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Statement Regarding Federally Sponsored Research or Development

This invention was made with Government support under Grant Numbers
HLO79943 and ARD57374, awarded by the National Institntes of Health and ander
5 project number 1ZIBTRO00002 awarded by the National Center for Advancing
Translational Sciences. The Government has certain rights in this invention.

Background of the Invention

Signaling involving the Transforming Growth Factor §§ (TGF-3) superfamily
of ligands 1s central to a wide range of cellular processes, ncluding cell growth,

10 differentiation, and apoptosis. TGF-§ signaling involves binding of a TGF-J ligand
to a type 1 receptor {a serine/threonine kinase), which recruits and phosphoryiates a
tvpe I receptor. The type 1 receptor then phosphorvlates a receptor-regulated SMAD
(R-SMAD:; e.g., SMADIL, SMAD2, SMAD3, SMADS, SMADSR or SMAD9), which

=

bl

binds 1o SMAD4, and the SMAD complex then enters the nucleus where #t plays a

L

role i transcriptional regulation. The TGF superfanuly of higands includes two
major branches, characterized by TGE-Bactivinynodal and Bone Morphogenetic
Proteins {(BMPs).

Signals mediated by bone morphogenetic protein (BMP) higands serve
diverse roles throughout the hife of vertebrates. During embryogenesis, the
20 dorsoventral axis 1s established by BMP signaling gradients formed by the
coordinated expression of ligands, receptors, co-receptors, and soluble inhibitors
{Massague et al. Nar. Rev. Mol Cell. Biol 1:169-178, 2000). Excess BMP signaling
causes ventralization, an expansion of ventral at the expense of dorsal structures,
while dinunished BMP signaling canses dorsahization, an expansion of dorsal at the
expense of ventral structures (Nguyen et al. Dev. Biol, 199: 93-110, 1998; Furthaver
et al. Dev. Biol 214:181-196, 1999 Mintzer et al. Development 128:859-8069, 2001,
Schmid et al. Development 127:957-967, 2000). BMPs are key regulators of
gastrulation, mesoderm induction, organogenesis, and endochondral bone formation,
and regolate the fates of multipotent cell populations (Zhao, Genesis 35:43-36,
3 2003). BMP signals also play critical roles i physiology and disease, and are
impheated i primary pulmonary hypertension, heveditary hemorrhagic

telangiectasia syndrome, hibrodysplasia ossificans progressiva, and juvenile

~1-



WO 2016/054406 PCT/US2015/053545

LA

io

20

polvposis svadrome {Waite et al. Nar. Rev. Crenes, 4:763-773, 2003 Papanikolaou et
al. Nar. Gener. 36:77-82, 2004; Shore et al. N, Gened. 38:5325-327, 2006).

The BMP signaling family is a diverse subset of the TGF- superfamily
{Sebald et al. Biol Chern. 385:697-710, 2004). Over twenty known BMP ligands
are recognized by three distinet type H (BMPRIIL, ActRHa, and ActRIb) and at least
four type T{ALKI, ALK2, ALK3, and ALKS) receptors. Dimeric Ligands facilitate
assembly of receptor heteromers, alfowing the constitutively-active type 11 receptor
serine/threonine kinases to phosphorvlate type I receptor serinefthreoning kinases.
Activated type I receptors phosphorylate BMP-responsive (BR-} SMAD effectors
{SMADs 1, 3, and 8} to facilitate nuclear translocation in complex with SMADY, &
co-SMAD that also facilitates TGF signaling. In addition, BMP signals can activate
intracethular effectors such as MAPK p38 in a SMAD-independent manner (Nohe et
al. Cell Nignal 16:291-299, 2004). Soluble BMP inhibitors, such as noggin, chordm,
grembn, and follistatin, himit BMP signaling by ligand sequestration.

A role for BMP signals in regulating expression of hepeidin, a peptide
hormone and central regulator of systemic iron balance, has also been suggested
{(Pigeon et al. J. Biol Chem. 276:7811-7819, 2001; Fraenkel et al. J Clin. Invest,
TI5:1532-1541, 2005 Nicolas et al. Proc. Natl. dcad. Seil U.8.A. 99:4596-4601,
2002; Nicolas et al. Nar. Gener. 34:87-101, 2003). Hepcidin binds and promotes
degradation of ferroportin, the sole fron exporter in vertebrates. Loss of fervoportin
activity prevents mobilization of iron to the bloodstream from mtracellular stores in
enterocyvies, macrophages, and hepatocytes (Nemeth et al. Science 306:2090-2093,
2004). The link between BMP signaling and iron metabolisn represents a potential
target for therapeatics.

Gitven the tremendous structural diversity of the BMP and TGF-§
superfamily at the level of ligands {25 distinct ligands at present) and veceptors
{four type I and three type H receptors that recognize BMPs), and the
heterotetrameric manner of receptor binding, traditional approaches for mhibiting
BMP signals via soluble receptors, endogenous inhibitors, or neutralizing antibodies
are not practical or effective. Endogenous inhibitors such as noggin and follistatin
have hmited specificity for ligand subclasses. Single receptors have limited affinity

for ligand, whereas receptors heterotetramers exhibit more specificity for particular
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ligands. Neutralizing antibodies which ave specific for particular ligands or
receptors have been previously described, and are also lunited by the structural
diversity of this signaling system. Thus, there is a need in the art for pharmacologic
agents that specifically antagonize BMP signaling pathways and that can be used o
mampulate these pathways i therapeutic or experimental applications, such as those
histed above.

Suwmnmary of the Invention

In one aspect, the invention provides compounds represented by general

formula T or a pharmaceuntically acceptable salt, ester, or prodrog thereof:

Fornmla |

wherein

X i N;

Y is independently selected from hydrogen (such as protiwm, deuteriun, or
trittumy), cyano, carboxyl, ammo, monoatkviamino, dialkylamino,
halo, alkvl (such as trifluoromethy! or other fluoroalkyl), or atkoxy;

Cv' s selected from substituted or unsubstituted aryl and heteroaryl;

Cy is selected from a phenyl ring substituted with at least one non-protium
{1H) substituent or a substituted or unsubstituted heteroaryl ring;

Ly iz absent or selected from substituted or unsubstituted alkyl and

heteroatkyh
R2 1 22;
S
)
R* is selected from R?' and & nitrogen-containing heterocvelyl or

hetercarvl ring; and

R, independently for each occurrence, is selected from H and substituted o
unsubstituted alkyl, aralkyl, cyeloatkyl, heterocyelyl, arvl, heteroaryl,
hetercaralkyl, eveloaltkylalkyl, heterocyelvialkyl, acvl, sulfonyl,

sulfamoyl, or sulfonamide, preferably H or lower alkyl.
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In certain embodiments, RY is W , wherein
W is C(R™), O, or NRY | preferably NR™ e g, NH; and
R* is absent or represents from 1-6 substituents on the ring to which it is

attached, preferably independently selected from substituted or

T4

unsubstituted alkyl, aralkyl, cycloatkyl, heterocyelyl, aryl, heteroaryl,
heteroaralkyl, evcloalkylalkyl, heterocyelvialkyl, acvl, sulfonyl,
sulfoxido, sulfamoyi, and sulfonamide, preferably absent.
In ceriain embodiments, Cyv' is an ary! group substituted by 1 to 5 C5-Cs,
alkoxy groups, e.g., preferably substituted by alkoxy groups in the 3-, 4- and 5-
10 positions relative 1o the bond to the ring bearing X.
In certain embodiments, © x ' is a substituted or unsubstituted nitrogen-
comtaining heteroaryl gronp selected from pyridine, pyrazine, pyrimidine, oxazole,

thiazole, and thiadiazole, e g, selected from substituted or ansubstituted:

5\ PN

) \Hfﬁ L~ \“:;

,.5‘3
r’ﬁ) N | Ny é | ~ éé\\"‘”\‘\:m
N .
135 \J—\\N“ | f;;’i\}";s Z fét N)\?SE
\r j\ ! \\
“\/l\
§ | and < 55?

In certain embodimenis wherein Cy~ is substituted, the substituent is selected
from denterum, halogen (preferably fluore or chiore), hydroxy, evano, lower alkyl
20 {preferably methyi or ethyl, most preferably methvly, or lower atkoxy {preferably

methoxy}.
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In cerain embodiments, Cv* is a phenvl ring, In certain such embodiments,
Cy” is phenyl substituted with a non-protium substituent, either the substituent is
halogen (preferably fluoro or chlore) or cvano, or is positioned ortho to L', or both.

In certain embodiments, Cy” is a 6-membered aryl or heteroaryl ring and L,

LA

is disposed on the meta- or para-position {preferably the para-position) of Cy~
relative to the ring bearing X,

In certain preferred embodiments, L' s absent. In other embodiments, Ly
AN Q‘\.
&R

S(0), and SO R and R, independently for each occurrence, are selected from H

. . ~ gy 1y V] R
has a structare . wherein Q is selected from CRYR" . NR™ 0, S,
10 and substitted or unsubstituted alkyl, evcloalkyl, beterocvelyl, cycloalkylalkyi,
heterocvelvlalkyl, amino, acviamine, carbamate, anudo, amidine, cvano, sulfonyl,
. , - “y 2 - ) . '
sulfoxido, sulfamovl, or salfonamido; R¥ selected from H and substituted or
unsubstituted alkyl, cveloatkyl, heterocyclyl, heterocyclylaltkyl, amino, acylamino,

carbamate, amido, amidino, sulfonyl, sulfamoyl, or sulfonamide; and n is an mteger

S
LAy

from (-4, wherein any CH; subunit of L, is optionally substituted with one or two

fower alkyl groups, preferably one or two methyvl groups.

R\S

r J\ e
W
-~ N\\/)\

CCH;, preferably N or CH R is selected from H and substitused or unsubstituted

{0 ceriain embodiments, RY is & R' wherein Wiz N, CH, or
alkyl, acyl, or ester {thereby forming a carbamate); and R and R” are each
20 independently selected from H or alkyl, preferably from H or methyl, or R® forms a
one- or two-carbon (e.g.. CHs or CHyCHa) bridge to the carbon atom adjacent to R
and NR®.
In certain embodiments, Y 13 amino, monoatkylamino, or dialkylamino,

preferably anuno.

[Ov]
]

In vet another aspect, the invention provides compounds represented by general

formula I or a pharnwcewtically acceptable salt, ester or prodrug thereof
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Formula 1

whersin

X1 N;

Y is independently selected from hydrogen (such as protium, deuterium, or
tritium), cyaneo, carboxyl, amino, moneatkylamine, dialkylamino,
halo, alkvl, or alkoxy;

Cy' s selected from substituted or unsubstituted arvl and heteroarvl;

Cy* is a substituted or unsubstitated aryl or heteroarvl ring;

Wis N, CH, or CCHa, preferably N or CH;

R” is selected from H and substituted or unsubstituted alkyl, acyl, or ester
{thereby forming a carbamate); and

R and R are each independently selected from H or alkyl, preferably from
H or methyd, or R” forms a one~ or two-carhon {e.g., CHy or CHCHy)
bridge to the carbon atom adjacent to R and NR”.

In cesiain embodiments, R® and R are both methvi, optionally disposed in a
svr relationship to each other. In certain embodiments, R? represents a one-carbon
bridge, thereby forming a diazanorbornane bicyele. n certamn such embodinments, W
s N.

In certain embodiments, Cy' s an arvl group substituted by 1 to 5 C4-Cy
alkoxy groups, e.g., preferably substitited by alkoxy groups wnthe 3- 4- and 5-
positions refative 1o the bond to the central pyvridine ring.

In certain embodiments, Cy” is a substituted or unsubstituted nitrogen-
comtaining heteroaryl group selectad from pyridine, pyiazine, pyrimidine, oxazole,

thiazole, and thiadiazole, e g selected from substituied or unsubstituted:

-6 -
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In centain embodiments wherein Cy” is substituted, the substituent is selected
5§ from deutertum, halogen (preferably fluoro or chioro), hydroxy, cyano, lower alkyl
{preferably methyl or ethyl, most preferably methyl), or lower alkoxy (preferably
methoxy),
tn certain embodiments, Cy® is a, phenyl ring. In certain such embodiments,
Cy* is phenyl substituted with a non-protium substituent, wherein the non-protium
10 substituent is optionally selected from halogen (preferably flaoro or chioro) or
cyano, or is positioned orthe to W, or both.
In certain embodiments, Cy” is a 6-membered ary! or heteroaryl ring and W
is disposed on the meta- or para-position (preferably the para-position) of Cy”

relative to the ring bearing X,

i3 In certain embodiments, Y is amine, monoatkyiamino, or dialioviamino,
preferably amino.
In certam embodiments, the compound has a stracture of one of compounds
10 and 13-33. In certain embodiments, the compouads of Formala  or I inhibit
BMP-induced phosphorviation of SMAD/SE.
20 In one aspect, the invention provides a pharmaceutical composition

comprising a compound as disclosed herem and a pharmaceutically acceptable
excipient or selvent. In certain embodiments, a pharmaceutical composition may

comprise a prodrug of a compound as disclosed herein.
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In another aspect, the invention provides a method of inhibiting BMP-
induced phosphorvlation of SMADI/S/E, compnising contacting a cell with a
compound or composition as disclosed herein.

In certain embodiments, the method treats or prevents a disease ov condition
in a subject that would benefit by hibition of Bone Marphogenetic Protein {BMP)
signaling. In certain embodiments, the disease or condition is selected from
pulmonary hypertension, hereditary hemorrhagic telangiectasia syndrome, cardiac
vabvolar malformations, cardiac structural malformations, fibrodysplasia ossificans
progressiva, juventle familial polyposis syndrome, parathyrowd disease, cancer (e.g.,
breast carcinoma, prostate carcinoma, renal cell carcinoma, bone metastasis, lung
metastasis, osteosarcoma, and multiple myeloma), anemia, vascular calcification,
atherosclerosis, valve calcification, renal osteodystrophy, inflammatory disorders
{e.g., ankylosing spondylitis), infections with viruses, bacteria, fangi, taberculosts,
and parasites.

In certain embodiments, the method reduces the circulating tevels of ApoRB-
100 andfor LDL and/or total cholesterol in a subject that has levels of ApoB-100
and/or LDL and/or total cholesterol that ave gbnormally high or that increase a
patient’s risk of developing a disease or unwanted medical condition. In certain
embodiments, the method of reducing circulating levels of ApoB-100
and/or LDL andfor total cholesterol m a subject reduces the nisk of primary or
secondary cardiovascular events. In certain embodiments, the method treats or
prevents a disease or condition in a subject that would benefit by inhibition of Bone
Morphogenetic Protein (BMP) signaling. In certain embodiments, the disease or
condition is selected from pulmonary hypertension; hereditary hemorrhagic
telangiectasia syndrome; cardiac valvular malformations; cardiac structural
malformations; fibrodysplasia ossificans progressive; juvenile familial polyposis
syndrome; parathyroid disease; cancer (e.g., breast carcinoma, diffuse intrinsic
pontine gliomas (DIPQ), prostate carcinoma, renal cell carcinoma, bone metastasis,
lung metastasis, osteosarcoma, and multiple myeloma}; anemia; vascular
calcification; vascular inflammmation; atherosclerosis; acquired or congenital
hypercholesterolenna or hyperlipoproteinenya; diseases, disorders, or syndromes

associated with defects in lipid absorption or metabolism; diseases, disorders, or
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syndromes caused by hyperlipidemia; valve calctfication; renal osteodystrophy;
inflammatory disorders {e.g., ankylosing spondylitis); infections with viruses;
bacteria; fungi; tuberculosis; and parasites.

In another aspect, the invention provides a method of treating
hypercholesteralemia, hyperlipidemia, hyperlipoproteinemia or hepatic steatosis in a
subject comprising adnunistering an effective amount of a compound as disclosed
herein. In certain embodiments, the congenital hypercholesterolemia,
hyperlipidemia, or hyperlipoproteinemia is autosomal dominant
bypercholesterolenua (ADH), famulial hyvpercholesterolemia (FH), polygenic
hypercholesterolemia, famulial combined hyperlipidemia (FCHL),
hyperapobetalipoproteinenia, or small dense LDL syndrome (1.DL. phenotype B).
In certain such embodiments, the hypercholesterolemia, hyperhipidenia,
hyperlipoprotemenua or hepatic steatosis 1s acquired hvpercholesterolemia,
byperlipidemia, hyperlipoprotememia or hepatic steatosis. In certain such
embodiments, the hypercholesterolemia, hyperlipidemia, hyperlipoproteinemia, or
hepatic steatosis s associated with diabetes mellitus, hypertipidemic diet andfor
sedentary lifestyle, obesity, metabolic syndrome, intrinsic or secondary liver disease,
biliary cirrhosis or other bile stasis disorders, alcoholism, pancreatitis, nephrotic
syndrome, endstage renal disease, hypothvroidism, iatrogenesis due to
admumstration of thiazides, beta-blockers, retinoids, highly active antiretroviral
agents, estrogen, progesting, or glucocorticoids.

In another aspect, the invention provides a method of treating a disease,
disorder, or syndrome associated with defects in lipid absorption or metabolism or
caused by hyperlipidemia in a subject, comprising administering an effective amount
of a compound as disclosed herem.

In another aspect, the invention provides a method of reducing primary and
secondary cardiovascular events arising from coronary, cerebral, or peripheral
vascular disease in a subject, comprising administering an effective amount of a
compound as disclosed herem.

In another aspect, the invention provides a method of preventing
cardiovascular disease in a subject with elevated markers of cardiovascudar nisk,

comprising administering an effective amount of a compound as disclosed herein.

-G
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In another aspect, the mvention provides a method of preventing and
treating hepatic dysfunction i a subject associated with nonalcoholic fatty liver
disease (NAFLD), steatosis-induced liver injury, fibrosis, cirrhosis, or non-alcoholic

steatohepatitis (NASH) in a subject comprising administering an effective amount of

LA

a compound as disclosed herein.

In another aspect, the mvention provides a method of inducing expansion or
differentiation of a cell, comprising contacting the cell with a compound as disclosed
herein. In certain embodiments, the cell is selected from an embryonic stem cell and
an aduit stem cell. In certain embodiments, the cell is in vitre.
10 In certain embodiments, a method of the invention may comprise contacting
a cell with a prodrug of a compound as disclosed herein.
Brief Description of the Figures

Figures Ia and 1b show the in vifro thermal shift kinase assay using the

BMP and TGF- type { receptors ALK2 (Figure 1a) and ALKS (Figure 1b),

,.~
N

respectively. A strong negative log-linear correlation is seen between thermal shifi
and biochemical IC50 for both {(3) BMP (ALK2) and (b) TGF-f {ALKS) type 1
TeCeplors,
Figure 2 shows the inhibition of constitutively active BMP (ALK, ALK2,
ALK3) and TGF-P {ALK4 and ALKS) type 1 receptors by compound 15 in cell-
2 based luciferase reporter assay. Data shown are representative of more than 3
independent experiments, with data plotted as mean £ 5. EM. {o=3 replicates).
Figures 3a and 3b show the correlation between thermal shift of type 1
receptors and their corresponding cell-based ICsq.
Figures 4a-~d show the correlation of thermal shift and cell-based
23 BMP/TGF-f inhibition assays of certain compounds of the invention. KO2288 and
compounds 11-15 are shown in Figure 4a. Compounds 15-23 are shown i Figure
4b. Compounds 10, 15, and 24-28 are shown in Figure 4¢. Compounds 29-33 are
shown in Figure 4d.
Figures 5a and 5b show the kinome dendrogram plot for compound 15
3 (Figure 5a) and compound 18 (Figure Sh).
Figures éa and 6b show the plots of cell based BMP (Figure 6a) and TGF-§

{Figare 6h) 1Cs versus cell viability.

- -
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Detailed Deseription of the Invention

The invention provides for compounds that inhibit the BMP signaling
pathway, as well as methods to treat or prevent a disease or vondition in a subject
that would benefit by inhibition of BMP signaling.

L Compounds

Compounds of the invention mclude compounds of Formuda T or IT as
disclosed above and their salts (including pharmaceutically acceptable salts). Such
compounds are suitable for the compositions and methods disclosed herein.

1L Definitions

The term “acyl” 18 art-recognized and refers to a group represented by the
general formula bydrocarbylC{O)-, preferably allkylC{O)-~.

The term “acviamino™ Is art-recognized and refers to an aming group
substitvted with an acyl group and may be represented, for example, by the formula
bydrocarbviC(O)NH-, preferably alkylC(O)NH-.

The tenm “acyloxy™ is art~recognized and refers to a group vepresented by the
general formula hydrocarbylC(O)0-, preferably alkylC{OYO-.

The term “aliphatic”, as used herein, includes straight, chained, branched or
cyclic hydrocarbons which are completely saturated or contain one or more units of
unsaturation. Aliphatic groups may be substitnted or nnsubstituted.

The term “alkoxy™ refers fo an oxygen having an alkyl group attached
thereto. Representative alkoxy groups melnde methoxy, ethoxy, propoxy, tert-
butoxy and the like.

The term “alkenvi”, as used herein, refers to an aliphatic group containing at
least one double bond and 1s intended to include both “unsubstituted alkenvls™ and
“substituted alkenyls”, the latter of which refers to alkenyl moteties having
substityents replacing a hvdrogen on one or more carbons of the alkeny! group.
Such substituents may occur on one or more carbons that are included or not
included in one or more double bonds. Moreover, such substituents include all those
contemplated for alkyl groups, as discussed below, except where stability is
probibitive. For example, substitution of alkenyl groups by one or more alkyi,
carbocyelvl, arvl, heterocyelyl, or heteroarvl groups s contemplated. In preferved

embodiments, a straight chain or branched chain alkeny! has 1-12 carbons in its
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backbone, preferably 1-8 carbons in its backbone, and more preferably 1-6 carbons
in is backbone. Exemplary alkenyl groups include alivl, propenyl, butenyvl, 2-
methvl-2-butenyl, and the like.

The term “alkyl” refers to the radical of saturated aliphatic groups, including
straight~-chain alkyl groups, and branched-chain alkyl groups. In preferred
emboediments, a steaight chain or branched chain alkyl has 30 or fewer carbon atoms
in its backbone {e.g., C1-Cyg for straight chains, (3-Cyp for branched chains), and
more preferably 20 or fewer. In cerain embodiments, atkyl groups are lower alkyl
groups, €.g. methyl, ethyl, »m-propyl, F-propyl, n-butyl and n-pentyl.

Moreover, the term “alkyl” {or “lower alkyl”) as used throughout the
specification, examples, and claims 15 intended {o include both “unsubstituted
alkyls” and “substituted alkyls”, the latter of which refers to alkyl meteties having
substitvents replacmg a hydrogen on one or more carbons of the hyvdrocarbon
backbone. In certain embodunents, a straight chain or branched chain alkyl has 30
or fewer carbon atoms 1o its backbone {e.g., C,-Cyp for straight chains, Ci-Cig for
branched chains). In preferred embodiments, the chain has ten or fewer carbon (C-
Cio) atoms in its backbone. In other embodiments, the chain has six or fewer carbon
{C-Cy) atoms m its backbone.

Such substituents can include, for example, a halogen, a bydroxyl, a carbonyt
{such as a carboxyl, an alloxycarbonyl, a formyl, or an acyl), a thiocarbonyl (such
as a thivester, a thioacetate, or a thioformate), an alkoxyl, an alkylthio, an acyloxy, a
phosphoryl, a phosphate, a phosphonate, an anuno, an amido, an amidine, an inune,
a cvano, a nitro, an azido, a sulfhvdrvl, an alkylthio, a sulfate, a sulfonate, a
sulfamoyl, a sulfonamido, a sulfonyl, a heterocyelyl, an aralkyl, or an aryl or
heteroarvl moiety.

The term “C,..” when used in conjunction with a chemical moiety, such as,
acyl, acvloxy, alkyl, alkenyl, alkynyl, or alkoxy is meant to mclude groups that
contain from x to v carbons in the chain. For example, the term “Cyalkyl” refers to
substituted or unsubstituted saturated hydrocarbon groups, including straight-cham
alkyl and branched-cham alkyl groups that contain from X to y carbons in the chain,
nchrding haloalkyl groups such as triffooromethyl and 2.2, 2-tirfluoroethyd, ete. Cy

alkyl indicates a hydrogen where the group is in a terminal position, a bond f



WO 2016/054406 PCT/US2015/053545

LA

io

,.~
N

20

internal. The terms “Cyalkenyl” and “Cogalkyayl™ refer to substituted or
unsubstituted unsaturated aliphatic groups analogous i length and possible
substitution to the alkyls described above, but that contain at least one double or
triple bond respectively.

The term “alkylamine”, as used herein, refers to an amino group substituted
with at least one alkyl group.

The term “alkylthio”, as used herein, refers to a thiol group substituted with
an alkyl group and may be represented by the general formula alkviS-.

The term “alkynyl”, as used herewmn, refers to an aliphatic group containing at
feast one triple bound and is mntended to tnclude both “unsubstituted alkynyls™ and
“substituted alkynyis”, the latter of which refers to alkynyl moteties having
substituents replacing a hvdrogen on one or more carbons of the alkyayl group.
Such substituents may occur on one or more carbons that are included or not
micluded in one or more tripte bonds. Moreover, such substituents include all those
comemplated for alkyl groups, as discussed above, except where stability s
prohibitive. For example, substitution of alkynyl groups by one or more atkyl,
carbocyelvl, aryl, heterocyelyvl, or heteroarvl groups is contemplated. In preferred
embodiments, an alkyny! has 1-12 carbons in its backbone, preferably 1-8 carbons In
its backbone, and more preferably 1-6 carbons in its backbone. Exemplary alkvayl
groups inclade propynyl, butynyl, 3-methylpent-T-ynyl, and the bike.

The term “anude”, as used herein, refers to a group

Q
H)Ls;(Rg
Rl
wherein R” and R’ each independently represent a hydrogen or hydrocarbyl group,
or RY and R taken together with the N atorn to which they are attached complete ¢
heterocyele having from 4 to 8 atoms in the ring structure.
The terms “aming” and “amino™ are art-recognized and refer to both

unsubstituted and substituted anmines and salts thereof, e.g., a motety that can be

represented by

R® R

‘ b
=N or §eR'

Rl QW

5
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wherein R”, R and R each independently represent a hydrogen or a hydrocarbyl
group, or R and R' taken together with the N atom to which they are attached
complete a heterocyele having from 4 to 8§ atoms in the ring structure.

The term “ammoalkyl”, as used herein, refers to an alkyl group substitated
with an anuno group.

The term “aralkyl”, as used heremn, refers to an alkvl group substituted with
one or more aryl groups.

The term “aryl”, as used herein, include substituted or unsubstituted single-
ring aromatic groups in which each atom of the ring is carbon. Preferably the ning is
a 5-to 7-membered ring, more preferably a 6-membered ring. Aryl groups include
phenyl, phenol, aniline, and the like.

The term “carbamate” is artrecogmzed and refers to a group

s’j\Oj\w,Rm or ﬁs\!}iﬁ\O'Rm

o

R® R®
wherein R” and R'" independently represent hydrogen or a hvdrocarbyl group, such
as an atkvl group.

The terms “carbocyele™, “carbocyelyl”, and “carbocychie”, as used herein,
refers to a non-aromatic saturated or unsaturated ring in which each atom of the ring
is carbon. Preferably a carboeycle ring contains trom 3 to 10 atoras, more
preferably from S to 7 atoms.

The term “carboeyelylalkyl™, as used herem, refers to an atkyl growp
substituted with a carbocycle group.

The term “carbonate” is art-recognized and refers to a group -OCO»-R”,
wherein R’ represents a hydrocarbyl group, such as an alky! group.

The term “carboxy™, as used herein, refers 1o a group represented by the
formula

The term “cycloalkyl”, as used herein, refers to the radical of a saturated
aliphatic ring. In preferred embodiments, cycloalkyls have from 3-10 carbon atoms
in their ning structure, and more preferably from 5-7 carbon atoms in the ring
structure. Suitable cveloalkyls include cveloheptyl, cyclobexvl, evclopentyl,

cyclobutyl and cvelopropyl.
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The term “ester”, as used herein, refers to a group -C{OYOR” wherein R
represents a hydrocarbyl group, such as an alkyl group or an aralkyl group.

The term “ether”, as used herein, refers 1o a hvdrocarbyl group linked
through an oxygen to another hydrocarbyl group. Accordingly, an cther substituent
of a hydrocarbyl group may be hivdrocarbyl-0O-. Ethers may be either symmetrical
or unsymmetrical. Examples of ethers include, but are not hmited to, heterocycle-O-
heterocyele and aryl-O-heterocycle. Ethers include “alkoxyalkyl” groups, which
may be represented by the general formula alkyl-O-allkyl

The terms “halo” and “halogen”, as used heremn, means halogen and includes
chiore, fluoro, bromeo, and iodo.

The term "heteroatkyl”, as used herein, refers to a saturated or unsatwated
chain of carbon atoms including at least one heteroatom {e.g., O, S, or NR™, such as
where R™ is H or Jower alkyl), wherein no two heterostoms are adjacent.

The terms “hetaralkvl” and “heteroaralkyl”, as used herein, refers to an alkyl
group substituted with a hetaryl group.

The terms “heteroaryl” and “hetaryl” include substituted or unsubstituted
aromatic single ring structures, preferably 5- to 7-membered rings, more preferably
3« to &-membered rings. whose ring structures include at least one heteroatom {e.g.,
0, N, or §), preferably one to four or one to 3 heteroatoms, more preferably one or
two heteroatoms. When two or more heteroatoms are present in a heteroaryl ring,
they may be the same or different. The terms “heteroaryl” and “hetaryl” also
include polycyclic ring systems having two or more cyclic rings in which two or
more carbons arg common to two adjoining rings wherein at least one of the rings is
hetercaromatic, e g, the other cyclic rings can be cycloatkyls, evcloalkenyls,
cycloatkynyls, arvls, heteroarvls, andfor heterocycelvls. Preferred polveyelic ring
svstems have two evelic rings in which both of the rings are aromatic. Heteroaryl
groups inchude, for example, pyrrole, furan, thiophene, inndazole, oxazole, thiazole,
pyrazole, pyridine, pyrazine, pyridazine, quinoline, and pyrimidine, and the like.

The term “heteroatom™, as used herein, means an atom of any element other
than carbon or hydrogen. Preferred heteroatoms are nitrogen, oxygen, and sulfur.

The terms “heterocyclyl™, “heterocyele™, and “heterocyclic™ refer to

substituted or unsubstituted non-aromatic ring structures, preferably 3-to 10-

]
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membered rings, more preferably 3- to 7-membered rings, whose ring sttuctures
include at least one heteroatom, preferably one to four heteroatoms, more preferably
one or two heteroatoms. Heterceyelyl groups include, for example, piperidine,
piperazine, pyrrolidine, morpholine, factones, lactams, and the Iike.

The term “heterocyclvlalkyl”, as used heren, refers to an alkyl group
substituted with a heterocycle group.

The term “hydrocarbyl”, as used herein, refers to a group that is bonded
through a carbon atom that does not have a =0 or =8 substituent, and tyvpically has
at least one carbon~hydrogen bond and a primarily carbon backbone, but may
optionally include heteroatoms., Thus, groups like methvi, ethoxyethyl, 2-pyridvi,
and triflworomethyi are considered {o be hydrocarbyl for the purposes of this
application, but substiuents such as acetyl (which has a =0 substituent on the
tinking carbon) and ethoxy (which is linked through oxygen, not carbon) are not.
Hydrecarbyl groups melude, but are not limited to arvl, heteroaryl, carbocycle,
heterocycle, atkyl, alkenyl, altkynyl, and combinations thereof.

The term “lower” when used in conjunction with a chemical moiety, such as,
acyl, acvloxy, alkyl, alkenyl, slloynyl, or atkoxy is meant to include groups where
there are ten or fewer non-hydrogen atoms in the substituent, preferably six or fewer.
A “lower alky!”, for example, refers 1o an alkyl group that contains ten or fewer
carbon atoms, preferably six or fewer. Examples of straight cham or branched chain
tower alkyvl include methvl, ethyl, isopropyl, propyl, butyl, tertiary-butvl, and the
tike. In certain embodiments, acyl, acyloxy, alkyl, alkenyl, alkvnyl, or alkoxy
substituents defined herein are respectively lower acyl, lower acvloxy, lower alkyl,
fower alkenyl, fower alkynyl, or lower atkoxy, whether they appear alone orn
combination with other substituents, such as i the recitation aralkyl (in which case,
for example, the atoms within the arvl group are not counted when counting the
carbon atoms in the alkyvi substituent).

The terms “polyeyelvl”, “polyeyele”, and “polvevelic” refer to two or more
rings {e.g., cycloalkyls, cycloalkenyls, eycloalkynyls, aryls, heteroaryls, and/or
heterocyelylsy in which two or more atoms are common to two adjoining rings, e.g.,

the rings are “fused rings”. Preferred polveyceles have 2-3 rings. Fach of the rings

LT
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of the polvevele can be substituted or unsubstituted. In certain embodiments, each

ring of the polveyele contains from 3 to 10 atoms in the ring, preferably from St 7.
The term “substituted” refers to moieties having substituents replacing a

hydrogen on one or more carbons of the backbone. 1t will be understood that

LT

“substitution” or “substituted with” includes the inmplicit proviso that such
substitution is in accordance with permitted valence of the substituted atom and the
substituent, and that the substitution results in a stable compound, ¢.g., which does
not spontaneously underge transformation such as by rearrangement, cyclization,
elimination, etc. As used herem, the term “substituted” iz contemplated to inchude
all permssible substituents of organic compounds. In a broad aspect, the
permissible substituents mclude acyelic and cyclic, branched and wbranched,
carbocyclic and heterocyelic, aromatic and non-aromatic substituents of organic
compounds. The permissible substituents can be one or more and the same or
different for appropriate organic compounds. For purposes of the mvention, the
hetercatoms such as nitrogen may have hydrogen substituents and/or any
permissible substituents of organic compounds described herein which satisfy the
valences of the heteroatoms. Substituents can include any substitvents described
herem, for example, a halogen, a hydroxyl, a carbonyl (such as a carboxyl, an
alkoxvearbonvl, a formyl, or an acyl), a thiocarbonyl {such as a thioester, a
thivacetate, or a thioformate), an alkoxyl, an alkylthio, an acvloxy, a phosphoryl, a
phosphate, a phosphonate, an amino, an amido, an amidine, an unine, a cvano, a
mitro, an azido, a sulthydryl, an alkvithio, a sulfate, a sulfonate, a sulfamoyl, a
sulfonamido, a sulfonyi, a heterocyelyl, an aralkyl, or an arematic or hetercaromatic
moiety.

Unless specifically stated as “unsubstituted,” references to chemical moteties
herein are understood to include substituted vartants, For example, reference 1o an
“aryl” group or moety implicitly includes both substituted and unsebstituted
Variants.

The term “sulfate” is art-recognized and refers to the group ~OSO:H, ora
pharmaceutically acceptable salt or ester thereof.

The term “sulfonamide™ is artrecognized and refers to the group represented

by the general formulae
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wherein R” and RY independently represents hydrogen ov hydvocarbyl, such as
alkyl.

The term “sulfoxide” is ant-recognized and refers to the group -S(O)-R,

5 wherein R’ represents a hydrocarbyl, such as alkyl, aryl, or heteroaryl.

The term “sulfonate” is art-recognized and refers to the group -SO:H, or a
phanmaceutically acceptable salt or ester thereof.

The term “sulfone” is ari-recognized and refers to the group -S(OhL-R7,
wherein R’ represents a hvdrocarbyl, such as alkyl, aryl, or heteroaryl.

i The term “thioester™, as wsed herein, refers to a group ~C(O)SR” or -SCHOIR"

wherein R” represents a hydvocarbyl, such as alkyl.

The term “thicether”, as used heremn, 15 equuvalent to an ether, wherein the
axygen is replaced with a sulfur.

The term “urea”™ 1s artrecognized and may be represented by the general formula
Ihe term art-recognized and may be represented by the general la

O i 140
R
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N
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15 R® RY
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wherein R” and R' independently represent hydrogen or a hydrocarbyl, such as
alkyl.

At various places 1 the present specification substituents of compounds of
the nvention are disclosed in groups or in ranges. It is specifically intended that the
20 invention include each and every mdividual subcombination of the mewbers of such
groups and ranges. For example, the term “Ci-Ce alkyl”™ ts specifically intended to
individually disclose methvl, ethyl, propyl, isopropyl, n-butyl, sec-butyvl, isobutyl,
ete.

For a number qualified by the term “about”, a variance of 2%, 3%, 10% or

aven 20% is withm the ambit of the qualified number

B3
L

As used herein, a therapeutic that “prevents”™ a disorder or condition refers to
a compound that, in a statistical sample, reduces the occurrence of the disorder or

condition n the treated sample relative 10 an unireated control sample, or delays the

)
o
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onset or reduces the severity of one or more symyptoms of the disorder or condition
relative to the untreated control sample.

The term “prodrug”™ is intended to encompass compounds which, under
physiologic conditions, are converted mto the therapeutically active agents of the
present invention {e.g., a compound of Formula 1 or Formula ). A common
niethod for making a prodrog is to inchude one or more selected moieties which are
hyvdrolvzed under physiologic conditions to reveal the desired molecule. In other
embodiments, the prodrug is converted by an enzymatic activity of the host animal.
For example, esters (e.g., esters of alcohols or carboxyhic acids) are preferred
prodrugs of the present invention. In vartous embodiments disclosed herein {e.g.,
the various compounds, compositions, and methods), some or all of the compounds
of formula A, compounds of any one of Formuda | or Formula 1, alt or a portion of a
compound of Formula I or Formula I m a formulation represented above can be
replaced with a suitable prodrug, e.g., wherein a hydroxyl or carboxylic acid present
in the parent compound is presented as an ester.

As used herein, the term “treating” or “treatment” includes reversing,
reducing, or arresting the symptoms, clinical signs, and undertying pathology of 8
condition in manner to improve or stabilize a subject's condition. As used herein,
and as well understood in the art, “treatment” is an approach for obtaining beneficial
or desired results, including climcal results. Beneficial or destred clinical results can
include, but are not linuted to, alleviation or amehioration of one or more symptoms
or condittons, diminishment of extent of disease, stabilized (1.e., not worsening} state
of disease, preventing spread of disease, delay or slowing of disease progression,
amelioration or palliation of the disease state, and remission {whether partial or
total), whether detectable or undetectable. “Treatment” can also mean prolonging
survival as compared to expected survival if not recetving treatment,

The term “small molecule” refers to an organic molecule having a molecular
weight less than about 2500 amu, preferably less than about 2000 amu, even more
preferably less than abowt 1500 amu, still more preferably less than about 1000 amu,
or most preferably less than about 750 amu. Preferably a small molecule contams

one or more heterogtoms.
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The phrase “activity of ALK2" means ALK-2 enzymatic activity {e.g., such
as kinase activity; the ability of ALK-2 to phosphorylate BMP-responsive SMAD
proteins) and/or ALK-2-mediated signaling {e.g., such as the ability of ALK-2 1o

L=

mediate downstrean signal transduction and transeriptional activity following

LA

activation of ALK-2 by binding of BMP ligands). In some embodiments, “activity of
ALK2" means ALK 2-mediated BMP signaling. In some embodinents, “activity of
ALK2” means ALK2-mediated BMP-responsive gene transcription {e.g.,
transcriptional activity mediated by BMP/ALKR signal transduction).

The phrase “activily of ALKS” means ALK-S enzymatic activity {e.g.. such
10 as kinase activity; the ability of ALK-3 to phosphorvlate TGF- responsive SMAD
proteins; the ability of ALK-S to phosphorviate SMADZ or SMAD3) and/or ALK-3-
mediated signaling (e.g., such as the ability of ALK-S to mediaie downstream signal

transduction and transcriptional activity following activation of ALK-S by binding

of TGF-B ligands). In some embodiments, “activity of ALKS” means ALKS-

pree
LAy

mediated TGF-f signaling. In some embodiments, “activity of ALKS” means
ALK S-mediated TGF-[} -responsive gene transcription (e.g, transeripiional activity
mediated by TGFB/ALKS signal transduction).
The phrase “activity of ALKT” means ALK-1 enzymatic activity {e.g., such
as kinase activity; the ability of ALK-1 to phosphorylate BMP-responsive SMAD
3 protems) and/or ALK-~1~-mediated signalig {e.g., sach as the ability of ALK-1 0
mediate downstream signal transduction and transcriptional activity following
activation of ALK-1 by binding of BMP ligands). In some embodiments, “activity
of ALK1” means ALK -mediated BMP signaling. In some embodiments, “activity
of ALK means ALK L-mediated BMP-responsive gene transeription {e.g.,

25 transcriptional activity mediated by BMP/ALK] signal transduction).

The phrase “activity of ALK3” means ALK-3 enzymatic activity {e.g., such
as kinase activity; the ability of ALK-3 fo phosphorvlate BMP-responsive SMAD
proteins) andior ALK-3-mediated signaling (e.g., such as the ability of ALK-3 1o
mediate downstream signal transduction and transcriptional activity following

30 activation of ALK-3 by binding of BMP ligands). In some embodiments, “activity

of ALK3™ means ALK3-mediated BMP signaling. In some embodiments, “activity

- 20~

=



WO 2016/054406 PCT/US2015/053545

of ALK3" means ALK3-mediated BMP-responsive gene transcription (2.g.,
transcriptional activity mediated by BMP/ALK 3 signal transduction).
The phrase “activity of ALKS” means ALK-4 enzymatic activity {e.g., such

as kinase activity; the ability of ALK~4 to phosphorvlate activin-responsive SMAD

LA

protems; the ability of ALK-4 to phosphorylate SMAD 2 or SMAD 3) and/or ALK~
4-mediated signaling (e.g., such as the ability of ALK to mediate downstream
signal transduction and transeriptional activity following activation of ALK-4 by
binding of activin Hgands). In some embodiments, “activity of ALK4” means
ALK4-mediated activin signaling. In some embodiments, “activity of ALK4”
10 means ALKd-mediated activin-responsive gene transcription {e.g., transcriptional
activity mediated by activid ALK4 signal transduction).

The phrase “activity of ALKS” means ALK-6 enzymatic activity {e.g., such
as kinase activity; the ability of ALK-6 to phosphorylate BMP-responsive SMAD

protems} andfor ALK-6-mediated signaling (e.g., such as the ability of ALK-6 to

,.~
N

mediate downstream signal transduction and transcriptional acuvity following
activation of ALK-6 by binding of BMP ligands). In some embodiments, “activity of
ALKSE” means ALK6&-mediated BMP signaling. In some embodiments, “activity of
ALK6” means ALK6-mediated GDFS signaling. In some embodiments, “activity of
ALK6G” means ALK6-mediated BMP-responsive gene transcription (e.g.,

2 transcriptional activity mediated by BMP/ALKG signal transduction).

Human ALK2Z 15 a 509 amino acid protem. The protein sequence 1s
pubhished, for example, as GenBank accession number NP_001104537 1, {with
corresponding nucleotide sequence at NM_001111067.2) UniProt entry Q04771

Human ALKS has, at least, two soforms: a 503 amino acid protein {isotorm

23 1) and a 426 anmuno acid protein. The protem sequence for hwman ALKS iseform 1
is published, for example, as GenBank accession number NP 0046031 {with
corresponding nucleotide sequence at NM_004612.2) The protein sequence for the
426 amino acid isoform is published, for example, as GenBank accession number
NP 0011243881 (with corresponding nucleotide sequence at

3 NM_801130916.1). Information regarding both isoforms s also published as

UniProt entry P36897.
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Human ALK! is a 503 amino acid protein. The protein sequence is
published, for example, as GenBank accession number NP_001070869.1 {with
corresponding nucleotide sequence at NM 0010774011 transcript variant 2) and
NP_000011.2 (with corresponding nucleotide sequence at NM_000020.2; transcript
variant 1), UniProt entry P37023.

Human ALKS is 4 532 anuino acid protetn. The protein sequence is
published, for example, as GenBank accession number NP_004320 (with
corresponding nucleotide sequence at NM_004329.2), UiniProt entry P36894,

Human ALK4 has at least three 1soforms. Isoform a iz a 565 amino acid
protein. The protein sequence is published, for example, as GenBank accession
number NP 004293 {with corresponding nucleotide sequence at NM_004302),
UniProt entry P36896.

Isoform a of human ALK6 1s a 532 amino acid protem and soform b is a 502
amino acid protein. The protemn sequence for hwman ALKG isoform a is published,
for example, as GenBank accession number NP_ 001243722 (with corresponding
nucieotide sequence at NM_001236793.1). The protein sequence for human ALKS
isoform b is published, for example, as GenBank accession pumber NP_001194
{with corresponding nucleotide sequence at NM_001203.2).

Note that each of the foregoing proteins are further processed in vivo, such
as by the cleaving of a signal sequence, to vield a mature form,

L Pharmaceutical Compositions

Compounds of the present invention may be used 10 a pharmaceutical
compaosition, e.2., combined with a pharmaceutically acceptable carrier, for
administration to a patient. Such a composition may also contain diluents, fillers,
salts, buffers, stabilizers, solubilizers, and other materials well known in the art. The
term “pharmaceutically accepiable” means g non-toxic material that does not
interfere with the effectiveness of the biological activity of the active ingredient(s).
The characteristics of the carrier will depend on the route of administration. Such
additional factors and/or agents may be included in the pharmacentical composition
to produce a synergistic effect with compeounds of the invention, or to minunize side

effects caused by the compound of the invention.
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The pharmaceutical compositions of the mvention may be in the form of a
liposome or micelles in which compounds of the present invention are combined, in
addition to other pharmaceutically acceptable carriers, with amphipathic agents such
as lipids which exist in aggregated form as mucelles, msoluble monolayers, tiquid
cryvstals, or lamellar lavers in aqueous solution. Suitable lipids for liposomal
formulation include, without limitation, monoglycendes, diglycerides, sulfatides,
tysolecithin, phospholipids, saponin, bile acids, and the like. Preparation of such
fiposomal formulations is within the level of skill in the ar, as disclosed, for
example, in US. Pat. Nos. 4,235 871; 4,501,728; 4,837,028; and 4,737 323 all of
which are incorporated herein by reference.

The terms “pharmaceutically effective amount™ or “therapeutically effective
anount”, as used herem, means the total amount of each active component of the
pharmaceutical composition or method that 1s sufficient to show a meaningful
patient benefit, e.g., treatment, healing, prevention, inhibition or amelioration of a
physiological response or condition, such as an inflammatory condition or pa, or
an increase in rate of treatment, healing, prevention, inhibition or amelioration of
such conditions. When applied to an individual active ingredient, administered
alone, the term refers to that ingredient alone. When applied to a combination, the
term refers to combined amounts of the active ingredients that result in the
therapeutic effect, whether administered 1n combination, sertally or simultanecasly.

Each of the methods of treatment or use of the present invention, as
described heremn, comprises administering to a manunal m need of such treatment or
use a pharmaceuntically or therapeutically effective amount of a compound of the
present invention, or a pharmaceutically acceptable salt or ester form thereof.
Compounds of the present mvention may be administered in accordance with the
methaod of the invention either alone or in combination with other therapies,

Administration of compounds of the present invention used in the
pharmacentical composition or to practice the method of the present invention can
be carried out in a variety of conventional ways. Exemplary routes of administration
that can be used include oral, parenteral, intravenous, intra~arterial, cutaneous,
subeptaneous, intramuscular, topical, mtracranial, intracorbital, ophthalmic,

intravitreal, intraventricular, intracapsular, intraspinal, intracisternal, intraperitoneal,
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intranasal, aerosol, central nervous system {(CNS) administration, or administration
by supposttory.

When a therapeutically effective amount of a compound(s) of the present
mvention is administered orally, compounds of the present invention may be i the
form of a tablet, capsule, powder, solution or elixir, When administered in tablet
form, the pharmaceutical composition of the invention may additionally contain a
solid carrier such as a gelatin or an adjuvant. The tablet, capsule, and powder may
contain from about 5 to 95% compound of the present invention, and preferably
from about 10% to 90% compouand of the present invention. When administered in
hawid form, a liquid carrier such as water, petroleum, oils of antmal or plant origin
such as peanut oil, nuineral oils, phospholipads, tweens, triglycerides, including
medium chain triglveenides, soybean oil, or sesame oil, or synthetic otls may be
added. The ligoid form of the pharmacewtical composition may further contam
physiological saline solution, dextrose or other saccharide solution, or glycols such
as ethylene glycol, propylene glveol or polyethylene glycol. When administerved in
Hiquid form, the pharmaceutical composition typically contaias from about 0.5 to
90% by weight of compound of the present invention, and preferably from about 1
to 30% compound of the present invention.

When a therapeutically effective amount of a compound(s) of the present
mvention s admimstered by intravenous, cutaneous or subcutaneous mjection,
compounds of the present invention may be in the form of a pyrogen-free,
parenterally acceptable aqueous solution. The preparation of such parenterally
acceptable solutions, having due regard to pH, isotonicity, stability, and the like, is
within the skill in the art. A preferred pharmaceutical composition for intravenous,
cutaneous, or subcutaneous injection should contain, w addition to compounds of
the present invention, an isotonic vehicle such as Sodium Chioride Injection,
Ringer’s Injection, Dextrose Injection, Dextrose and Sodium Chioride Injection,
Lactated Ringer’s Injection, or other vehicle as known in the art. The
pharmaceutical composition of the present invention may also contain stabilizers,
preservatives, buffers, antioxidants, or other additives known to those of skill in the

art.

224 -
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The amount of compound(s) of the present invention in the pharmacentical
compostiion of the present invention will depend upon the nature and severnity of the
condition being treated, and on the nature of prior treatments the patient has
undergone. Ultimately, the practitioner will decide the amouant of compound of the
present invention with which to treat each individual patient. Iniually, the
practitioner may administer low doses of compound of the present invention and
observe the patient’s response. Larger doses of compounds of the present invention
may be administered until the optimal therapeutic effect is obtained for the patient,
and at that pomt the dosage 1s not increased farther. It 1s contemplated that the
various pharmaceutical compositions used to practice the method of the present
invention should contain about 0.1 pg to about 100 mg (preferably about 0.1 mu to
about 3 mg, more preferably about 1 mg te about 2 mg) of compound of the present
mvention per kg body weight.

The duration of intravenous therapy using the pharmaceutical composition of
the present invention will vary, depending on the severity of the disease being
treated and the condition and potential idiosyneratic response of each individual
patient. It is contemplated that the duration of each application of the compounds of
the present mvention will be wn the range of 12 t0 24 hours of continuous
intravenous administration. Ultimately the practitioner will decide on the
appropriate daration of intravenous therapy using the pharmaceutical composition of
the present nvention.

i Uise with polymers

The compounds as disclosed heremn may be conjugated to a polymer matrix,
e.g., for controlled delivery of the compound. The compound may be conjugated via
a covalent bond or non-covalent association. In certain embodiments wherein the
compound is covalently linked 1o the polvmer matrix, the linkage may comprise a
maetety that is cleavable under biological conditions {e.z.. ester, amide, carbonate,
carbamate, imide, etc ). In cenain embodiments, the conjugated compound may be a
pharmaceutically acceptable salt, ester, or prodrug of a compound disclosed herein.
A compound as disclosed heren may be assoclated with any type of polymer matrix

known in the art for the delivery of therapeutic agents.



WO 2016/054406 PCT/US2015/053545

LA

io

,.~
N

24

¥ Svathetic Preparation

The compounds disclosed herein can be prepared in a variety of ways known
to one skilled in the art of organic synthesis, and in analogy with the exemplary
compounds whose synthesis 1s described herem. The starting materials used in
preparing these compounds may be commercially available or prepared by known
niethods. Preparation of compounds can involve the protection and deprotection of
various chenical groups. The need for protection and deprotection, and the
selection of appropriate protecting groups can be readily determined by one skilled
i the art. The chemistry of protecting groups can be found, for example, in Greene
and Wuts, Protective Groups in Organic Sythesis, 44th. Ed., Wiley & Sons, 2006,
which is incorporated herein by reference in its entirety.

The reactions of the processes described herein can be carried out in suitable
solvents which can be readily selected by one of skill in the art of organic synthesis.
Suitable solvents can be substantially nonreactive with the starting materials
{reactants), the intermediates, or products at the temperatures at which the reactions
are carried out, Le., temperatures which can range from the solvent’s freezing
temperature to the solvent’s boiling temperature. A given reaction can be carried
out in one solvent or a mixture of more than one solvent. Depending on the
particular reaction step, suitable solvents for a particular reaction step can be
selected.

K {ivey

BMPs and TGF-heta signaling pathways are essential to normal
organogenesis and pattera formation, as well as the normal and pathological
remodeling of mature tissnes. Defects 1 the BMP signaling pathway are implicated
in a number of congenital and acquired disease processes, including Hereditary
Hemorrhagic Telangiectasia syndrome, Primary Pulimonary Hypertension or
Pulmonary Arterial Hypertension, Juvenile Famihial Polyposis, as well as sporadic
renal cell and prostate carcinomas. It has been suggested that in certain disease
states associated with defective signaling components, attenuated BMP signaling
might be a cause, while owr findings have suggested that in some contexts excess
BMP signaling might be pathogenic {Waite et al. Nat. Rev. Genet. 4763773, 2005,

Yu et J Biol Chem, 280:24443-24450, 2003). The ability to modulate BMP
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signaling experimentally wonld provide a means for investigating therapy, and for
determunng the root causes of these conditions.

A. Treatment of anemia_including ivon deficiency and anemia of chronic

discase

For a review, see Weiss et al. ¥ Eugl L Med 352:1011-1023, 2005,
Anemia of inflammation (also called anemia of chronic disease) can be seen in
patients with chronic infections, autoimmune diseases (such as systemic fapus
erythematosis and rheumatoid arthritis, and Castleman’s disease), inflammatory
bowel disease, cancers (including multiple myeloma), and renal faitture. Anenva of
mflammation is often caused by maladaptive expression of the peptide hormone
hepeidin. Hepeidin causes degradation of ferroportin, a critical protein that enables
transport of iron from intracellular stores in macrophages and from intestinal
epithelial cells. Many patients with renal failure have a combmation of
ervthropoietin deficiency and excess hepeidin expression. BMP signaling induces
expression of hepeidin and mbubiting hepeidin expression with BMP inhibitors
increases iron levels. Compounds as described herein can be used to treat anemia
due to chromic disease or inflammation and associated hyperhepeidinemic states.

The mflammatory cytokine HL-0 is thought to be the principal cause of
elevated hepeidin expression in inflammatory states, based upon the elevation of IL-
6 i anemia of inflammation of diverse etiofogies, the effects of chwonic IL-6
administration in vivo, and the protection against anemia in rodents deficient in {L-6
{Weiss et al. N fngl J Med 352:1011-1023, 2005). It has been shown that
stimulating bepatoma cell lines with 1L-6 induces hepcidin expression, while
treatment with a BMP mbibitor abrogates H.-6-induced hepcidin expression (Yu et
al. Nar. Chem. Biol. 4:.33-41, 2008). Maoreover, we have found that BMP inhibators
can nhibit hepeidin expression induced by injection of pathogenic bacteria m vivo,
It has also been shown that systemic iron administration in mice and zebrafish
rapidly activates BMP-responsive-SMADs and hepeidin expression in the liver, and
that BMP antagonism effectively blocks these responses (Yu et al. Nat. Chem. Biol,
4:33-41, 2008). The functional importance of BMP signaling in iron regulation is
supported by our finding that BMP inhibitors can inhibit bepeidin expression and

raise serum iron levels in vivo, Taken together these data suggest that iron- and
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inflammation-mediated regulation of hepeidin and circulating iron levels require
BMP signaling. Compounds as described herem may be used to alter iron
availability in diverse circumstances for therapeutic benefit.

Compounds as described berein may be used in anemic states to {1} augment
the efficacy of dietary iron or oral iron supplementation {which is safer than
intravenous admnistration of iron) to increase serum iron concentrations; {1t}
angment butld-up of hemoglobin in the blood in anticipation of surgery or to enable
blood donation for self in anticipation of surgery; (ii1) enhance the efficacy of
erythropotetin and its refatives, thereby enabling lower doses of ervthropoietin to be
administerad for anemia while minimizing known