16 can likewise be tested in
animal models and in human clinical studies using the skill and experience of the investigator to
guide the selection of dosages and treatment regimens, o.g., for treatment of breast cancer.

Compoeunds used in the practice of methods of the invention can be prepared using
ordinary knowledge and slall of a synthetic organic chemist, based on literature procedurcs,
including those of published PCT application “WEEI Degradation Inhibitors”, by certain of the
inventors herein, serial number PCT/US2013/027784, WO2013/130461, the disclosure of which

is incorporated by reference herein in its entivety.

This study was designed o assess the involvement of CK 18 and CKle in homan breast
cancer and to invvestigate the efficacy of an inhouse, highly specific dual CKI/CK e inhibitor
in pre~chinical models of human breast cancer. Five human orthotopic breast xenografi models,
pharmacological and genetic studies were used to validate targeting CK 18 in subsets of breast
cancer that overexpress this kinase. Power analyses suggested that based on the difference in
tumor volume between groups and the standard deviation of tumer volumes within each group
for confidence of 90%, an n of at least 7 or greater is required, Our experiments therefore
included 7-12 tumor bearing mice per experimental or control {vehicle) cohort with mice
randomized prior o reatment to determine random samphing such that the median tumor size
between cohorts was the same. All lumors sizes were measured throughout the duration of the

experiment and graphbed in Bgures withowt excluding any samples, For survival analyses, mice
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were euthanized when moribund, and/or when tumors became nicerated or reached greater than

1.2 em’. Al cell-based assays were performed in triplicate and repeated at least 3 times.

All animal studies are approved by the Scripps Florida JACUC. Stable pools of MDA-
MB-231-Loe, MDA-MB-331, MDA-MB-468, SKBR3 or BT474 cells were gstablished by
imjection of 2+ 10% cancer cells into the mammary fat pads of 6~week old fomale athymic nude
mice {Charles River Laboratories). Establishment of BOM-4013 patient derived xenografis were
as described (19}, Briefly, fresh xenograft tumor fragments {~1 mun’) were wransplanted into the
cleared mamumary fat pad of recipient SCIIV Be mice {Charles River Laboratories), Mice were
treated with SR-3029 or vehicle {1(: 1080, DMSO: Tween-80: Water) at 20 mpp daily by ip
injection. Tumeor volumes were measured as the indicated intervals using calipers or by
fuminescence tnaging using the IVIS 100 imager {exposure time, 1-560 sec; binning §; field of
view 13-cm; Fstop 1; open filier) following subcuianeous injection of luciferin {15 mg/mi,
Goldbio Technology). Average radiance (p/slom’™/se) was determined from tumor region-of-
intergst {ROD using Living-Imsage (Xenogen) analysis software,

Cell Proliferation and Clonosenicity Assavs,

Cell proliferation was measured 72 hr after SR-3029 or vehicle treatment using Cell-Titer
Glo (Promega) according to the manufacturers’ instructions. ECse values were determined using
non-lingar regression and a four-parameter algorithm (GraphPad PrismS). For clonogenic assays,
cells were plated in 6-well dishes in triplicate at a density of 500-1000 cells per well. After
overnight incubation, SR-3029 or vehicle (DMS0) was added to media for 72 hr and cells were
allowed to grow out for 7-10 days, during which media was changed every 2-3 days in the
absence of compound. Colonies were fixed in 4% paraformaldehyde/PBE and stained with 0.5%
methylene blue in 50% sthanol for 1 Iy at room temperature and de-stained with water. Colonies
with greater than 50 cells were counted using a low magnification Hght microscope.

Reasenia, Cell Lines and Trandection

{Inless otherwise stated all chemicals were purchased from Sigma Aldrick. MIDA-MB-
231, MDAMB-436, MDA-MB-468, HES78T, BT474, SKBR3, MDA-MB-453, MCF7 and
T470 breast cancer cells, and lmmortal MOF-10A breast epithelial cells, were from the
American Type Culture Collection (ATCC). For CK I8 and CKle knockdown, siRNA duplexes

were prepared according to the manudachurer”s instructions (Qiagen} and specific knockdown
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conditions were optimized using the HiPerloo! ransfection reagent (Qlagen). A final
concentration of 20 oM total siRNA was used to achieve knockdown. Fulenes {Roche) was

used for DNA transfections as per manufacturer’s instructions.

Lentiviral vectors expressing CK13 (Y3989-Lv105-0200, GeneCoposia), GFP (EGFP-
Lv103-0200, GeneCopoeia), huciferase or the TCF reporter 7TFP (Addgene, Roel Nusse) were
co-transfected with pPACKH]1 packaging plasmids into HEK293T cells to produce lentiviral
particles per the manufacturers’ recommendations {Sysiem Blosciences). To stably express
specific shRMAs shRNA oligonucieotides were cloned into the Tet-pLKO-Puro vector using the
recommended protocol {34} and lentiviruses were generated using the Mission Packaging
System {Sigma). MDA-MEBE-231 cells were transduced with optimized titers of lentiviruses and
infected cells were selected In puromyein (1 pg/mi) or blasticidin (5 pg/ml for luciferase
lentivirus) confaining medium to expand stably infected pools,

Immunobiotiing,

SDS-PAGE gel electrophoresis was performed using NuPAGE 4-12% Bis-Tris gels
(Invitrogery and transferred to PVDF membranes by semi-dry {ransfer using {rans-blot transfer
medium {Biorad). Membranes were blocked in Odyssey blocking buffer (LI-COR Biosciences)
and incubated overnight at 4°C with primary antibodies, After repeated washes with TBST (26
mM Tris, pH 7.6, 140 mM Nalll and 0.1% Tween-20) blots were incubated with the appropriate
IR Dye-conjugated secondary antibody (LI-COR Biosciences) and imaged using the LI-COR
{}dyssey. Bands were quantified using the Odyssey sofiware (LI-COR Biosciences). The
following antibodies were used in this study: CK 18 and Histone H4 (Abcam), CKlg, ¢-Myg
(8E10}, Cyelin-D1 and B-actin (Santa Cruz), Breatenin (Cell Signaling), GAPDH (Millipore) and

Total RNA was obfained using the RlNeagy Plus Mini Kit (Qlagen) and 1-2 ug of RNA
was reverse transcribed with Superseript 111 First Strand Synthesis Systemn {Life Technologies).

Cuanittative PCR was performed using the Power SYBR Green PUR Master Mix (Life

Technologies) and the ABITS00HT Fast Real-Time PCR System. Intron-spanning gene-specific
primer pairs were designed using the Primer3 alporithm and relative expression valuss for each

gene of interest obtained by normalizing to G4PDH mRNA expression using the “*Cymethod.
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For apoptotic detection in cryvosections fumors and small intestines were fixed in 10%
buffered formalin for 2 b, incubated in 20% sucrose overnight and embedded in OCT. Frozen
sections (5 uM)} were mounted and staived using the ApopTag Red In Situ Kit according 1o the
manufacturer instructions {CHEMICON). For H&E staining, tissues were fixed in 10% buffered
formalin for 48 hr, ransferred to 70% ethanol/PRS and embedded in paraffin, Staining was

performed on § uM sections following deparaffinization {AML Laboratories),

2% 10° cells seeded in triplicate in &-well dishes were cultured with SR-3029 or vehicle
for 72 hr, Cells were then harvested and stained with Annexin V-FITC and Pl using the Annexin
V-FITC Apoptosis Detection Kit (BioVision) per the manufacturer’s instructions and analyzed
using the LSRI II flow cytometer (Becton Dickingon). Stavrosporine (Cell Signaling) treated

cells {1 uM) were used as positive/compensation controls.

TOF Rer
AN AN

were fransiected with B-catenin-833Y or empty vector {(peDNA). After 18 hr cells were seeded
onto a 96-well plate at a density of 6000 cells/well. After 24 hr cells were treated with SR-3029
or vehicle and incubated for 6 br prior to addition of 1 ug/ml recombinant human Watda (R&D
Systems) or PBE., After 3 hy, reporier assays were performed using BriteLite Plus (Perkin
Elmer), which was added in equal volume directly to the media and luminescence read using

Spectramax plate reader (Molecular Devices).

LY 3
R P TN
L ADRAIYICE,

The Cancer Genome Atlas (TCGA) Data Retrieval, Breast cancer (BRUA), kidney renal
papillary cell carcinoma (KIRC) and bladder cancer (BLCA) gene expression and copy number

datasets were downioaded from the TCGA portal (http/ficga-data.nol nih.gov/y. For expression

profiling, level 3 expression data of 20,475 genes from the RNASeqV 2 platform was
downloaded.

For gene sxpression profiling analysis, RNA-Sequencing (RNA-Seq) by Expectation-
Maximization (RSEM) normalized count was used to gnalyze gene-cxpression estimates for the

RMAReqVY dats from TCGA Breast cancer dataset. Logy normalized counts were imported into
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Uenedpring GX V121 (Agilent Technologies). Baseling transformation was set a5 the median
for all samples for each dataset (919 breast, 228 kidney and 260 bladder cancer samples).

To identify the CXJJ gone signature list, the upper 100 and lower 100 tumor breast tumor
samples {CKId-high and CK/d-low groups} or upper and lower quartiles for smaller datasets
{kidney and bladder cancer) were defined based on CKJ§ (CSNKID) expression. Out of 20,501
genes, only genes expressing higher than median in at least one sample were filtered for
downstream analysis. GeneSpring Volcano Plot function was used to identify differentially
expressed genes between the UK d-high and CKJ3-low groups. Statistical test parameters were
set as follows: selected test, unpaired ~test; p-value computation, Asymptotic, multiple testing
correction, Benjamini-Hochberg, Corrected prvalue cut-off was set to 0,05 and fold change cut-
off was gs indicated in the text,

To generate heatmaps, the GeneSpring Merarchical clustering algorithm was used. The
similarity measure was sef to Pearson centered, and the linkage rale was set o average. Ingenuity
Pathway Analysis software {Qlagen) was used to identify canonical pathways having overlap
with the CK13 gene signature in the breast cancer dataset, Fisher's exact test was used for
significance {p-value <0.03). For analysis of additional cancer datasets, the list of {PA Wnt/B-
catenin signaling genes {172 genes) was imporied info GeneSpring and the pevalue of overlap
with the Ck18 signature lists caleulated using GeneSpring software (probability of overlap
formulaj,

Copy number analysis, TCGA RNA-seq and GISTIC2 thresholded copy number data
were ordered based on CSNKID RNA-Seq expression. To confirm the correlation, a scatter plot
was generated in GraphPad Prism 6 based on logs mRNA expression and logs copy number

values (). Pearson 1 and p-value were caloulated using GraphPad Prism 6.

All values in figures are presented as means + 8 unless otherwise stated. Survival
curves were calculated by using Kaplan-Meier method and differsnces between the curves were
determined by log rank tesi. Correlation coefficients were calculated using the Pearson tost.
Detailed indormation regarding bioinformatics analyses are noted above. All other experiments
were analyzed using Student’s two-tailed f test in excel or prism where p values < (.05 were

considered significant,
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All patents and publications referred to herein are incorporated by reference herein to the
same extent as if each individual publication was specifically and ndividually indicated to be
incorporated by reference in fis entirsty,

The terms and expressions which have been employed are used as terms of description
and not of limitation, and there is no intention that in the use of such terms and expressions of
exchuding any equivalents of the features shown and described or portions thereof, but it is
recognized that various modifications are possible within the scope of the invention claimed.
Thus, it should be understood that aithough the present invention has been specifically disclosed
by preferred embodiments and optional foatures, modification and varigtion of the concepis
herein disclosed may be resorted to by those skilled in the art, and that such modifications and
variations are considered to be within the scope of this invention as defined by the appended

claims.
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CLAIMS

What is claimed is

1. A method of inhibiting casein kinase 138 (CK 18}, comprising contacting the CK18 with an
effective amount or conceniration of & compound of formula (1)

Hat’

wherein

gach R is independently sclected hydrogen or {C-Cyglalkyl, or two R groups bonded te a
nirogen atom together with the nitrogen atom can form a 5-7 membered heterocyelyl optionally
further comprising 1 or 2 heteroatoms selected from the group consisting of O, 8, and NR',
wherein R’ is hydrogen or {C-Calalkyl,

Ar' is an aryl or a 5-membered or 6-membered heteroaryl, which is unsubstituted or is
substituted with 1-3 independently selected halo, {C-Cglalkyl, (Ci-Co¥fluoroalkyl, (T~
Ceialkoxyl, cyano, nitre, CEONR,, OCEOGINR,, NERYCE=GHOR, NRYC(=0)R, or C(=OOR;

Het'isa monocyclic or bicyclic heteroaryl, which is unsubstituted or is substituted with
-3 independently selected hale, (C-Cglalkyl, (C-CeMluoroalkyl, {C-Cylalkoxyl, cyano, nitro,
CE=OINR,, OCEMNR, NRYCEGYOR, NRYCEOR, or CEO0OR;

or a pharmaceutically acceptable salt thereof

2. The method of claim 1, wherein the compound of formula () is SR-3029
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(SR-3029),

ot g pharmaceutically acceptable salt thereof,

3. A method of reating cancer, comprising admindstering (o a patiend afflicted therewith an
effective dose of a compound of formula (1)

Het!

NH

Ry, N
N.Jim
,«L\ PN

rT NS N

AT (D,
wherein

each R is independently selected hydrogen or {C-Cglalkyl, or two R groups bonded to a
nitrpgen atom together with the nitrogen atom can form a 5-7 membered heterocyclyl optionally
further comprising 1 or 2 hetercatoms selected from the group consisting of O, 8, and NR’,
wherein R’ is hydrogen or {C-Cyalkyl;

Ar' is an aryl or 2 S-membered or 6-membered hetercaryl, which is unsubstituted or is
substituted with 1-3 independently selected halo, {C;-Calalkyl, (C-Coifluoroalkyi, (-
Coalkoxyl, cvano, nitro, CEOINR,, OCEOINR,, NRICEOOR, NRYCE=OIR, or CE=OYOR,;

Het'isa monecyclic or bicyclic heteroaryl, which is unsubstituted or is substituted with
1-3 independently selected halo, (C-Celalkyl, {C1-Ce¥fluoroalkvl, {Ci-Cslalkoxyl, cyane, nitro,
C=0NR,, OCEOINR,, NRYCEOOR, N(RJCEOR, or CEOOR;

or a pharmecomicatly acceptable salt thereof
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4. The method of claim 3, wherein the cancer is 2 cancer with upregulated expression levels
of both CK18 and B-catenin,
s, The method of clainm 3, wherein the cancer is breast cancer, melanoma, glioblastomas,
medulloblastoma, renal, bladder or colon cancer, or is a cancer that metastasizes to the brain,
lung, or bone provided that both elevated CK18 and §-catenin dependence are involved in those

metastatic discases.

&, The method of claim 4, whercin the breast cancer is of the triple negative cubclass of

breast cancers {TNBC) or is an HER+ breast cancer.

7. The method of claim 3, wherein the compound of formula (1) is SR-3028

X
{}\’”/ /:‘\3\
s (SR-3029),

or a pharmaceutically acceptable sali thereof.
g. A compound of formula () of ¢laim T for reatment of cancer,

9. The compound of claim B wherein the compound is SR-3028

-
D
=3
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SN 7
S (SR-3029)
or a pharmaceuntically acceptable salt thereof.
10. The compound of claim §, wherein the cancer is breast cancer, melanoma, ghoblastoma,

medulloblastoma, renal, bladder or colon cancer, or i3 a cancer that wetastasizes to the brain,
lung, or bone provided that both elevated CK 18 and B-catenin dependence are involved in those

metastatic diseases,

i1,  The compound of claim 10, wherein the breast cancer 1s of the triple negative subclass of

breast cancers { INBC) or is an HEE+ breast cancer.

12, A method of identifving an anticancer drug cffective for treatment of a cancer in g
patient, comprising determining a level of CK18 and a level of f-catenin in the patient and

selecting a CK13 inhibilor as the anticancer drug if both the levels are elevaled.

13, A method of weating in 2 patient a breast cancer, 3 melancma, a glioblastoma, a
medulichlastoma, or a rengl, bladder or colon cancer, or @ cancer thet metastasizes to the brain,
fung, or bone, comprising determining if elevated CK18 and B-catenin levels are present in the

pationt, and if both levels are clevated, selecting & CK 18 inhibitor for o treatiment regimen.
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