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ABSTRACT: There are currently no effective chemotherapeutic drugs approved for the treatment of diffuse intrinsic pontine 
glioma (DIPG), an aggressive pediatric cancer resident in the pons region of the brainstem. Radiation therapy is beneficial but not 
curative, with the condition being uniformly fatal. Analysis of the genomic landscape surrounding DIPG has revealed that activin 
receptor-like kinase-2 (ALK2) constitutes a potential target for therapeutic intervention given its dysregulation in the disease. We 
adopted an open science approach to develop a series of potent, selective, orally bioavailable, and brain-penetrant ALK2 inhibitors 
based on the lead compound LDN-214117. Modest structural changes to the C-3, C-4, and C-5 position substituents of the core 
pyridine ring afforded compounds M4K2009, M4K2117, and M4K2163, each with a superior potency, selectivity, and/or blood− 
brain barrier (BBB) penetration profile. Robust in vivo pharmacokinetic (PK) properties and tolerability mark these inhibitors as 
advanced preclinical compounds suitable for further development and evaluation in orthotopic models of DIPG. 

■ INTRODUCTION 

Pediatric central nervous system (CNS) tumors constitute a 
heterogeneous group of diseases, and patient survival rates vary 
greatly among tumor subtypes.1 Diffuse intrinsic pontine glioma 
(DIPG), a grade IV tumor originating in glial tissue of the pons 
and typically affecting children between 5 and 7 years of age,2,3 is 
highly infiltrative with a 5-year relative survival rate of less than 
1%.4 While accounting for 10% of all pediatric brain tumors, a 
median survival of just 9−12 months means that the prognosis 
for children with DIPG is particularly poor relative to those with 
other brainstem cancers. 5 Given that the pons contains cranial 
nerve nuclei and nuclei critical for life-sustaining functions such 
as respiration and sleep, damage by the tumor or treatment has 
potentially severe repercussions.6 Sensitivity of the affected pons 
region renders it unsuitable for surgical resection, so the current 

standard of care is limited to focal radiation therapy providing 
only limited and temporary benefit for patient survival.7 

Chemotherapeutic agents have also met with little success in 
prolonging patient survival,4,6 in part because CNS drug 
exposure is limited by the endothelial tight junctions and 
elevated expression levels of efflux transporters at the blood− 
brain barrier (BBB), making it difficult to reach therapeutically 
relevant drug concentrations at lesion sites.8 A number of brain-
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penetrant chemotherapeutic agents such as temozolomide and 
vincristine have been explored as complements to radiotherapy, 
but no significant improvement in outcomes has been 
observed.9,10 

The advent of modern stereotactic procedures to safely biopsy 
DIPG tumors11 has opened new avenues for molecular 
characterization and overturned old orthodoxies relating to 
the classification and treatment of both adult and childhood 
gliomas as similar tumors.12 In contrast to the IDH1/2, BRAF, or  
FGFR oncogenic driver mutations found in adult gliomas, 
mutations in histone and developmental signaling proteins are 
characteristic of DIPG.13,14 Somatic missense mutations in the 
bone morphogenetic protein (BMP) type I receptor ACVR1 
gene encoding activin receptor-like kinase-2 (ALK2), one of the 
seven (ALK1−7) type I receptors in the transforming growth 
factor β (TGFβ)/BMP signaling pathway, have been reported in 
approximately 33% of children with DIPG.2,3 The ACVR1 gene, 
widely expressed in a variety of tissues including bone, cartilage, 
heart, CNS, and the reproductive system, is located in 
chromosome 2q23-q24 and encodes for the 509 amino acid 
protein.15 Although rare in other human cancers, similar ACVR1 
mutations are found in individuals with fibrodysplasia ossificans 
progressiva (FOP), a monogenic developmental disorder whose 
primary features are skeletal abnormalities and heterotopic 
ossification.16−18 In DIPG, mutant ACVR1 is ubiquitous 
throughout the tumors and strongly associated with K27M 
mutations in HIST1H3B, suggesting a partnership with 
H3K27M mutations during clonal evolution.19 

Comprising an extracellular ligand binding domain and an 
intracellular serine/threonine (Ser/Thr) kinase domain, ALK2 
functions as a transmembrane receptor.20 When BMP ligands 
bind to a complex of ALK2 and type II BMP receptors, the 
resultant activation of ALK2 by transphosphorylation of its 
juxtamembrane glycine−serine (GS)-rich domain promotes the 
recruitment and phosphorylation of downstream transcription 

factors SMAD1/5/8 by ALK2 and subsequent induction of 
BMP-response genes such as ID1-3 (known mediators of 
gliomagenesis).21−23 Heterozygous somatic nonsynonymous 
missense gain-of-function mutations present exclusively in the 
cytoplasmic GS (20% R206H and 2% Q207E) and Ser/Thr 
kinase domains (13% R258G, 24% G328E, 28% G328V, 4% 
G328W, and 9% G356D)2 of ALK2 not only result in 
hypersensitivity to canonical BMP ligands but also induce 
responsiveness to activin ligands.24,25 Each ACVR1 mutant was 
found to increase basal canonical BMP pathway signaling when 
overexpressed in cultured mouse primary astrocytes, suggesting 
a role for these mutations during neurodevelopment.2 Although 
mutant ALK2 alone is not sufficient to drive tumor formation 
(i.e., FOP patients with somatic ALK2 mutations do not develop 
DIPG) and the mechanistic role of ALK2 in DIPG pathogenesis 
has not yet been fully elucidated,2,26 significant cooperation 
between mutant ALK2 and the oncohistone H3.1K27M has 
been demonstrated in neurospheres, with a strong influence of 
ALK2 on gliomagenesis (initiation, proliferation, and survival) 
observed.27 In H3.3K27M ACVR1R206H HSJD-DIPG-007 cells, 
shRNA knockdown of ACVR1 not only caused reduction in cell 
viability but also resulted in increased apoptotic cell death. While 
mutated histone H3 is not directly druggable, ALK2 is a classical 
protein kinase constituting a suitable target for a drug discovery 
program. 
Following the discovery that an adenosine monophosphate 

(AMP)-activated kinase inhibitor, Dorsomorphin, could block 
BMP signaling through SMAD1/5/8 phosphorylation,28 a 
number of related inhibitors centered around the pyrazolo-
[1,5-a]pyrimidine chemotype were reported (Figure 1A).29 

Inhibitors of ALK2 such as LDN-19318930 and LDN-
21285431,32 showed efficacy in FOP mouse models33 although 
their activity against a number of kinase off-targets34 and dose-
limiting toxicity (a 10% body weight loss in animal models)35 

ultimately constrain their clinical utility. Biochemical screening 

Figure 1. (A) Reported ALK2 inhibitors based on pyrazolo[1,5-a]pyrimidine (blue), 3,5-diphenylpyridine (black), bis-heteroaryl pyrazole (red), 
quinazolinone (magenta), and macrocyclic (green) scaffolds. (B) Cocrystal structure of prototypic 3,5-diphenylpyridine inhibitor LDN-213844 
(yellow) with ALK2 (PDB code 4BGG).37 
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using recombinant ALK2 protein subsequently yielded a new 
series of inhibitors based on the 3,5-diphenylpyridine chemo-
type, typified by K02288, 36 LDN-213844, and LDN-214117. 37 

More recently, the toolbox of compounds has been expanded 
through the discovery of a 3-(4-sulfamoylnaphthyl)pyrazolo-
[1,5-a]pyrimidine (modified LDN-193189) analog (Com-
pound 23),38 as well as inhibitors based on quinazolinone 
(Compound 24),39 bis-heteroaryl pyrazole (Compound 
18p),40 and macrocyclic (OD36) scaffolds.41 At the time of 
writing, a number of ALK2 inhibitors such as BLU-782 
(IPN60130), BCX9250, and KER-047 are being explored for 
FOP,42 and another, Itacnosertib (TP-0184 from Sumitomo-
Tolero Pharma), has progressed into clinical trials (Phase I) as a 
treatment for DIPG. 
Of the existing preclinical ALK2 inhibitors, LDN-193189, 

LDN-212854, and  LDN-214117 have been examined in 
orthotopic in vivo models of DIPG owing to their suitable 
brain penetration, pharmacokinetic (PK) properties, and 
general tolerability.27,43 While LDN-212854 was found to be 
beneficial in a viral infection ACVR1R206H mouse model,27 both 
LDN-193189 and LDN-214117 showed significant 15 day 
prolongation of progression-free survival in mice bearing 
ACVR1R206H patient-derived xenografts.43 Given the positive in 
vivo outcome, we became interested in developing analogs of the 
lead compound LDN 214117 into potential clinical candidates. 
To expedite efforts, we adopted an open science model centered 
on the newly created M4K (Medicines4Kids) Pharma Inc., itself 
owned by the Agora Trust Fund.44,45 

Although LDN-214117 has been demonstrated to have 
reasonable kinome-wide selectivity and low toxicity,37 we were 
particularly interested in increasing not only potency against 
ALK2 (to achieve a biochemical IC50 < 20 nM and cellular IC50 
< 100 nM) but also the selectivity over the closely related type I 
TGFβ pathway receptor ALK5. Documented adverse effects of 
ALK5 inhibition include cardiotoxicity (valvular lesions), effects 
on bone growth (physeal dysplasia), and gastrointestinal 
inflammation,46 so >50-fold selectivity for ALK2 over ALK5 in 
biochemical and cell-based assays was deemed essential to 
establish a desired safety profile and mitigate potential toxicity 
associated with long-term dosing. Parallel selectivity over ALK4 

and ALK7 would be beneficial for similar reasons, particularly 
since ALK4 is also involved in myostatin signaling, the 
impairment of which can result in muscle atrophy.47 Off-target 
toxicity related to other type I BMP pathway receptors may also 
be a concern given that inhibition of ALK1 has been associated 
with vascular effects (telangiectasia, edema, and congestive 
cardiac failure),48 and ALK3 is implicated in the regulation of 
iron storage.49 It should be noted, however, that ALK1-specific 
monoclonal antibody treatment administered to cancer patients 
did show a manageable safety profile with dosing up to 4.6 mg/ 
kg being well tolerated.50 A particular challenge in the 
development of selective, adenosine triphosphate (ATP)-
competitive small-molecule kinase inhibitors is the high degree 
of structural homology evident in the conserved ATP binding 
domains. For example, the ALK3 kinase domain possesses 66% 
sequence identity with that of ALK5, illustrative of the high 
structural homology among type I receptors of both the BMP 
and TGFβ signaling pathways.31 Within the BMP or TGFβ 
families, even greater kinase domain sequence identity is evident 
between homologues such as ALK1−ALK2 (79%), ALK3− 
ALK6 (86%), and ALK4−ALK5 (90%). 
Additional considerations for inhibitor design included 

adjusting the molecular weight, number of hydrogen bond 
donor (HBD) and hydrogen bond acceptor (HBA) atoms, 
number of rotatable bonds, cLog P, pKa, topological polar 
surface area (tPSA), metabolic stability, and effective perme-
ability to within the generally accepted parameters for successful 
CNS-directed drugs.51−53 

Using the well-characterized pyrazolo[1,5-a]pyrimidine in-
hibitor LDN-193189 as a control, we conducted the primary 
assessment of compound potency and selectivity against ALK1, 
ALK2, ALK2 mutants (G328V, R206H, and R258G), ALK3, 
ALK4, ALK5, and ALK6 using the radiometric in vitro kinase 
assay performed by Reaction Biology Corporation. Cellular 
activity against ALK2 in HEK-293 cells was determined by 
means of a NanoBRET assay employing competitive displace-
ment of a fluorescent tracer (PBI-6908) from the binding pocket 
by test compounds and generation of IC50 values from the 
resultant reductions in bioluminescence resonance energy 

Scheme 1. Synthesis of Compounds 6a−ia 

aReagents and conditions: (a) 3,4,5-trimethoxyphenylboronic acid (2), Pd(dppf)Cl2 dichloromethane (DCM), Na2CO3, N,N-dimethylformamide 
(DMF)/H2O, 100 C, 16 h for 1a, 1d−e, 1g, 1i and XPhos Pd G2, K3PO4, butanol/H2O, 100 C, 4 h for 1b−c, 1f, 1h; (b) tert-butyl 4-[4-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl]piperazine-1-carboxylate (4), XPhos Pd G2, K3PO4, butanol/H2O, 100 C, 4 h; (c) 4 M HCl in 
dioxane, MeOH, room temperature (rt), 30 min. 
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transfer (BRET) ratios. A dual luciferase assay (DLA) was used 
to determine cellular activity against ALK5. 

■ RESULTS AND DISCUSSION 

Synthesis of C-4 Position Analogs. With reference to the 
cocrystal structure of the prototypic 3,5-diphenylpyridine 
inhibitor LDN-213844 bound to ALK2 (Figure 1B, PDB code 
4BGG),37 it was anticipated that substitutions at the C-4 

position could potentially allow for stronger hydrogen bonding 
to the amide of H286 in the hinge region through exertion of an 
electronic effect at the nitrogen of the pyridyl ring. Furthermore, 
the inhibitor’s bioactive conformation appears to involve a 
dihedral angle between the pyridyl and C-3 position 3,4,5-
trimethoxyphenyl rings approaching 90°, a relatively high energy 
conformation (2.5 kcal/mol) that would be stabilized with the 
torsional restriction imposed by a sterically bulky C-4 position 

Table 1. Inhibitory and Off-Target Activities of LDN-213844, LDN-214117, and 6a−i 

aLiterature values.37 Measured values were determined using a radioactive biochemical kinase assay. bALK2 mutants are identified in parentheses. 
cAverage of duplicate measurements. dAverage of triplicate measurements. 
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substituent in a manner analogous to that of the C-2 position 
methyl substituent in LDN-214117. However, unlike in LDN-
214117, this locking of the conformation would also impact the 
dihedral angle between the pyridyl ring and the C-5 position 4-
piperazinophenyl ring, currently around 45°, pushing it toward 
90° and potentially setting up a more favorable π−π stacking 
interaction of the phenyl ring between residues G289 and V214. 
All C-4 position substituted analogs of LDN-213844 for our 

structure−activity relationship (SAR) study were synthesized 
using a route comprising an initial Suzuki−Miyaura coupling 
between commercially available 3,5-dihalopyridines (1a−i) and 
3,4,5-trimethoxyphenylboronic acid (2) to yield intermediates 
3a−i, followed by a second coupling with 4-(4-tert
butoxycarbonylpiperazinyl)phenylboronic acid pinacol ester 
(4) and subsequent carbamate-protecting group removal from 
intermediates 5a−i to yield the final inhibitors 6a−i (Scheme 1). 
Although step a produced a significant amount of undesired 
dicoupling product (∼50%) when starting with symmetrical 3,5-
dichloro- or 3,5-dibromopyridines (1b−d and 1f−h), all steps 
were uniformly high yielding (>70%) and purification of 
intermediates 3a−i was not required. A range of electron 
donating group (EDG) and electron withdrawing group (EWG) 
substitutions at the C-4 position (R1) was readily accessible, and 
the corresponding inhibitors 6a−i are summarized in Table 1 
alongside reference compounds LDN-213844 and LDN-
214117. 
C-4 Position Analog SAR. Interestingly, the SAR of 

inhibitors 6a−i revealed a generally higher potency against 
ALK2 for inhibitors bearing an EWG at the C-4 position (6f−i), 
with values near or below our set biochemical and cellular assay 
limits (20 and 100 nM, respectively). Compound 6h was an 
outlier, perhaps due to negation of the trifluoromethyl group’s 
strong EWG character by a presumptive, unfavorable steric 
effect. Compounds with a weak or strong EDG at the C-4 
position (6a−c and 6d−e, respectively) were generally less 
potent, although methyl substituted 6a was a notable exception. 
Overall, this observed electronic effect was counter to what was 
anticipated, with the compounds bearing an EDG at the C-4 
position expected to have a more basic pyridyl nitrogen capable 
of forming a stronger hydrogen bond interaction with the 
backbone amide of H286. Compounds 6a and 6f−g exhibited 
potencies similar to those reported for LDN-213844 and LDN-
21411737 although they were all considerably more potent than 

the later inhibitor was in our hands (ALK2 IC50 115 nM). 
Inhibitor 6i was particularly potent, and we believe it is the first 
reported IC50 < 5 nM inhibitor of ALK2. 
Gratifyingly, all compounds showed an impressive level of 

selectivity for ALK2 over ALK5, equaling or exceeding levels 
exhibited by lead compounds LDN-213844 and LDN-214117. 
While generally high, this selectivity was relatively low in the 
biochemical assay for 6f with R1 F. Given that this was the 
sterically smallest C-4 position substituent screened and resulted 
in ALK2 selectivity comparable to that of LDN-213844 where 
R1 H, increased steric bulk at the C-4 position may be at least a 
partial driver of selectivity through the enforcement of a 
favorable binding conformation. The same steric effect is likely 
seen in LDN-214117 where the C-2 position methyl group 
restricts rotation of the C-3 position trimethoxyphenyl moiety 
relative to the pyridyl core and produces an ALK2 selectivity that 
is both significantly greater than that of LDN-213844 and more 
in line with that of 6a where R1 Me exerts a comparable steric 
influence. 

Structural Basis for ALK2 Inhibition and Selectivity. 
Crystallographic efforts yielded a high-resolution (1.42 Å) 
cocrystal structure of 6a in the ATP pocket of the ALK2 Ser/Thr 
kinase domain (Figure 2A, PDB code 6SZM), confirming 
binding to the active A-loop DLG-in/αC-helix-in conformation 
by means of a key ATP-mimetic hydrogen bond between the 
core pyridine nitrogen and the backbone amide of H286 in the 
hinge region. The C-3 position 3,4,5-trimethoxyphenyl moiety 
of 6a occupies the hydrophobic pocket of ALK2 as expected, and 
the meta-methoxy group participates in a water-mediated 
hydrogen bond with K235. The aryl ring of the C-5 position 
4-piperazinophenyl substituent stacks between G289 and V214, 
while the protonated secondary amine of the piperazine is in 
close proximity to D293 (5.11 Å between the 1-position 
piperazine nitrogen and D293 oxygen), suggestive of a solvent-
mediated electrostatic ionic interaction. 
As we were unable to obtain a cocrystal structure of 6a with 

ALK5, it is difficult to fully rationalize the compound’s evident 
selectivity for ALK2. With reference to LDN-213844, it was 
suggested that selectivity may be a consequence of dynamic 
conformational differences between ALK2 and ALK5 in tandem 
with effects exerted by the small number of sequence changes in 
the ATP pocket (see the Supporting Information, Figure S1).37 

It can also be argued that the ATP pocket in many available 

Figure 2. (A) Cocrystal structure of 6a (yellow) with ALK2 (PDB code 6SZM). Hydrogen bonds are established with H286 and K235. The 3,4,5-
trimethoxyphenyl moiety of 6a occupies a hydrophobic pocket (green) of ALK2 and is flanked by several hydrogen bond-donating (blue; K235) and 
hydrogen bond-accepting residues (red; D354 and E248). The protonated piperazine motif is in close proximity to D293, indicative of an electrostatic 
interaction. (B) Plot detailing the interactions of 6a (black) within the ALK2 pocket. 
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ALK5 cocrystal structures shows a more open conformation 
than that of ALK2, the possible result of a smaller gatekeeper 
residue [S280 (ALK5 numbering) versus T283 (ALK2 
numbering)]. Noticeable movement of the N-lobe away from 
the C-lobe in ALK5 structures changes the shape, volume, and 
dynamics of the ATP pocket, all of which have an effect on 
inhibitor binding. In addition, the conformational lock imposed 
on 6a by the presence of the C-4 position methyl substituent 
enforces significant torsional angles (≥45°) evident between the 
core pyridine and the C-3 and C-5 position substituents, 
potentially aiding a preferential fit within the ALK2 pocket. 
C-4 Position Analog Off-Target Activity. Compounds 6a, 

6f−g, and 6i remained of interest given that they satisfied our 
ALK2 potency and selectivity criteria in both the biochemical 
and cell-based assays. Choosing 6a as an exemplar from this 
smaller set, we first determined the compound’s potency against 
available ALK2 mutants (G328V, R206H, and R258G) in the 
biochemical assay. As expected, potency was in line with that 
observed against wild-type (WT) ALK2, comparable to the 
values obtained for LDN-213844, and superior to those 
recorded for LDN-214117. Inhibitor 6a also performed well 
when evaluated against ALK2 mutants (G328V, G356D, 
Q207D, and R206H) using the NanoBRET assay, showing 
that this favorable level of activity was undiminished in cells. It 
had previously been demonstrated that mutations in both the 
GS and Ser/Thr kinase domains of ALK2 had negligible effects 
on the kinase’s affinity for ATP and type I kinase inhibitors,37 so 
for reasons of protein availability and assay expense, we opted to 
screen the inhibitory activity of all other compounds in our 
studies exclusively against WT ALK2. 
In addition to the primary focus of limiting activity against 

ALK5, we hoped for a degree of selectivity for ALK2 over other 
off-targets of concern such as ALK1, ALK3, and ALK4. Profiling 
of representative compound 6a revealed it to be equipotent on 
ALK1 (IC50 15 nM) but with modest 33-fold selectivity over 
ALK3 (IC50 428 nM) and substantial 103-fold selectivity over 
ALK4 (IC50 1336 nM). This later selectivity over ALK4 is a 
notable improvement over the 36-fold selectivity exhibited by 
LDN-213844 (IC50 462 nM), again suggesting a possible role 
for the C-4 position methyl as a selectivity element. Compounds 
of interest 6f (ALK4 IC50 630 nM), 6g (ALK4 IC50 962 
nM), and 6i (ALK4 IC50 257 nM) also show improved 42-, 
60-, and 86-fold selectivities (respectively) over ALK4, but all 
were less selective than 6a. Although of less concern as an off
target, screening of 6a against ALK6 revealed only slight 
selectivity on the order of 5-fold (ALK6 IC50 68 nM). All of 
these values are fully consistent with the aforementioned high 
degrees of structural homology among type I receptors of both 
the BMP and TGFβ signaling pathways,31 but the selectivity 
windows relating to critical off-targets ALK3, ALK4, and ALK5 
suggest the possibility of a meaningful safety profile. Although 
potent against ALK1, based on past work, it is anticipated that 
any ALK1-driven toxicity arising from an inhibitor similar to 6a 
could be managed through an appropriate dosing level or 
regimen.50 We did not have access to ALK7 during the course of 
this study and hence did not measure the potency of 6a against 
that target. 
As previously mentioned, LDN-214117 was demonstrated to 

have reasonable kinome-wide selectivity,37 with improvement 
over pyrazolo[1,5-a]pyrimidine inhibitors such as LDN-
193189. 30 At 1 μM, LDN-214117 inhibited only 3.6% of 
kinases (∼200) profiled by more than 50%, with ABL1, RIPK2, 
and TNIK being the most inhibited after ALK2.37 We screened 

6a at 1 μM against a significantly larger 374-member kinase set, 
finding remarkable selectivity with greater than 50% inhibition 
against only 2.1% of kinases (see the Supporting Information, 
Table S1). Of the eight kinases inhibited (ABL1, BRK, DDR1, 
MINK, NLK, SIK2, TNIK, and ZAK), 6a was only significantly 
potent against DDR1 (IC50 41 nM) and TNIK (IC50 96 nM) 
(see the Supporting Information, Note S1), with IC50 values 
against the remaining six kinases in the 336−924 nM range. 
To gauge the potential risk from another off-target related 

adverse drug reaction, 6a was screened in the Eurofins Cerep-
Panlabs in vitro SafetyScreen 44 panel (see the Supporting 
Information, Table S2). At 10 μM, only five targets were 
inhibited more than 50%, with 6a being the most potent against 
the cannabinoid CB1 (97%) and adrenergic α2A (90%) 
receptors, followed by activity against the sodium channel site 
2 (72%), the human ether-a-go-go (hERG) potassium channel 
(69%), and the adrenergic α1A (65%) receptor. A dose− 
response follow-up at 3 μM on the highly inhibited targets 
showed a cannabinoid CB1 receptor IC50 1.72 μM and an 
adrenergic α2A receptor IC50 2.18 μM. With 6a showing 
greater than 100-fold selectivity for ALK2 over these two targets, 
no significant concerns were registered in relation to these 
receptors. 
Inhibition of the hERG potassium channel by 6a warranted 

further investigation given that loss of function is associated with 
long-QT syndrome type-2 (LQT2) and increased risk of 
potentially fatal torsades de pointes cardiac arrhythmia in vivo. 54 

Evaluation in the Charles River Laboratories ScreenPatch 
(patch clamp) assay found 6a to be only a moderate inhibitor 
of the hERG potassium channel (IC50 8.3 μM). To see if 
hERG potassium channel inhibition could be further attenuated 
through the incorporation of an EWG at the C-4 position, we 
also evaluated 6g and 6i but unfortunately found that both 
compounds were slightly more active with IC50 2.7 μM and 
IC50 6.0 μM, respectively. Although an hERG potassium 
channel IC50 > 10  μM was desirable to limit the likelihood of 
cardiac toxicity, historic data pertaining to FDA-approved 
(tyrosine) kinase inhibitor drugs has shown that an IC50 < 1  μM 
is regarded as problematic, while an IC50 > 3  μM is generally 
acceptable.55 As such, we considered these compounds to have a 
manageable hERG potassium channel inhibition profile, which 
could be further derisked in a preclinical setting through in vivo 
canine electrophysiology studies. In addition, we engaged in 
structural modifications to the C-3 position 3,4,5-trimethox-
yphenyl moiety and the C-5 position 4-piperazinophenyl 
moiety, anticipating that those changes could potentially exert 
an influence on binding to the hERG potassium channel. 
Screening of 6a by colleagues at Charles River Laboratories 

against seven major cytochrome P450 (CYP) enzyme isoforms 
(1A2, 2B6, 2C8, 2C9, 2C19, 2D6, and 3A4M/3A4T) in human 
liver microsomes at 30 μM showed the compound to be clean, 
with IC50 > 30  μM on all targets except 3A4T (IC50 > 9  μM). To 
evaluate the mutagenic potential of 6a, a Mini-Ames assay was 
conducted at WuXi AppTec, concluding that the compound was 
negative for mutagenicity under the conditions of this study. 

C-4 Position Substituent Selection. The activity and 
selectivity of inhibitors 6a, 6f−g, and 6i provided us with four C-
4 position substituents that appeared suitable for inclusion in 
further analogs. Given the inefficiency inherent in the synthesis 
of 6f−g (Scheme 1, step a) and their highly similar biochemical 
and cellular activity profiles in relation to 6a, we opted to move 
forward only with analogs of compounds 6a and 6i. The C-4 
position methyl scaffold of 6a was of particular interest given its 
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favorable kinome-wide selectivity and off-target profiles detailed 
above, although 6i, despite its reduced cellular ALK2 selectivity, 
remained of interest because of its potency. 
Synthesis of C-3 Position Analogs. Foundational SAR 

studies on K02288, LDN-213844, and LDN-214117 done by 
our collaborators led to discovery of the C-3 position 3,4,5-
trimethoxyphenyl substituent, an optimal group for providing 
interactions in the hydrophobic pocket as well as a water-
mediated hydrogen bond to K235.36,37 Critical to this hydrogen 
bond formation is the methoxy group at the 3-position of the 
phenyl ring, with both the 3- and 4-position methoxy groups 
engaged in bidentate hydrogen bonding evident in select 
cocrystal structures. Deletion of the 4-position methoxy group 

to produce a 3,5-dimethoxyphenyl moiety was tolerated, 
yielding almost equipotent compounds and suggesting that 
the phenyl ring was amendable to transformation.37 Our own 
extensive efforts to modify the 3,4,5-trimethoxyphenyl moiety in 
the context of LDN-213844 and 6a analogs by eliminating or 
altering substituents were largely unproductive,56 although 
limited success was achieved through replacement with a 2-
fluoro-6-methoxybenzamide moiety to yield equipotent inhib-
itors with reduced off-target affinity for the hERG potassium 
channel (IC50 > 30  μM).57 While the benzamide effectively 
recapitulated the water-mediated hydrogen bond to K235, its 
increased polarity had the unfortunate ancillary effect of making 

Scheme 2. Synthesis of Compounds 11a−c a 

aReagents and conditions: (a) tert-butyl 4-[4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl]piperazine-1-carboxylate (4), Pd(dppf)Cl2 
DCM, Na2CO3, DMF/H2O, 100 C, 16 h; (b) 3,5-dimethoxyphenylboronic acid (8) or (4-fluoro-3,5-dimethoxyphenyl)boronic acid (9), XPhos 
Pd G2, K3PO4, butanol/H2O, 100 C, 4 h; (c) 4 M HCl in dioxane, MeOH, rt, 30 min. 

Table 2. Inhibitory and Off-Target Activities of 6a and 11a−c 

aLipE (lipophilic efficiency) pIC50 − cLog P, where pIC50 −log ALK2 IC50 (nM). bAverage of triplicate measurements. 
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the compounds poorly brain-penetrant and limiting their 
usefulness for the treatment of DIPG. 
The only suitable, novel modification to the 3,4,5-

trimethoxyphenyl group that emerged from our SAR studies 
on the LDN-213844 scaffold was replacement of the 4-position 
methoxy with fluorine, putatively capable of participating in an 
analogous water-mediated hydrogen bond to K235. We then 
looked to incorporate the required 4-fluoro-3,5-dimethoxy-
phenyl group at the C-3 position of 6a and 6i, alongside the 
aforementioned 3,5-dimethoxyphenyl group. This was readily 
accomplished by modifying the iterative Suzuki−Miyaura 
coupling sequence previously used for preparing the C-4 
position analogs, yielding compounds 11a−c (Scheme 2). 
Common intermediates 7a−b, prepared first by attaching the C-
5 position tert-butyl-4-phenylpiperazine-1-carboxylate moiety, 
allowed for flexible, subsequent coupling of the C-3 position 
substituted phenyl group of choice (Table 2). 
C-3 Position Analog SAR, Off-Target Activity, and 

Substituent Selection. While inhibitor 11a exhibited 
considerably reduced activity against ALK2 in cells, inhibitors 
11b−c were found to have activity profiles very similar to those 
of 6a and 6i. Although potency against ALK2 was only slightly 
lower for 11b−c, selectivity over ALK5 in the biochemical assay 
dropped in both cases, with the effect being more pronounced 
for 11c (a drop from 244-fold to 44-fold) than for 11b (a drop 
from 187-fold to 116-fold). Interestingly, even though cellular 
activity against ALK2 was more than halved for both 
compounds, selectivity over ALK5 remained comparable at 
74-fold and 31-fold for 11b and 11c, respectively. The less than 
50-fold selectivity over ALK5 evident for 11c in both assays led 
us to prioritize 11b as an analog of interest for which we also 
confirmed a slightly decreased 79-fold selectivity over ALK4 
(IC50 1503 nM). We did not screen 11b against ALK1, ALK2 
mutants, ALK3, or ALK6 given the expectation of equipotency 
against these targets based on the patterns of activity evident 
from the screening of other compounds. 
Screening of 11b at 1 μM against a 374-member kinase set, 

unsurprisingly, yielded greater than 50% inhibition against seven 
of the eight kinases inhibited by 6a (ABL1, BRK, DDR1, MINK, 
SIK2, TNIK, and ZAK) although activity against NLK was 
diminished. In addition, 11b registered marginal activity (51− 
61% inhibition) against six other kinases (HGK, KHS, LCK, 
LYN, MLCK2, and SIK3) for a profile that involved an overall 
inhibition rate of 3.5% (see the Supporting Information, Table 
S1). 
Activity against the hERG potassium channel as determined 

in the Charles River Laboratories ScreenPatch assay found 11b 
to be a more potent inhibitor than 6a with an IC50 2.5 μM. 
While disappointing, this increased affinity for the hERG 
potassium channel was still within acceptable limits and viewed 
as a parameter that could potentially be impacted by 
replacement of the C-5 position 4-piperazinophenyl moiety in 
subsequent SAR studies. Compound 11b was also marginally 
more active when screened in the seven-member CYP panel. 
While 6a had an IC50 > 30  μM against six of the isoforms, 11b 
showed an IC50 > 20  μM against only four targets with the 2C9 
IC50 7.3 μM, 2C19 IC50 7.7 μM, and 3A4T IC50 14.3 μM. 
While 11b was, in aggregate, a slightly inferior inhibitor with 

respect to 6a by the parameters detailed above, it constituted the 
only viable C-3 position analog that warranted further 
development. Aside from its comparable biochemical and cell-
based activity on ALK2, 11b is a less polar compound (cLog P 
3.72 and tPSA 46 Å2) than 6a (cLog P 3.29 and tPSA 55 

Å2),58 suggesting it could potentially achieve a greater degree of 
brain penetration. As with the possibility to modify affinity 
toward the hERG potassium channel, changes in the C-5 
position 4-piperazinophenyl moiety of 6a were also viewed as a 
way to achieve tPSA values similar to that of 11b while 
preserving the C-3 position 3,4,5-trimethoxyphenyl moiety. 

Synthesis of C-5 Position Analogs. With the C-3 and C-4 
position substituents set, we endeavored to make changes to the 
C-5 position 4-piperazinophenyl moiety in an attempt to 
maintain or increase the activity against ALK2 shown by 6a and 
decrease the activity against the hERG potassium channel while 
remaining cognizant of several physiochemical parameters. In 
order for small-molecule inhibitors to penetrate the BBB and 
exert a pharmacological effect, their lipophilicity (cLog P), 
basicity (pKa), tPSA, and number of HBD/HBA (among other 
factors) ideally fall within a range of recommended values.51−53 

Although enhanced drug potency and permeability are often a 
function of increased lipophilicity, a cLog P < 5 is considered 
optimal to avoid potential concomitant increases in nonspecific 
tissue binding, which would ultimately decrease the concen-
tration of free drug at its intended site of action within the brain. 
Possession of a positive charge at physiological pH 7−8 favors 
brain permeation, so amine-containing compounds with a pKa 
7.5−10.5 are ideal despite the potential for issues with hERG 
potassium channel binding. Keeping the tPSA < 60−70 Å2 , the 
number of HBD < 3 (CNS drugs have a mean of 1.1), and the 
number of HBA < 7 are also favorable for BBB penetration and 
limiting recognition by efflux transporters such as P-
glycoprotein (P-gp).52,53 The calculated values for these primary 
metrics58 informed our selection of suitable C-5 position 
substituents, the focus being on groups that would recapitulate, 
improve on, or not grossly deviate from the parameters of 6a 
with a cLog P 3.29, pKa 8.60, tPSA 55 Å2 , HBD 1, and 
HBA 6. 
The binding mode evident in the ALK2 6a cocrystal structure 

(Figure 2) has the phenyl ring of the C-5 position 4-
piperazinophenyl substituent stacking between G289 and 
V214, so we opted to retain the unmodified phenyl ring in 
future analogs while focusing on changes to the piperazine 
consistent with the physiochemical parameters detailed above. 
Again, published SAR studies pertaining to the C-5 position37 as 
well as our own wide-ranging exploratory efforts56 built 
confidence in further narrowing the scope of our modifications. 
The challenge, however, was to attenuate the activity on the 
hERG potassium channel under these constraints, given that the 
C-5 position 4-piperazinophenyl substituent constitutes an ideal 
pharmacophore against the channel based on known ligand-
based pharmacophore and QSAR models.59,60 While it is known 
that increasing the polarity of the drug molecule (lowering the 
cLog P) effectively reduces activity against the hERG potassium 
channel, our efforts to employ this strategy met with limited 
success as they produced a concomitant decrease in BBB 
penetration.57 Consequently, we focused our efforts on discrete 
structural modifications to the putative hERG potassium 
channel binding motif, which would affect the sterics and/or 
conformation around the 1-position piperazine nitrogen or 
reduce its basicity (lower the pKa). These later strategies are 
known to effectively disrupt the cation π-stacking interactions 
between the basic amine-containing hERG potassium channel 
blockers and aromatic residues within the cavity of the channel 
at physiological pH and could be executed within the optimal 
parameters for CNS drugs described above. 
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Analogs were accessed efficiently via common intermediates 
3a and 6a incorporating the C-3 position 3,4,5-trimethox-
yphenyl group, with the idea that analogs incorporating the 
alternate 4-fluoro-3,5-dimethoxyphenyl group could subse-
quently be prepared using only the optimal C-5 position 
substituents. Once again, the same sequential Suzuki−Miyaura 
coupling approach used for all previous analogs was employed to 
prepare new C-5 position analogs 14a−c and 14h−q, with 
analogs 14d−g accessed directly from 6a through straightfor-
ward alkylation, acetylation, carbamoylation, or sulfonylation, 
respectively (Scheme 3). Synthesis was facilitated by the 
commercial availability of the requisite 4-substituted phenyl-
boronic acids or pinacol esters (12a−c and 12h−q), and the 
generally high coupling yields (>70%) were encouraging for 
potential future scale-up requirements. An additional carba-
mate-protecting group removal step was required for the 
conversion of intermediates 13c, 13j, 13l, 13n, and 13p to 
final inhibitors 14c, 14j, 14l, 14n, and 14p, but additional 
purification of the final product was not required if previously 
conducted on the respective intermediate (Table 3). 
C-5 Position Analog SAR, Off-Target Activity, and 

Substituent Selection. While unsurprising that methylation 
of 6a resulted in a compound with an almost identical activity 
and selectivity profile (14a), we were disappointed to find that 
sterically shielding the 1-position piperazine nitrogen with a 
larger isopropyl group (14b) adversely impacted both the 
cellular activity on ALK2 and selectivity over ALK5. When the 
steric bulk was made adjacent to the same nitrogen through 
methylation of the C-2 and C-6 piperazine ring positions (14c), 

cellular activity against ALK2 was preserved, but selectivity over 
ALK5 still remained below our set 50-fold lower limit. While not 
entirely satisfactory, 14b−c did still show reasonable levels of 
activity against ALK2 while maintaining cLog P, pKa, and tPSA 
values close to those of 6a, so we used them to evaluate whether 
steric shielding of the 1-position piperazine nitrogen held any 
potential for mitigating activity on the hERG potassium channel. 
Unfortunately, both compounds were slightly more potent with 
hERG IC50 3.1 μM for 14b and hERG IC50 5.9 μM for 14c. 
Reluctant to further increase the overall molecular weight by 

exploring bulkier alkylic substituents, we turned our attention to 
attenuating the basicity of the 1-position piperazine nitrogen. It 
is known that introduction of fluorine as a hydrogen atom 
replacement in alkyl substituted amines can effectively modulate 
their basicity, with significant pKa shifts observed when the 
fluorine is installed at either the β-position (ΔpKa −1.7) or the γ
position (ΔpKa −0.7).61 To that end, we prepared compound 
14d bearing a 2-fluoroethyl group whose calculated pKa 7.49 
was a full 1.11 units lower than that of 6a. While comparably 
active against ALK2 in the biochemical assay, cellular activity 
(IC50 178 nM) was greatly diminished, placing the compound 
well beyond our acceptable limit. Acetylation, carbamoylation, 
and sulfonylation of the nitrogen designed to effectively abolish 
basicity while introducing oxygen atoms with HBA potential 
afforded compounds 14e−g. Inhibitors 14e−f were poorly 
active against ALK2 in cells, while 14g exhibited activity similar 
to that of 6a with the benefit of a near doubling in selectivity over 
ALK5 to 108-fold. Significantly, 14g had an hERG IC50 > 50  μM, 
likely resulting from both the decrease in basicity and a 26 Å2 

Scheme 3. Synthesis of Compounds 14a−q a 

aReagents and conditions: (a) 3,4,5-trimethoxyphenylboronic acid (2), Pd(dppf)Cl2 DCM, Na2CO3, DMF/H2O, 100 C, 16 h; (b) 4-
(R1)phenylboronic acid or pinacol ester (12a−c and 12h−q), XPhos Pd G2, K3PO4, butanol/H2O, 100 C, 4 h; (c) [13c, 13j, 13l, 13n, 13p], 4 M 
HCl in dioxane, MeOH, rt, 30 min; (d) R2OTs, triethylamine (TEA), acetonitrile, 100 C, 16 h for 14d; (e) R2Cl, N,N-diisopropylethylamine 
(DIPEA), tetrahydrofuran (THF), rt, 1 h. 
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Table 3. Inhibitory and Off-Target Activities of 6a and 14a−q b 
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increase in tPSA over 6a to 81 Å2 . Although this value was 
beyond the generally favorable tPSA < 60−70 Å2 range for CNS 
drugs, we felt that further evaluation of this compound was 
warranted. 
Having demonstrated with compound 14g that it was possible 

to achieve potency against ALK2 in the absence of a basic 
piperazine nitrogen, we endeavored to replace the piperazine 
with morpholine (14h) and thiomorpholine 1,1-dioxide (14i). 
Designed to remove the 1-position piperazine nitrogen entirely 
and access the potential HBA capacity offered by oxygen, these 
compounds showed poor cellular activity against ALK2 despite 
having reasonable values in the biochemical assay. Removal of 
the other, less basic 4-position piperazine nitrogen was also 
examined via the synthesis of piperidine-containing inhibitors 
14j−k and 1,2,3,6-tetrahydropyridine-containing inhibitors 
14l−m, both with different ring topology and conformation in 
an attempt to influence hERG potassium channel binding. 
Inhibitor 14j was found to have an activity and selectivity profile 
almost identical to that of 6a, but we were particularly attracted 
by its methylated analog 14k, which exhibited superior cellular 
activity (ALK2 IC50 29 nM) and selectivity over ALK5 (115-
fold). Interestingly, in the 1,2,3,6-tetrahydropyridine containing 
inhibitor pair, unmethylated analog 14l was superior to 14m in 
both activity (ALK2 IC50 47 nM) and selectivity over ALK5 
(160-fold). Unfortunately, neither the changed electronics nor 
the conformation embodied in the piperidine and 1,2,3,6-
tetrahydropyridine rings of 14k−l served to decrease activity 
against the hERG potassium channel, with the compounds 
registering an hERG IC50 4.8 μM and hERG IC50 3.4 μM, 
respectively. However, in contrast to 6a (cLog P 3.29, tPSA 
55), 14k was of particular interest given its increased 
lipophilicity (cLog P 4.21, tPSA 43) and attendant potential 
for greater BBB penetration. We replaced the C-3 position 3,4,5-
trimethoxyphenyl group of 14k with the previously explored 4-
fluoro-3,5-dimethoxyphenyl group to access an even more 
lipophilic analog (cLog P 4.65, tPSA 35) but did not pursue 
the resulting compound further as it showed decreased cell-

based activity (ALK2 IC50 77 nM) and poorer selectivity over 
ALK (61-fold).56 

Further attempts at instituting conformational changes 
around the piperazine ring involved its enlargement to 
homopiperazine (14n) and introduction of a benzylic carbon 
linker between it and the C-5 position phenyl ring (14o). Both 
changes produced slightly less active and selective compounds in 
cells, but the activity of 14o raised the possibility of employing 
an analogous spacer in combination with the piperidine moiety 
found to be potent in compounds 14j−k. To overcome the 
potential metabolic liabilities associated with benzylic carbons, 
we switched to a phenolic oxygen linker for the synthesis of 
14p−q. We were pleasantly surprised to see that 14p in 
particular had an activity and selectivity profile comparable to 
that of 6a and that this profile extended its activity against the 
hERG potassium channel (IC50 8.1 μM). While there was no 
reduction in the hERG potassium channel binding affinity, 14p 
did still offer a viable alternative chemotype for advancement 
into further studies. 
While we deemed it unnecessary to screen 14g, 14k−l, and 

14p against ALK1, ALK2 mutants, ALK3, or ALK6 based on the 
known pattern of activity for this class of compounds (see 
above), we did spot-check the activity of these compounds 
against ALK4. 14k−l had an ALK4 IC50 > 2000 nM, with only 
relatively marginal activity shown by 14g (ALK4 IC50 1131 
nM) and 14p (ALK4 IC50 1363 nM) corresponding to 39-fold 
and 227-fold selectivity for ALK2, respectively. Although the 
reduced selectivity of 14g over ALK4 was of some concern, we 
still felt that analysis of its absorption, distribution, metabolism, 
and excretion (ADME) and PK properties was warranted based 
on the compound’s relatively high cellular potency against 
ALK2, significant selectivity over ALK5, and lack of affinity for 
the hERG potassium channel. As an interesting, representative 
piperidine-containing inhibitor, we screened 14k at 1 μM 
against the 374-member kinase panel, finding >50% inhibition 
against only 1.9% of the kinases (see the Supporting 
Information, Table S1). All of the seven kinases inhibited 

Table 3. continued 

aLipE (lipophilic efficiency) pIC50 − cLog P, where pIC50 -log ALK2 IC50 (nM). bAverage of triplicate measurements. 
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(ABL1, BRK, DDR1, LYN, MINK, TNIK, and ZAK) had also 
been inhibited by 6a and/or 11b. 
In Vitro ADME. Presented with six compounds exhibiting the 

structural attributes of a potentially successful CNS drug while 
meeting our criteria for activity against ALK2, selectivity over 
ALK5, and binding to the hERG potassium channel, we moved 
to evaluate the in vitro stability, permeability, and plasma protein 
binding (PPB) of 6a, 11b, 14g, 14k−l, and 14p (Table 4). Phase 
I (CYP enzymes only) metabolic stability of the compounds was 
examined at 1 μM in both mouse and human liver microsomes 
(MLM and HLM) following a 60 min incubation period at 37 
°C, permeability was assessed using a Caco-2 assay, and 

heparinized pooled human plasma coupled with a compound 
concentration of 5 μM and 4 h incubation period at 37 °C was 
used for PPB determination. 
We were pleased to find that across both the MLM and HLM 

assays, all of the compounds could be classified as being at least 
moderately stable (20−70% remaining), with some showing 
higher degrees of stability (>70% remaining). Compound 14p 
appeared to be the most labile, although it still demonstrated 
adequate stability to remain of interest. While it had been 
reported that the piperazine moiety of LDN-193189 is a 
metabolic liability,38 the motif did not appear to present any 
significant issue in the context of our 3,5-diphenylpyridine class 

Table 4. In Vitro ADME Parameters for 6a, 11b, 14g, 14k−l, and 14pe 

aStability classification: stable (>70%), moderately stable (20−70%), or unstable (<20%) compound remaining. bPermeability classification: low 
(Papp < 1), medium (Papp 1−3), or high (Papp > 3)  × 10−6 cm/s. cEfflux ratio (BA/AB) classification: negative (ratio < 2), minor/moderate (ratio 
2−7), or high (ratio > 7). dAverage of duplicate measurements. ePoor post-assay recovery in A to B chambers possibly due to low aqueous 
solubility, high lipophilicity, nonspecific binding to plastics or cells, and/or poor intracellular stability of the test article. 
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inhibitors with a half-life greater than 60 min apparent for all 
compounds. 
Caco-2 permeability values were also high, with Papp_AB ≥ 3 × 

10−6 cm/s for all compounds except for 11b. Although the 
compound was found to be moderately permeable with a Papp_AB 

1.8 × 10−6 cm/s, poor post-assay recovery (<15%) for this 
compound, possibly a function of its increased lipophilicity, 
rendered the value less accurate. It also appeared that 
compounds 6a, 14g, and 14k−l were not subject to P-gp-
mediated efflux, with 11b and 14p being only moderately so. 
These low efflux ratios, coupled with high Papp_AB values and 
microsomal stability, suggested that all compounds were suitable 
candidates for in vivo analysis. 

Measurement of PPB for 6a (cLog P 3.29), 11b (cLog P 
3.72), and 14k (cLog P 4.21) showed 6a and 14k to have 
comparable, “druglike” free fractions (5.7 and 5.0%, respec-
tively) despite their difference in lipophilicity. Although the 
0.4% free fraction of 11b appears suboptimal in comparison, 
current understanding reveals that in vitro PPB does not 
determine the actual unbound concentration in plasma in vivo, 
and as such, optimizing for PPB in drug design is not 
recommended.62 For drugs targeting the CNS, it is suggested 
that efforts should focus on reducing drug efflux transport at the 
BBB to achieve a high unbound brain concentration and to use 
PPB and brain tissue binding to calculate the unbound brain to 

Table 5. In Vivo PK and ADME Parameters for 6a, 11b, 14g, 14k−l, and 14pc 

aItalicized table entries. bMale CD-1 mice at 2 h. cCompound administered at 100 mg/kg PO. 
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unbound plasma concentration ratio for brain distribution 
assessment. 
In Vivo PK and ADME. Given the favorable in vivo PK 

properties, suitable brain penetration, and general tolerability of 
LDN-214117 facilitating its successful use in orthotopic in vivo 
models of DIPG,43 we felt confident that our modified, yet 
structurally related compounds would exhibit comparable or 
superior characteristics. To that end, we initially chose to 
evaluate the in vivo PK profiles of 6a, 11b, 14g, 14k−l, and 14p 
in female CB17 SCID mice following 2 mg/kg IV (n 3) and 10 
mg/kg PO (n 3) dosing in a formulation of 5% dimethyl 
sulfoxide (DMSO), 47.5% poly(ethylene glycol) (PEG) 400, 
and 47.5% deionized water with 10% Tween80. The inhibitors 
were all well tolerated, with no adverse effects observed in any 
test group allowing for successful readout of all parameters 
(Table 5). 
Assessment in the IV arm showed clearance (Cl) for all 

compounds well below our set 30 mL/(min kg) upper limit, 
with 11b showing the highest rate at 17.1 mL/(min kg). The 
steady-state volume of distribution (Vss) was  uniformly  
favorable (Vss = 1−3 L/kg), with the exception of 14g (Vss 
0.48 L/kg). With 14g also registering a half-life (t1/2) under an 
hour (t1/2 0.80 h), a peak serum concentration (Cmax) barely 
above our set 1 μM lower limit (Cmax 1.43 μM), total exposure 
(area under curve, AUCinf) an order of magnitude lower than 
that of the other compounds (AUCinf 2.97 h μM), and 
bioavailability (F) that was grossly suboptimal (F 7%), the 
compound was a distinct outlier. Despite its considerable 
stability in the MLM/HLM assays and high degree of 
permeability in the Caco-2 assay, 14g performed so poorly in 
vivo that we opted to drop the compound from further 
consideration. 
To evaluate the viability of an alternate, DMSO-free vehicle 

for dosing and its effect on exposure, we opted to convert 6a to 
both its hydrochloride (HCl) and mesylate (MsOH) salt forms 
by taking advantage of the 1-position piperazine nitrogen’s 
basicity. Subsequent administration of 6a HCl and 6a MsOH in 
a formulation of 0.5% aqueous methylcellulose at 25 mg/kg PO 
to NOD SCID mice showed that both increased exposure levels 
relative to the free base control 6a at the 0.5, 1, 2, and 6 h time 
points studied. Although similar in their effect, 6a HCl proved 
marginally superior and, at the reference time point of 1 h, 
resulted in a 22% increase in plasma concentration versus 6a 
(Cplasma 9.11 μM for 6a HCl, while Cplasma 7.46 μM for 6a). 
Subsequent preparation and screening of 11b HCl in the 0.5% 
aqueous methylcellulose vehicle produced a comparable 
improvement in exposure versus the free base 11b. 
Compounds 6a, 11b, and 14p were found to be significantly 

more bioavailable than LDN-214117 (F 75%),43 with 14k−l 
showing more comparable values. The t1/2 of all compounds 
(other than 14g) matched or exceeded that of LDN-214117 
(t1/2 3.91 h), but evaluation of relative Cmax and AUCinf values 
is more difficult given the differential dosing across the two trials 
(5 mg/kg PO in BALB/c mice for LDN-214117).43 With PK 
parameters aligned or superior to those of LDN-214117, it was 
imperative to determine how well these compounds could 
potentially function in the CNS. 
Determination of BBB penetration was conducted for 6a, 11b, 

and 14k−l, opting to remove 14p from the analysis given its 
broadly similar PK profile and extra HBA (the phenolic oxygen) 
we felt could be a liability. At a dose of 10 mg/kg PO in female 
CB17 SCID mice (n 3), 6a, 11b, and 14k showed exceptional 
brain-to-plasma ratios (Cbrain/Cplasma, or  B/P) of 0.90, 1.41, and 

0.82, respectively (Table 5). Although not measured under 
comparable conditions and at the same time point, a B/P of 0.80 
(Cbrain 10.94 μM) was reported for LDN-214117 at 2 h after 
25 mg/kg PO dosing,43 making 11b a considerably more CNS-
penetrant compound. Even 6a appears to have a modest 
advantage in BBB penetration, with 14k more akin to LDN-
214117. A dose-dependency was observed for the B/P ratios of 
the two more lipophilic compounds, with increased values 
observed for both 11b (B/P 2.03 with a Cbrain = 33  μM) and 
14k (B/P 1.55 with a Cbrain = 39  μM) following 100 mg/kg PO 
dosing in the same mouse strain (n 3). While these values are 
exceptional, the efficiency of drug delivery across the BBB is 
better described by looking at the ratio of the unbound brain 
concentration (Cu,brain) to the unbound plasma concentration 
(Cu,plasma) at steady state, Kp,uu. 

62 Measuring these concen-
trations at the 2 h time point following 1 mg/kg IV dosing of 6a 
in male CD-1 mice (n 3), we found Cu,brain 3.7 nM (3% of 
Cbrain 123 nM because m-BTB 97%) and Cu,plasma = 14 nM  
(9% of Cplasma 156 nM because m-PPB 91%), so Kp,uu 0.3. 
Although a Kp,uu < 1 is indicative of active efflux at the BBB, Kp,uu 
0.3 is in-line with a significant number of approved CNS 

drugs62 and, as such, was quite acceptable. 
With compound 14l showing relatively low BBB penetration 

(B/P 0.43), we opted to evaluate the PK of only 6a, 11b, and 
14k in a second rodent species, dosing male SD rats at 2 mg/kg 
IV (n 3) and 10 mg/kg PO (n 3). Notably, t1/2 values were 
comparable to or improved (as with 11b) versus those observed 
in mice, although Cmax, AUCinf, and F metrics were uniformly 
diminished (Table 5, italicized entries). Compound 6a emerged 
as the best performer, retaining both a decent maximum 
concentration (Cmax 1.28 μM) and bioavailability (F 96%). 
The evident oral bioavailability across two rodent species 

prompted us to conduct dose escalation trials with 6a, 11b, and 
14k to establish the linearity of Cmax and AUCinf, and  
administration of the compounds at 10, 25, 50, and 100 mg/ 
kg PO in female CB17 SCID mice (n 3 per treatment) showed 
a high degree of dose-dependent correlation (r2 > 0.95) across 
both parameters. The absence of any observable behavioral or 
physical abnormalities in the mice after 24 h at the highest dose 
of 100 mg/kg PO suggested we could test that limit in a 
prolonged maximum tolerated dose (MTD) study. As we were 
anticipating the use of 6a for an in vivo C57BL/6 mouse FOP 
model to demonstrate ALK2R206H target engagement, we opted 
to conduct the MTD study in that strain. Oral dosing over 5 days 
at 25 mg/kg once a day (QD) and twice a day (BID), 50 mg/kg 
QD, and 100 mg/kg QD showed 6a to be well tolerated with no 
deaths, body weight loss (<5%), or gross pathology observed. 
Plasma concentrations increased linearly with dose (r2 > 0.95), 
and significant brain exposure was also observed. As with 11b 
and 14k, an increase in B/P ratios was recorded at the 4 h time 
point following the increased doses, with B/P 1.5, 1.8, and 1.1 
for 6a at 25, 50, and 100 mg/kg QD, respectively. 

In Vitro Biology and In Vivo Mouse Models. Screening of 
the lead inhibitors 6a, 11b, and 14k in a panel of patient-derived 
ACVR1 mutant and WT cell lines showed particularly significant 
growth inhibition of SU-DIPG-XXI (ACVR1G328W) and HSJD-
DIPG-007 (ACVR1R206H) cells, with a GI50 < 250 nM across 
both lines for all compounds (except 14k against HSJD-DIPG-
007 with a GI50 2.1 μM)56 coupled to an observed decrease in 
ID1 expression (>50%). These in vitro results, the aggregate 
properties of 6a, 11b, and 14k, and their scalable syntheses (50 g 
quantities of each were prepared by GL Chemtec International 
Ltd. through an in-kind contribution) led us to select these 
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Table 6. Alignment of M4K2009, M4K2117, and M4K2163 with the Target Product Profile 

aLow post-assay recovery. b2C9 IC50 = 7.3 μM and 2C19 IC50 = 7.7 μM. c2 mg/kg IV and 10 mg/kg PO dosing. 

compounds as suitable inhibitors for proof-of-concept in vivo in vitro, we anticipated that explicit in vivo target engagement 
studies in models of FOP and DIPG. Active against ALK2R206H could be demonstrated with 14 day compound dosing in an 
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injury-induced heterotopic ossification (HO) Acvr1R206H/+ 

mouse model of FOP.63 Efficacy in this model would build 
confidence to dose compounds over 28−56 days in an 
orthotopic H3.1K27M, ACVR1R206H (Cre, PDGFA infected),27 

or patient-derived H3.3K27M, ACVR1R206H HSJD-DIPG-007 
tumor xenograft43 mouse model of DIPG. Full disclosure of the 
in vitro biology and in vivo model outcomes is beyond the scope 
of this publication and will be done under separate cover (see the 
Supporting Information, Note S2). 

■ CONCLUSIONS 
With the recent identification of ALK2 as a suitable target for 
therapeutic intervention in the treatment of DIPG, inhibitors 
from several chemical classes have been reported (Figure 1). 
One of the most well characterized, LDN-214117, demon-
strated significant efficacy in an orthotopic mouse model of the 
disease and provided the basis for the further development of 
related inhibitors.43 In this work, using LDN-214117 as a lead 
compound, we expanded the SAR around the 3,5-diphenylpyr-
idine inhibitor class to optimize potency against ALK2, increase 
selectivity over important off-targets such as ALK5, and produce 
a set of preclinical compounds with superior ADME and PK 
properties characteristic of a viable CNS drug. With the 
development of compound 6a, we found that incorporation of 
a C-4 position methyl group on the pyridine core allowed for 
greater potency against ALK2 in both biochemical and cell-
based assays while simultaneously conferring increased 
selectivity over ALK5. The compound also exhibited remarkable 
kinome-wide selectivity, little activity against other (receptor) 
off-targets, no significant CYP inhibition, and a manageable 
degree of activity against the hERG potassium channel. 
Subsequent structural modifications at the  C-3 and  C-5  
positions gave rise to compounds 11b and 14k, which not 
only possessed the favorable PK characteristics evident in 6a but 
also demonstrated the superior levels of BBB penetration 
required of a CNS drug candidate. The aggregate properties of 
6a, 11b, and 14k prompted us to select these compounds for 
further preclinical development as advanced candidates 
M4K2009, M4K2163, and M4K2117, respectively. All three 
inhibitors satisfied the criteria of our target product profile 
(TPP), with only hERG potassium channel inhibition being the 
exception (Table 6). 
Employing an open science model, we were able to compress 

the development timeline for these analogs by bringing together 
chemistry and biological screening capacity. Extensive evalua-
tion of M4K2009, M4K2117, and M4K2163 in vitro against 
patient-derived DIPG cell lines and in vivo proof-of-concept 
studies in orthotopic mouse models of DIPG will be conducted 
in an equally open manner, with complete results to be reported 
at a later date. 

■ EXPERIMENTAL SECTION 
Chemistry. All reagents were purchased from commercial vendors 

and used without further purification. Volatiles were removed under 
reduced pressure by rotary evaporation or using the V-10 solvent 
evaporator system from Biotage. Very high boiling point (6000 rpm, 0 
mbar, 56 C), mixed volatile (7000 rpm, 30 mbar, 36 C), and volatile 
(6000 rpm, 30 mbar, 36 C) methods were used to evaporate solvents. 
The yields given refer to chromatographically purified and 
spectroscopically pure compounds, unless stated otherwise. Com-
pounds were purified using a Biotage Isolera One system by normal 
phase chromatography using Biotage SNAP KP-Sil or Sfar Silica D 
columns (part no. FSKO-1107/FSRD-0445) or by reverse-phase 
chromatography using Biotage SNAP KP-C18-HS or Sfar C18 D 

columns (part no. FSLO-1118/FSUD-040). If additional purification 
was required, compounds were purified by solid-phase extraction (SPE) 
using Biotage Isolute Flash SCX-2 cation exchange cartridges (part nos. 
532-0050-C and 456-0200-D). Products were washed with two 
cartridge volumes of MeOH and eluted with a solution of MeOH 
and NH4OH (9:1 v/v). Preparative chromatography was carried out 
using a Waters 2767 injector with a collector attached to PDA UV−vis 
and SQD mass detectors. An XSelect CSH Prep C18 5 μm OBD 19 mm 
× 100 mm (part no. 186005421) or an Xselect CSH Prep C18 5 μm 10  
mm × 100 mm (part no. 186005415) column was used for purification. 
Final compounds were dried using the Labconco Benchtop Free-
ZoneTM Freeze-Dry System (4.5 L model). 1H NMRs were recorded 
on a Bruker Avance-III 500 MHz spectrometer at ambient temperature. 
Residual protons of CDCl3, DMSO-d6, and CD3OD solvents were used 
as internal references. Spectral data are reported as follows: chemical 
shift (  in ppm), multiplicity (br, broad; s, singlet; d, doublet; dd, 
doublet of doublets; m, multiplet), coupling constants (J in Hz), and 
proton integration. Compound purity was determined by UV 
absorbance at 254 nm during tandem liquid chromatography/mass 
spectrometry (LCMS) using a Waters Acquity separation module. All 
final compounds had a purity of ≥95% as determined using this 
method. Low-resolution mass spectrometry was conducted in the 
positive ion mode using a Waters Acquity SQD mass spectrometer 
(electrospray ionization source) fitted with a PDA detector. Mobile 
phase A consisted of 0.1% formic acid in water, while mobile phase B 
consisted of 0.1% formic acid in acetonitrile. One of three types of 
columns were used; column 1: Acquity UPLC CSH C18 (2.1 mm × 50 
mm, 130 Å, 1.7 μm. part no. 186005296); column 2: Acquity UPLC 
BEH C8 (2.1 mm × 50 mm, 130 Å, 1.7 μm. part no. 186002877); or 
column 3: Acquity UPLC HSS T3 (2.1 mm × 50 mm, 100 Å, 1.8 μm. 
part no. 186003538). For columns 1 and 2, the gradient went from 90 to 
5% mobile phase A over 1.8 min, maintained at 5% for 0.5 min, then 
increased to 90% over 0.2 min for a total run time of 3 min. For column 
3, the gradient went from 98 to 5% mobile phase A over 1.8 min, 
maintained at 5% for 0.5 min, then increased to 98% over 0.2 min for a 
total run time of 3 min. The flow rate was 0.4 mL/min throughout both 
runs. All columns were used with the temperature maintained at 25 C. 
High-resolution mass spectrometry was conducted using a Waters 
Synapt G2-S quadrupole-time-of-flight (Q-TOF) hybrid mass spec-
trometer system coupled with an Acquity ultraperformance liquid 
chromatography (UPLC) I-Class system. Chromatographic separa-
tions were carried out on an Acquity UPLC HSS T3 (2.1 mm × 100 
mm, 100 Å, 1.8 μm, part no. 186003539). The mobile phases were 0.1% 
formic acid in water (solvent A) and 0.1% formic acid in acetonitrile 
(solvent B). Leucine Enkephalin was used as the lock-mass. MassLynx 
4.1 was used for data analysis. 

General Procedure A for the Synthesis of Intermediates 3a, 3d−e, 
and 3g−i. To a solution of 3-bromo-5-chloro-pyridine 1a, 1d−e, or  
1g−i (0.484 mmol), 3,4,5-trimethoxyphenylboronic acid (2) (103 mg, 
0.484 mmol), and Na2CO3 (205 mg, 1.94 mmol) in DMF (2.2 mL) and 
water (0.6 mL) at room temperature was added [1,12-bis-
(diphenylphosphino)ferrocene]dichloropalladium(II) DCM complex 
(20 mg, 0.024 mmol). After heating the resulting mixture at 100 C for 
16 h, it was cooled down to room temperature and diluted with water 
(40 mL) and the aqueous layer was extracted with EtOAc (3 × 20 mL). 
The combined organic extracts were dried with anhydrous Na2SO4, 
filtered, and concentrated under reduced pressure. This crude material 
was purified by chromatography on silica (10−100% EtOAc in 
hexanes) to afford intermediate 3a, 3e, 3h−i (all in >70% yield), 3d, or  
3g (both in ∼50% yield) as a powder. The identity of all products was 
confirmed by low-resolution mass spectrometry (LRMS) before use in 
the subsequent synthetic step. 

General Procedure B for the Synthesis of Intermediates 3b−c and 
3f. To a solution of 3,5-dichloropyridine 1b−c or 1f (0.484 mmol), 
3,4,5-trimethoxyphenylboronic acid (2) (103 mg, 0.484 mmol), and 
XPhos Pd G2 (19 mg, 0.024 mmol) in butanol (3 mL) at room 
temperature was added K3PO4 (1.3 M solution in water) (0.748 mL, 
0.973 mmol). After heating the resulting mixture at 100 C for 4 h, it 
was cooled down to room temperature and diluted with water (40 mL) 
and the aqueous layer was extracted with EtOAc (3 × 20 mL). The 
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combined organic extracts were dried with anhydrous Na2SO4, filtered, 
and concentrated under reduced pressure. This crude material was 
purified by chromatography on silica (10−100% EtOAc in hexanes) to 
afford intermediate 3b−c or 3f (all in ∼50% yield) as a powder. The 
identity of all products was confirmed by LRMS before use in the 
subsequent synthetic step. 
Procedure for the Synthesis of Intermediates 5a−i. General 

procedure B, with tert-butyl 4-[4-(4,4,5,5-tetramethyl-1,3,2-dioxabor-
olan-2-yl)phenyl]piperazine-1-carboxylate (4) replacing 3,4,5-trime-
thoxyphenylboronic acid (2), was used to synthesize intermediates 5a− 
i (all in >70% yield) as a powder from intermediates 3a−i. The identity 
of all products was confirmed by LRMS before use in the subsequent 
synthetic step. 
General Procedure C for the Synthesis of Compounds 6a−i. To a 

solution of intermediates 5a−i (0.230 mmol) in methanol (MeOH) (4 
mL) at room temperature was added hydrogen chloride solution (4.0 M 
in dioxane) (0.29 mL, 1.16 mmol). The resulting mixture was stirred for 
30 min prior to removal of all solvents under reduced pressure, 
dissolution of the residue in a minimal amount of MeOH, and 
purification by SPE to afford compounds 6a−i (all in >95% yield) as a 
powder. 
1-(4-(4-Methyl-5-(3,4,5-trimethoxyphenyl)pyridin-3-yl)phenyl)-

piperazine (6a) (M4K2009). 1H NMR (500 MHz, MeOD-d4)   8.32 (s, 
1H), 8.31 (s, 1H), 7.33 (d, J 8.9 Hz, 2H), 7.12 (d, J 8.8 Hz, 2H), 
6.70 (s, 2H), 3.90 (s, 6H), 3.86 (s, 3H), 3.28−3.24 (m, 4H), 3.07−3.03 
(m, 4H), 2.26 (s, 3H). HRMS (ESI) for C25H30N3O3 [M + H]+ m/z: 
calcd, 420.2287; found, 420.2279. 
1-(4-(4-Ethyl-5-(3,4,5-trimethoxyphenyl)pyridin-3-yl)phenyl)-

piperazine (6b). 1H NMR (500 MHz, MeOD-d4)   8.29 (s, 1H), 8.25 
(s, 1H), 7.31 (d, J 8.5 Hz, 2H), 7.14 (d, J 8.5 Hz, 2H), 6.68 (s, 2H), 
3.88 (s, 6H), 3.84 (s, 3H), 3.40−3.36 (m, 4H), 3.25−3.21 (m, 4H), 
2.75−2.68 (m, 2H), 0.82 (t, J 7.5 Hz, 3H). HRMS (ESI) for 
C26H32N3O3 [M + H]+ m/z: calcd, 434.2444; found, 434.2436. 
1-(4-(4-Cyclopropyl-5-(3,4,5-trimethoxyphenyl)pyridin-3-yl)-

phenyl)piperazine (6c). 1H NMR (500 MHz, MeOD-d4)   8.44 (s, 
1H), 8.42 (s, 1H), 7.52 (d, J 8.5 Hz, 2H), 7.19 (d, J 8.5 Hz, 2H), 
6.89 (s, 2H), 3.98 (s, 6H), 3.93 (s, 3H), 3.37 (d, J 4.9 Hz, 4H), 3.21− 
3.14 (m, 4H), 2.32−2.20 (m, 1H), 0.63−0.58 (br m, 2H), 0.05−0.00 
(br m, 2H). HRMS (ESI) for C27H32N3O3 [M + H]+ m/z: calcd, 
446.2444; found, 446.2437. 
1-(4-(4-Methoxy-5-(3,4,5-trimethoxyphenyl)pyridin-3-yl)phenyl)-

piperazine (6d). 1H NMR (500 MHz, CDCl3 d1)   8.49 (s, 1H), 8.46 
(s, 1H), 7.49 (d, J 8.8 Hz, 2H), 7.02 (d, J 8.8 Hz, 2H), 6.79 (s, 2H), 
3.94−3.88 (m, 9H), 3.39 (s, 3H), 3.28−3.21 (m, 4H), 3.12−3.04 (m, 
4H). HRMS (ESI) for C25H30N3O4 [M + H]+ m/z: calcd, 436.2236; 
found, 436.2234. 
3-(4-(Piperazin-1-yl)phenyl)-5-(3,4,5-trimethoxyphenyl)pyridin-

4-amine (6e). 1H NMR (500 MHz, MeOD-d4)   7.85 (s, 1H), 7.82 (s, 
1H), 7.25 (d, J 8.7 Hz, 2H), 7.01 (d, J 8.7 Hz, 2H), 6.64 (s, 2H), 
3.78 (s, 6H), 3.72 (s, 3H), 3.15−3.08 (m, 4H), 2.94−2.87 (m, 4H). 
HRMS (ESI) for C24H29N4O3 [M + H]+ m/z: calcd, 421.2240; found, 
421.2235. 
1-(4-(4-Fluoro-5-(3,4,5-trimethoxyphenyl)pyridin-3-yl)phenyl)-

piperazine (6f). 1H NMR (500 MHz, MeOD-d4)   8.59 (d, J 5.4 Hz, 
1H), 8.57 (d, J 5.4 Hz, 1H), 7.57 (d, J 7.8 Hz, 2H), 7.14 (d, J 8.8 
Hz, 2H), 6.91 (s, 2H), 3.91 (s, 6H), 3.85 (s, 3H), 3.40−3.36 (m, 4H), 
3.22−3.16 (m, 4H). HRMS (ESI) for C24H27FN3O3 [M + H]+ m/z: 
calcd, 424.2036; found, 424.2025. 
1-(4-(4-Chloro-5-(3,4,5-trimethoxyphenyl)pyridin-3-yl)phenyl)-

piperazine (6g). 1H NMR (500 MHz, DMSO-d6)   8.52 (s, 1H), 8.48 
(s, 1H), 7.39 (d, J 8.2 Hz, 2H), 7.03 (d, J 8.3 Hz, 2H), 6.82 (s, 2H), 
3.82 (s, 6H), 3.72 (s, 3H), 3.14 (br s, 4H), 2.85 (br s, 4H). HRMS (ESI) 
for C24H27ClN3O3 [M + H]+ m/z: calcd, 440.1741; found, 440.1728. 
1-(4-(4-(Trifluoromethyl)-5-(3,4,5-trimethoxyphenyl)pyridin-3-

yl)phenyl)piperazine (6h). 1H NMR (500 MHz, MeOD-d4)   8.60 (s, 
1H), 8.56 (s, 1H), 7.33 (d, J 8.7 Hz, 2H), 7.09 (d, J 8.8 Hz, 2H), 
6.74 (s, 2H), 3.89 (s, 6H), 3.85 (s, 3H), 3.28−3.24 (m. 4H), 3.05−3.01 
(m, 4H). HRMS (ESI) for C25H27F3N3O3 [M + H]+ m/z: calcd, 
474.2005; found, 474.2000. 
3-(4-(Piperazin-1-yl)phenyl)-5-(3,4,5-trimethoxyphenyl)-

isonicotinonitrile (6i). 1H NMR (500 MHz, MeOD-d4)   8.76 (s, 1H), 

8.75 (s, 1H), 7.62 (d, J 8.7 Hz, 2H), 7.16 (d, J 8.7 Hz, 2H), 7.00 (s, 
2H), 3.95 (s, 6H), 3.88 (s, 3H), 3.35−331 (m, 4H), 3.07−3.03 (m, 
4H). HRMS (ESI) for C25H27N4O3 [M + H]+ m/z: calcd, 431.2083; 
found, 431.2074. 

Procedure for the Synthesis of Intermediates 7a−b. General 
procedure A, with tert-butyl 4-[4-(4,4,5,5-tetramethyl-1,3,2-dioxabor-
olan-2-yl)phenyl]piperazine-1-carboxylate (4) replacing 3,4,5-trime-
thoxyphenylboronic acid (2), was used to synthesize intermediates 7a− 
b (both in >70% yield) as a powder from 3-bromo-5-chloro-pyridine 1a 
or 1i. The identity of both products was confirmed by LRMS before use 
in the subsequent synthetic step. 

Procedure for the Synthesis of Intermediates 10a−c. General 
procedure B, with either 3,5-dimethoxyphenylboronic acid (8) or (4-
fluoro-3,5-dimethoxyphenyl)boronic acid (9) replacing 3,4,5-trime-
thoxyphenylboronic acid (2), was used to synthesize intermediates 
10a−c (all in >70% yield) as a powder from intermediates 7a−b. The 
identity of all products was confirmed by LRMS before use in the 
subsequent synthetic step. 

Procedure for the Synthesis of Compounds 11a−c. General 
procedure C, with intermediates 10a−c replacing intermediates 5a−i, 
was used to synthesize compounds 11a−c (all in >95% yield) as a 
powder. 

1-(4-(5-(3,5-Dimethoxyphenyl)-4-methylpyridin-3-yl)phenyl)-
piperazine (11a). 1H NMR (500 MHz, MeOD-d4)   8.18 (s, 1H), 8.16 
(s, 1H), 7.20 (d, J 8.7 Hz, 2H), 6.99 (d, J 8.7 Hz, 2H), 6.45 (t, J 2.1 
Hz, 1H), 6.41 (d, J 2.2 Hz, 2H), 3.72 (s, 6H), 3.20−3.15 (m, 4H), 
3.04−2.93 (m, 4H), 2.10 (s, 3H). HRMS (ESI) for C24H28N3O2 [M + 
H]+ m/z: calcd, 390.2182; found, 390.2171. 

1-(4-(5-(4-Fluoro-3,5-dimethoxyphenyl)-4-methylpyridin-3-yl)-
phenyl)piperazine (11b) (M4K2163). 1H NMR (500 MHz, MeOD-d4) 
  8.32 (s, 2H), 7.32 (d, J 8.8 Hz, 2H), 7.12 (d, J 8.8 Hz, 2H), 6.75 (d, 
J 7.0 Hz, 2H), 3.92 (s, 6H), 3.28−3.23 (m, 4H), 3.07−3.02 (m, 4H), 
2.25 (s, 3H). HRMS (ESI) for C24H27FN3O2 [M + H]+ m/z: calcd, 
408.2087; found, 408.2075. 

3-(4-Fluoro-3,5-dimethoxyphenyl)-5-(4-(piperazin-1-yl)phenyl)-
isonicotinonitrile (11c). 1H NMR (500 MHz, MeOD-d4)   8.65 (s, 
1H), 8.63 (s, 1H), 7.51 (d, J 8.8 Hz, 2H), 7.06 (s, 1H), 7.04 (s, 1H), 
6.93 (d, J 6.9 Hz, 2H), 3.84 (s, 6H), 3.26−3.21 (m, 4H), 3.01−2.96 
(m, 4H). HRMS (ESI) for C24H24FN4O2 [M + H]+ m/z: calcd, 
419.1883; found, 419.1874. 

Procedure for the Synthesis of Intermediates 13c, 13j, 13l, 13n, 
and 13p and Compounds 14a−b, 14h−i, 14k, 14m, 14o, and 14q. 
General procedure B, with a 4-(R1)phenylboronic acid/pinacol ester 
12a−c or 12h−q replacing 3,4,5-trimethoxyphenylboronic acid (2), 
was used to synthesize intermediates 13c, 13j, 13l, 13n, or  13p and 
compound 14a−b, 14h−i, 14k, 14m, 14o, or  14q (all in >70% yield) as 
a powder from intermediate 3a. 

Procedure for the Synthesis of Compounds 14c, 14j, 14l, 14n, and 
14p. General procedure C, with intermediate 13c, 13j, 13l, 13n, or  13p 
replacing intermediates 5a−i, was used to synthesize compound 14c, 
14j, 14l, 14n, or  14p (all in >95% yield) as a powder. 

Procedure for the Synthesis of Compound 14d. To a solution of 
compound 6a (M4K2009) (40 mg, 0.095 mmol) and 2-fluoroethyl 
tosylate (25 mg, 0.114 mmol) in acetonitrile (1 mL) at room 
temperature was added TEA (19 mg, 0.190 mmol). After heating the 
resulting mixture at 100 C for 16 h, it was cooled down to room 
temperature and diluted with water (30 mL) and the aqueous layer was 
extracted with EtOAc (3 × 20 mL). The combined organic extracts 
were dried with anhydrous Na2SO4, filtered, and concentrated under 
reduced pressure. This crude material was purified by chromatography 
on silica (0−20% MeOH in EtOAc) to afford compound 14d (65% 
yield) as a powder. 

General Procedure for the Synthesis of Compounds 14e−g. To a 
solution of compound 6a (M4K2009) (40 mg, 0.095 mmol) in THF (4 
mL) at room temperature was added acetyl chloride (for 14e), 
dimethylcarbamyl chloride (for 14f), or methanesulfonyl chloride (for 
14g) (0.114 mmol) and DIPEA (25 mg, 0.190 mmol). After stirring the 
resulting mixture for 1 h, it was diluted with water (30 mL) and the 
aqueous layer was extracted with EtOAc (3 × 20 mL). The combined 
organic extracts were dried with anhydrous Na2SO4, filtered, and 
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concentrated under reduced pressure. This crude material was purified 
by chromatography on silica (0−100% EtOAc in hexanes) to afford 
compounds 14e−g (all in >80% yield) as a powder. 
1-Methyl-4-(4-(4-methyl-5-(3,4,5-trimethoxyphenyl)pyridin-3-

yl)phenyl)piperazine (14a). 1H NMR (500 MHz, MeOD-d4)   8.30 
(d, J 2.7 Hz, 2H), 7.31 (t, J 5.7 Hz, 2H), 7.11 (d, J 8.8 Hz, 2H), 
6.69 (s, 2H), 3.89 (s, 6H), 3.84 (s, 3H), 3.33−3.29 (m, 4H), 2.72−2.67 
(m, 4H), 2.41 (s, 3H), 2.24 (s, 3H). HRMS (ESI) for C26H32N3O3 [M 
+ H]+ m/z: calcd, 434.2444; found, 434.2432. 
1-Isopropyl-4-(4-(4-methyl-5-(3,4,5-trimethoxyphenyl)pyridin-3-

yl)phenyl)piperazine (14b). 1H NMR (500 MHz, MeOD-d4)   8.31 (s, 
2H), 7.32 (d, J 8.7 Hz, 2H), 7.11 (d, J 8.7 Hz, 2H), 6.69 (s, 2H), 
3.89 (s, 6H), 3.84 (s, 3H), 3.33−3.29 (m, 4H), 2.84−2.68 (m, 5H), 
2.25 (s, 3H), 1.17 (d, J 6.5 Hz, 6H). HRMS (ESI) for C28H36N3O3 
[M + H]+ m/z: calcd, 462.2757; found, 462.2746. 
(3S,5R)-3,5-Dimethyl-1-(4-(4-methyl-5-(3,4,5-trimethoxyphenyl)-

pyridin-3-yl)phenyl)piperazine (14c). 1H NMR (500 MHz, DMSO-
d6)   8.35 (s, 1H), 8.32 (s, 1H), 7.28 (br d, J 8.6 Hz, 2H), 7.02 (br d, J 
8.7 Hz, 2H), 6.72 (s, 2H), 3.81 (s, 6H), 3.72 (s, 3H), 3.61 (br d, J 

10.8 Hz, 2H), 2.80−2.90 (m, 2H), 2.10−2.20 (m, 6H), 1.04 (d, J 6.2 
Hz, 6H). HRMS (ESI) for C27H34N3O3 [M + H]+ m/z: calcd, 
448.2600; found, 448.2591. 
1-(2-Fluoroethyl)-4-(4-(4-methyl-5-(3,4,5-trimethoxyphenyl)-

pyridin-3-yl)phenyl)piperazine (14d). 1H NMR (500 MHz, MeOD-
d4)   8.18 (s, 2H), 7.19 (d, J 8.6 Hz, 2H), 6.99 (d, J 8.6 Hz, 2H), 
6.57 (s, 2H), 4.58 (t, J 4.7 Hz, 1H), 4.49 (t, J 4.9 Hz, 1H), 3.77 (s, 
6H), 3.72 (s, 3H), 3.21−3.17 (m, 4H), 2.75−2.69 (m, 1H), 2.69−2.62 
(m, 5H), 2.13 (s, 3H). HRMS (ESI) for C27H33FN3O3 [M + H]+ m/z: 
calcd, 466.2506; found, 466.2495. 
1-(4-(4-(4-Methyl-5-(3,4,5-trimethoxyphenyl)pyridin-3-yl)-

phenyl)piperazin-1-yl)ethan-1-one (14e). 1H NMR (500 MHz, 
DMSO-d6)   8.37 (s, 1H), 8.34 (s, 1H), 7.33 (br d, J 8.3 Hz, 2H), 
7.07 (br d, J 8.6 Hz, 2H), 6.73 (s, 2H), 3.82 (s, 6H), 3.72 (s, 3H), 3.60 
(br s, 4H), 3.25 (br s, 2H), 3.18 (br s, 2H), 2.19 (s, 3H), 2.06 (s, 3H). 
HRMS (ESI) for C27H32N3O4 [M + H]+ m/z: calcd, 462.2393; found, 
462.2391. 
N,N-Dimethyl-4-(4-(4-methyl-5-(3,4,5-trimethoxyphenyl)pyridin-

3-yl)phenyl)piperazine-1-carboxamide (14f). 1H NMR (500 MHz, 
DMSO-d6)   8.37 (s, 1H), 8.34 (s, 1H), 7.33 (d, J 8.6 Hz, 2H), 7.08 
(d, J 8.7 Hz, 2H), 6.73 (s, 2H), 3.82 (s, 6H), 3.72 (s, 3H), 3.28 (br d, J 
6.1 Hz, 4H), 3.23 (br d, J 5.7 Hz, 4H), 2.80 (s, 6H), 2.19 (s, 3H). 

HRMS (ESI) for C28H35N4O4 [M + H]+ m/z: calcd, 491.2658; found, 
491.2652. 
1-(4-(4-Methyl-5-(3,4,5-trimethoxyphenyl)pyridin-3-yl)phenyl)-4-

(methylsulfonyl)piperazine (14g). 1H NMR (500 MHz, MeOD-d4)   
8.32 (s, 1H), 8.30 (s, 1H), 7.34 (d, J 8.7 Hz, 2H), 7.15 (d, J 8.7 Hz, 
2H), 6.69 (s, 2H), 3.89 (s, 6H), 3.84 (s, 3H), 3.44−3.37 (m, 8H), 2.92 
(s, 3H), 2.44 (s, 3H). HRMS (ESI) for C26H32N3O5S [M  +  H]+ m/z: 
calcd, 498.2063; found, 498.2049. 
4-(4-(4-Methyl-5-(3,4,5-trimethoxyphenyl)pyridin-3-yl)phenyl)-

morpholine (14h). 1H NMR (500 MHz, DMSO-d6)   8.35 (s, 1H), 
8.33 (s, 1H), 7.32 (br d, J 8.1 Hz, 2H), 7.06 (br d, J 8.2 Hz, 2H), 
6.73 (s, 2H), 3.82 (s, 6H), 3.76 (br d, J 4.0 Hz, 4H), 3.72 (s, 3H), 3.18 
(br d, J 4.2 Hz, 4H), 2.19 (s, 3H). HRMS (ESI) for C25H29N2O4 [M + 
H]+ m/z: calcd, 421.2127; found, 421.2123. 
4-(4-(4-Methyl-5-(3,4,5-trimethoxyphenyl)pyridin-3-yl)phenyl)-

thiomorpholine 1,1-Dioxide (14i). 1H NMR (500 MHz, DMSO-d6)   
8.37 (s, 1H), 8.34 (s, 1H), 7.35 (br d, J 8.6 Hz, 2H), 7.15 (br d, J 8.7 
Hz, 2H), 6.73 (s, 2H), 3.85 (br s, 4H), 3.82 (s, 6H), 3.72 (s, 3H), 3.16 
(br s, 4H), 2.20 (s, 3H). HRMS (ESI) for C25H29N2O5S [M+  H]+ m/z: 
calcd, 469.1797; found, 469.1793. 
4 -M  e  t  h  y l - 3 - ( 4 - ( p i p e r i d i n  - 4 - y l ) p h e n y l ) - 5 - ( 3 , 4 , 5 -

trimethoxyphenyl)pyridine (14j). 1H NMR (500 MHz, MeOD-d4)   
8.36 (s, 1H), 8.30 (s, 1H), 7.42 (q, J 8.3 Hz, 4H), 6.70 (s, 2H), 3.89 (s, 
6H), 3.84 (s, 3H), 3.45 (d, J 12.8 Hz, 2H), 3.08 (td, J 12.7, 2.3 Hz, 
2H), 2.96 (ddd, J 12.1, 8.8, 3.5 Hz, 1H), 2.23 (s, 3H), 2.10 (d, J 13.8 
Hz, 2H), 1.92 (qd, J 13.5, 3.8 Hz, 2H). HRMS (ESI) for C26H31N2O3 
[M + H]+ m/z: calcd, 419.2335; found, 419.2330. 
4-Methyl-3-(4-(1-methylpiperidin-4-yl)phenyl)-5-(3,4,5-

trimethoxyphenyl)pyridine (14k) (M4K2117). 1H NMR (500 MHz, 
MeOD-d4)   8.35 (s, 1H), 8.31 (s, 1H), 7.42 (d, J 8.2 Hz, 2H), 7.37 

(d, J 8.2 Hz, 2H), 6.70 (s, 2H), 3.90 (s, 6H), 3.85 (s, 3H), 3.08 (d, J 
11.7 Hz, 2H), 2.72−2.63 (m, 1H), 2.40 (s, 3H), 2.30−2.23 (m, 2H), 
2.23 (br s, 3H), 1.95−1.86 (m, 4H). HRMS (ESI) for C27H33N2O3 [M 
+ H]+ m/z: calcd, 433.2491; found, 433.2485. 

4-Methyl-3-(4-(1,2,3,6-tetrahydropyridin-4-yl)phenyl)-5-(3,4,5-
trimethoxyphenyl)pyridine (14l). 1H NMR (500 MHz, MeOD-d4)   
8.23 (s, 1H), 8.20 (s, 1H), 7.47 (d, J 8.3 Hz, 2H), 7.28 (d, J 8.3 Hz, 
2H), 6.58 (s, 2H), 6.20−6.13 (m, 1H), 3.77 (s, 6H), 3.72 (s, 3H), 3.46 
(dd, J 5.6, 2.6 Hz, 2H), 3.05 (t, J 5.8 Hz, 2H), 2.54−2.46 (m, 2H), 
2.12 (s, 3H). HRMS (ESI) for C26H29N2O3 [M + H]+ m/z: calcd, 
417.2178; found, 417.2172. 

4-Methyl-3-(4-(1-methyl-1,2,3,6-tetrahydropyridin-4-yl)phenyl)-
5-(3,4,5-trimethoxyphenyl)pyridine (14m). 1H NMR (500 MHz, 
MeOD-d4)   8.35 (s, 1H), 8.33 (s, 1H), 7.60 (d, J 8.2 Hz, 2H), 7.41 
(d, J 8.2 Hz, 2H), 6.70 (s, 2H), 6.26 (s, 1H), 3.89 (s, 6H), 3.84 (s, 
3H), 3.28 (d, J 2.0 Hz, 2H), 2.86 (t, J 5.7 Hz, 2H), 2.73 (s, 2H), 2.50 
(s, 3H), 2.24 (s, 3H). HRMS (ESI) for C27H31N2O3 [M + H]+ m/z: 
calcd, 431.2335; found, 431.2328. 

1-(4-(4-Methyl-5-(3,4,5-trimethoxyphenyl)pyridin-3-yl)phenyl)-
1,4-diazepane (14n). 1H NMR (500 MHz, DMSO-d6)   8.33 (s, 2H), 
7.24 (d, J 8.7 Hz, 2H), 6.80 (d, J 8.8 Hz, 2H), 6.73 (s, 2H), 3.81 (s, 
6H), 3.72 (s, 3H), 3.57 (t, J 6.0 Hz, 2H), 3.54−3.49 (m, 2H), 2.95− 
2.87 (m, 2H), 2.73−2.66 (m, 2H), 2.21 (s, 3H), 1.86−1.78 (m, 2H). 
HRMS (ESI) for C26H32N3O3 [M + H]+ m/z: calcd, 434.2444; found, 
434.2433. 

1-Methyl-4-(4-(4-methyl-5-(3,4,5-trimethoxyphenyl)pyridin-3-
yl)benzyl)piperazine (14o). 1H NMR (500 MHz, MeOD-d4)   8.35 (s, 
1H), 8.31 (s, 1H), 7.50 (d, J 7.9 Hz, 2H), 7.40 (d, J 8.0 Hz, 2H), 
6.70 (s, 2H), 3.89 (s, 6H), 3.84 (s, 3H), 3.65 (s, 2H), 2.83−2.43 (br s, 
8H), 2.36 (s, 3H), 2.23 (s, 3H). HRMS (ESI) for C27H34N3O3 [M + 
H]+ m/z: calcd, 448.2600; found, 448.2592. 

4 -Methy l  - 3 - ( 4 - (  p ipe r id in -4 - y loxy )pheny l ) - 5 - ( 3 , 4 , 5 -
trimethoxyphenyl)pyridine (14p). 1H NMR (500 MHz, MeOD-d4)   
8.34 (s, 1H), 8.31 (s, 1H), 7.37 (d, J 8.7 Hz, 2H), 7.13 (d, J 8.7 Hz, 
2H), 6.70 (s, 2H), 4.72−4.66 (m, 1H), 3.90 (s, 6H), 3.85 (s, 3H), 
3.32−3.26 (m, 2H), 3.04−2.98 (m, 2H), 2.24 (s, 3H), 2.19−2.12 (m, 
2H), 1.95−1.87 (m, 2H). HRMS (ESI) for C26H31N2O4 [M + H]+ m/ 
z: calcd, 435.2284; found, 435.2273. 

4-Methyl-3-(4-((1-methylpiperidin-4-yl)oxy)phenyl)-5-(3,4,5-
trimethoxyphenyl)pyridine (14q). 1H NMR (500 MHz, MeOD-d4)   
8.21 (s, 1H), 8.19 (s, 1H), 7.23 (d, J 8.7 Hz, 2H), 6.97 (d, J 8.7 Hz, 
2H), 6.58 (s, 2H), 4.46−4.37 (br m, 1H), 3.77 (s, 6H), 3.72 (s, 3H), 
2.74−2.62 (br m, 2H), 2.41−2.30 (br m, 2H), 2.25 (s, 3H), 2.12 (s, 
3H), 2.02−1.92 (br m, 2H), 1.81−1.72 (br m, 2H). HRMS (ESI) for 
C27H33N2O4 [M + H]+ m/z: calcd, 449.2440; found, 449.2429. 

Kinase Assay. The biochemical potencies of all compounds were 
measured by Reaction Biology Corporation (Malvern, Pennsylvania). 
Compounds were tested against ALK1/ACVRL1, ALK2/ACVR1, 
ALK3/BMPR1α, ALK4/ACVR1β, ALK5/TGFβ-R1, and ALK6/ 
BMPR1β in a 10-dose IC50 mode with a twofold serial dilution starting 
at 1 or 5 μM. Reactions were conducted at an ATP concentration of 10 
μM and Casein concentration of 1 mg/mL. LDN-193189 was tested as 
a control in a 10-dose IC50 mode with a threefold serial dilution starting 
at 10 μM. Reductions in enzymatic activity were determined relative to 
dimethyl sulfoxide (DMSO) controls. 

Cell Culture and Transfection. HEK-293 cells were maintained in 
Dulbecco s modified Eagle s medium (DMEM, Gibco) supplemented 
with 10% fetal bovine serum (FBS) (Thermo Fisher) and penicillin/ 
streptomycin (Thermo Fisher). HEK-293 cells were transfected with 
the protein expression or reporter constructs using FuGENE HD 
(Promega) according to the manufacturer s instructions. Briefly, DNA 
was diluted into phenol red-free Opti-MEM (Gibco) at a concentration 
of 10 μg/mL. Without coming in contact with the sides of the container, 
3 μL of FuGENE HD was added for each microgram of DNA used. 
After thorough mixing by inversion, FuGENE HD/DNA complexes 
were allowed to form by incubation at room temperature for 20 min. 
The transfection mixture (1 part) was added to 20 parts of the HEK-
293 cell suspension with a density of 200 000 cells per mL (volume/ 
volume). HEK-293 cells were incubated in a humidified, 37 C 
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incubator with 5% CO2 for 24 h before they were used in the 
NanoBRET target engagement assay or dual luciferase reporter assay. 
NanoBRET Target Engagement Assay. ALK2-C-terminal nano-

luciferase fusion with a GSSG linker was encoded by the pFC32K 
vector (Promega). ALK2-nanoluciferase fusion construct (1 part) was 
mixed with 9 parts of Transfection Carrier DNA (mass/mass) 
(Promega). Transfected cells were trypsinized and resuspended in 
Opti-MEM at a density of 200 000 cells per mL. Cells (17 μL) were 
dispensed into each well of a 384-well flat-bottom polypropylene plate 
(Greiner). Working solution (20×) of the target engagement tracer 
PBI-6908 (Promega) was prepared by diluting DMSO stock in tracer 
dilution buffer (12.5 mM HEPES pH 7.5, 31.25% PEG-400). Stocks 
(1000×) of test compounds in DMSO (Cell Signaling Technology) 
were diluted further in Opti-MEM for 10× working solutions. After the 
addition of 1 μL of 20× target engagement tracer and 2 μL of 10× 
working solutions, contents of the wells were thoroughly mixed by 
agitating the plate at 500 rpm for 1 min. Cells were incubated in a 
humidified, 37 C incubator  with  5%  CO2 for 2 h prior to 
bioluminescence resonance energy transfer (BRET) measurement. 
For BRET measurement, the NanoBRET NanoGlo Substrate and the 
Extracellular NanoLuc Inhibitor (Promega) were diluted 166× and 
500×, respectively, in Opti-MEM to produce 3× working stock. A 
PHERAstar FSX microplate reader (BMG Labtech) with the LUM 
610-LP 460-80 optical module was used to measure the intensity of dual 
emission. A measurement interval of 1 s and gain settings of 3600 and 
1879 for 610 and 460 nm, respectively, were used. Milli-BRET units 
(mBU) were calculated by dividing the signal measured at 610 nm with 
the signal measured at 460 nm and multiplying by 1000. The apparent 
EC50 values of test compounds were estimated using the [Inhibitor] 
versus response (three-parameter) nonlinear regression curve fitting 
function of GraphPad Prism 7. 
Dual Luciferase Reporter Assay. CAGA-Luc and Renilla-

luciferase constructs (a gift from Dr. Petra Knaus, Free University of 
Berlin) were used as reporters for ALK5 signaling and loading control, 
respectively. The CAGA-Luc construct (4 parts) was mixed with 1 part 
of Renilla-luciferase construct (mass/mass). Ten thousand transfected 
cells were seeded into each well of a 96-well plate (Corning). Some 24 h 
after transfection, the cells were incubated with 10 ng/mL TGFβ1 
(Peprotech, 100-21-10) and test compounds simultaneously at the 
concentrations indicated in a humidified, 37 C incubator with 5% 
CO2. Another 24 h later, the cells were harvested, lysed, and processed 
for the measurement of luciferase activity using the Dual-Luciferase 
Reporter Assay System (Promega) according to the manufacturer s 
instructions. Briefly, the culture medium was aspirated completely, and 
cells were lysed in 50 μL of  1× PLB with 300 rpm agitation for 30 min. 
The cell lysate (10 μL) was dispensed into each well of a 384-well flat-
bottom polypropylene plate (Greiner). The luminescent signal of 
firefly- and Renilla-luciferase activity was measured sequentially using a 
PHERAstar FS microplate reader (BMG Labtech) after the addition of 
25 μL of LARII and Stop & Glo, respectively. A measurement interval of 
2 s and gain setting of 3600 were used. The firefly-luciferase signal was 
normalized to the cell number by division with the Renilla-luciferase 
signal. The relative luciferase unit (RLU) was obtained by further 
division with the signal from cells without TGFβ stimulation. The 
apparent EC50 values of test compounds were estimated using the 
[Inhibitor] versus response (three-parameter) nonlinear regression 
curve fitting function of GraphPad Prism 7. 
Caco-2 Permeability Assay. Caco-2 cells (C2BBe1) were 

purchased from American Type Culture Collection (ATCC). Caco-2 
cell cultures were routinely maintained in T-75 tissue culture flasks in 
DMEM containing 20% FBS, 0.1 mg/mL normocin, and 0.05 mg/mL 
gentamicin. These cells were seeded at a density of 40 000 cells per well 
on the 24-well poly(ethylene terephthalate) (PET) membrane (1.0 μm 
pore size, 0.3 cm2 surface area) insert plates. Cell monolayers were 
grown for 21 or 22 days at 37 C with 5% CO2 in a humidified 
incubator. The cell culture medium was replaced twice weekly during 
the cell growth period. Prior to beginning the permeability assay, cell 
monolayers were rinsed with Hank s balanced salt solution (HBSS) 
twice to remove the residual cell culture medium. The assay buffer 
comprised HBSS containing 10 mM HEPES and 15 mM glucose at pH 

7.4. The dosing buffer contained 5 μM metoprolol (positive control), 5 
μM atenolol (negative control), and 100 μM Lucifer yellow in the assay 
buffer. The receiving buffer contained 1% bovine serum albumin (BSA) 
in the assay buffer. The concentration of the test compound was 5 μM 
in the dosing buffer (final DMSO concentration was 0.1%). Digoxin at 
10 μM was utilized as a P-gp substrate control. For the apical to 
basolateral (A to B) permeability experiment, 0.25 mL of the dosing 
buffer was added to the apical chambers, and 1.0 mL of the receiving 
buffer was added to the basolateral chambers of the assay plate. For the 
basolateral to apical (B to A) permeability experiment, 0.25 mL of the 
receiving buffer was added to the apical chambers, and 1.0 mL of dosing 
buffer was added to the basolateral chambers of the assay plates. The 
assay plates were then incubated at 37 C for 2 h on an orbital shaker at 
65 rpm. Sample solutions were taken from the donor chambers (10 μL) 
and receiver chambers (100 μL) after the incubation period. For each 
sample, there were two technical replicates. The sample solutions from 
donor chambers were diluted 10× with the receiving buffer. To extract 
test compounds and precipitate BSA from sample solutions, three 
volumes of acetonitrile (containing 0.5% formic acid and an internal 
standard) were added, and the plate was vigorously mixed. Sample 
solutions were then centrifuged at 4000 rpm for 10 min to remove 
debris and precipitated BSA. Approximately 150 μL of the supernatant 
was subsequently transferred to a new 96-well microplate for LC/MS 
analysis. Narrow-window mass extraction LC/MS analysis was 
performed for all samples using a Waters Acquity UPLC system with 
a Waters Xevo quadrupole-time-of-flight (Q-TOF) mass spectrometer 
to determine relative peak areas of the parent compounds. Chromato-
graphic separations were performed on a Waters Acquity UPLC HSS 
T3 column (2.1 mm × 100 mm, 100 Å, 1.8 μm, part no. 186003539) at 
30 C. Mobile phases A and B were 0.1% formic acid in water and 0.1% 
formic acid in acetonitrile, respectively. The sample temperature was 
kept at 10 C. The typical injection volume was 0.3 μL. Chromato-
graphic gradients used are shown in the table below. 

Time (min) Flow Rate (μL/min) %A %B 
0.0 0.400 100 0 
0.5 0.400 100 0 
4.5 0.400 5 95 
5.0 0.400 5 95 
5.5 0.400 100 0 
6.5 0.400 100 0 

Data acquisition was performed in the electrospray (ES) positive ion 
mode in the mass range of 100−1000 m/z. The following source 
parameters were used: capillary voltage, 0.8 kV; cone voltage, 25 V; 
source temperature, 150 C; desolvation temperature, 500 C; cone gas 
flow, 150 L/h; desolvation gas flow, 600 L/h. Accurate masses were 
measured in the lock-spray automated exact mass measurement mode. 
The fragment ions of leucine-enkephalin were used as reference 
substances (lock-mass) in the acquisition mode. The following lock-
spray configuration was used: frequency, 10 s; cone voltage, 25 V; 
collision energy, 22 V. Data processing was performed using MassLynx 
4.1 software (Waters). The co-dosed positive and negative controls 
were also measured for each well to monitor integrity of cell monolayers 
and well-to-well variability. The apparent permeability coefficient 
(Papp) and post-assay recovery are calculated using the following 
equations 

× × × P V  C  t  A  C  (d /d ) 1/( ) app r 0 

×  [  ×  +  ×  ] 

× 

V C  V C  

V C 

percent recovery 100 ( ) ( ) 

/( ) 
r r 

final 
d d 

final 

d 0 

where dC/dt is the slope of cumulative concentration in the receiver 
compartment versus time, Vr is the volume of the receiver compartment, 
Vd is the volume of the donor compartment, A is the membrane surface 
area, C0 is the initial compound concentration in the donor chamber, 
Cr 

final is the cumulative receiver concentration at the end of the 
incubation period, and Cd 

final is the concentration of the donor at the 
end of the incubation period. The efflux ratio (ER) is defined as Papp (B-
to-A)/Papp (A-to-B). 
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Liver Microsomal Metabolic Stability Assay. For this assay, 
stock solutions of test compounds in DMSO (1 mM) were initially 
diluted to a concentration of 40.0 μM using 0.1 M potassium phosphate 
buffer (pH 7.4). Test compounds were then added to reaction wells at a 
final concentration of 1 μM, which was assumed to be well below Km 
values to ensure linear reaction conditions (i.e., avoid saturation). The 
final DMSO concentration was kept constant at 0.1%. Each compound 
was tested in duplicate for both time points (0 and 60 min). CD-1 
mouse (male) or pooled human liver microsomes (Corning Gentest) 
were added to the reaction wells at a final concentration of 0.5 mg/mL 
(protein). The final volume for each reaction was 100 μL, which 
included the NADPH-regeneration solution (NRS) mix (Corning 
Gentest). This NRS mix comprised glucose 6-phosphate dehydrogen-
ase, NADP+ , MgCl2, and glucose 6-phosphate. Reactions were carried 
out at 37 C in an orbital shaker at 175 rpm. Upon completion of the 60 
min time point, reactions were terminated by the addition of 2 V (200 
μL) of ice-cold acetonitrile containing 0.5% formic acid and an internal 
standard. Samples were then centrifuged at 4000 rpm for 10 min to 
remove debris and precipitated proteins. Approximately 150 μL of  
supernatant was subsequently transferred to a new 96-well microplate 
for LC/MS analysis. Narrow-window mass extraction LC/MS analysis 
was performed for all samples using a Waters Acquity UPLC system 
with a Waters Xevo quadrupole-time-of-flight (Q-TOF) mass 
spectrometer to determine relative peak areas of the parent compounds. 
Chromatographic separations were performed on a Waters Acquity 
UPLC HSS T3 column (2.1 mm × 100 mm, 100 Å, 1.8 μm, part no. 
186003539) at 30 C. Mobile phased A and B were 0.1% formic acid in 
water and 0.1% formic acid in acetonitrile, respectively. The sample 
temperature was kept at 10 C. The typical injection volume was 0.3 μL. 
Chromatographic gradients used are shown in the table below. 

Time (min) Flow Rate (μL/min) %A %B 
0.0 0.450 100 0 
2.5 0.450 5 95 
3.0 0.450 5 95 
3.5 0.450 100 0 
4.5 0.450 100 0 

Data acquisition was performed in the electrospray (ES) positive ion 
mode in the mass range of 100−1000 m/z. The following source 
parameters were used: capillary voltage, 0.8 kV; cone voltage, 25 V; 
source temperature, 150 C; desolvation temperature, 500 C; cone gas 
flow, 150 L/h; desolvation gas flow, 600 L/h. Accurate masses were 
measured in the lock-spray automated exact mass measurement mode. 
The fragment ions of leucine-enkephalin were used as reference 
substances (lock-mass) in the acquisition mode. The following lock-
spray configuration was used: frequency, 10 s; cone voltage, 25 V; 
collision energy, 22 V. Data processing was performed using MassLynx 
4.1 software (Waters). The percentage remaining values were 
calculated using the following equation: 

× A A  percent remaining ( / ) 100 0 

where A is area response after incubation and A0 is area response at the 
initial time point. 
Plasma Protein Binding Assay. A 48-well  format  rapid  

equilibrium dialysis (RED) device from Thermo Fisher Scientific was 
used for the plasma protein binding assay. Each RED device insert 
contained a buffer and a plasma compartment separated by a 
semipermeable membrane with a molecular weight cutoff of 
approximately 8 kDa. Stock solutions of test compounds in DMSO 
(1 mM) were spiked into heparinized pooled human plasma from 
Innovative Research (Novi, Michigan) at the final compound 
concentration of 5 μM (final DMSO concentration was 0.5%). The 
prepared plasma sample (300 μL) was added to a plasma chamber, and 
500 μL of Dulbecco s phosphate-buffered saline (DPBS) was added to a 
buffer chamber. The RED plate was incubated in an orbital shaker at 37 
C and 200 rpm for 4 h. After the incubation, 50 μL aliquots of 
postdialysis samples from the buffer and the plasma chambers were 
transferred to a 96-well deep well plate. Samples were matrix-matched 
for the analysis by the addition of 50 μL of plasma to the buffer samples 
and 50 μL of buffer to the plasma samples. Ice-cold acetonitrile (300 

μL) containing 0.5% formic acid and an internal standard was added to 
each well to precipitate plasma proteins. The deep well plate was tightly 
sealed with a plastic mat, mixed vigorously for 5 min, and placed on ice 
for 30 min. After the extraction step, the deep well plate was centrifuged 
for 10 min at 4000 rpm. Approximately 150 μL of supernatant was 
subsequently transferred to a new 96-well microplate for LC/MS 
analysis. Narrow-window mass extraction LC/MS analysis was 
performed for all samples using a Waters Acquity UPLC system with 
a Waters Xevo quadrupole-time-of-flight (Q-TOF) mass spectrometer 
to determine relative peak areas of the parent compounds. Chromato-
graphic separations were performed on a Waters Acquity UPLC HSS 
T3 column (2.1 mm × 100 mm, 100 Å, 1.8 μm, part no. 186003539) at 
30 C. Mobile phases A and B were 0.1% formic acid in water and 0.1% 
formic acid in acetonitrile, respectively. The sample temperature was 
kept at 10 C. The typical injection volume was 0.3 μL. Chromato-
graphic gradients used are shown in the table below. 

Time (min) Flow Rate (μL/min) %A %B 
0.0 0.400 100 0 
4.5 0.400 5 95 
5.0 0.400 5 95 
5.5 0.400 100 0 
6.5 0.400 100 0 

Data acquisition was performed in the electrospray (ES) positive ion 
mode in the mass range of 100−1000 m/z. The following source 
parameters were used: capillary voltage, 0.8 kV; cone voltage, 25 V; 
source temperature, 150 C; desolvation temperature, 500 C; cone gas 
flow, 150 L/h; desolvation gas flow, 600 L/h. Accurate masses were 
measured in the lock-spray automated exact mass measurement mode. 
The fragment ions of leucine-enkephalin were used as reference 
substances (lock-mass) in the acquisition mode. The following lock-
spray configuration was used: frequency, 10 s; cone voltage, 25 V; 
collision energy, 22 V. Data processing was performed using MassLynx 
4.1 software (Waters). Each determination was performed in triplicate. 
The percentage of the bound test compound was calculated using the 
following equation: 

−  [  ×  ] A A percent bound 100 ( / ) 100 buffer plasma 

where Abuffer is area response of the buffer chamber and Aplasma is area 
response of the plasma chamber. 

hERG Potassium Channel Inhibition Assay. hERG IC50 values 
were generated by Charles River Laboratories (Cleveland, Ohio). 
Compounds were tested against cloned hERG potassium channels 
expressed in HEK-293 cells. Chemicals used in solution preparation 
were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise 
noted and were of ACS reagent-grade purity or higher. Stock solutions 
of test articles and the positive control were prepared in dimethyl 
sulfoxide (DMSO) and stored frozen. Reference compound concen-
trations were prepared fresh daily by diluting stock solutions into a 
Charles River proprietary HEPES-buffered physiological saline (HB-
PS) solution, which was prepared weekly and refrigerated until use. 
Because previous results have shown that ≤0.3% DMSO did not affect 
channel currents, all test and control solutions contained 0.3% DMSO. 
Each test article formulation was sonicated (model 2510/5510, 
Branson Ultrasonics, Danbury, CT) at ambient room temperature for 
20 min to facilitate dissolution. Cells were cultured in DMEM/nutrient 
mixture F-12 (D-MEM/F-12) supplemented with 10% FBS, 100 U/mL 
penicillin G sodium, 100 μg/mL streptomycin sulfate, and 500 μg/mL 
G418. Before testing, cells in culture dishes were washed twice with 
HBSS and detached with accutase. Immediately before use in the 
IonWorks Barracuda system, the cells were washed twice in HB-PS to 
remove the accutase and resuspended in 5 mL of HB-PS. The test 
article effects were evaluated using IonWorks Barracuda systems 
(Molecular Devices Corporation, Union City, CA). HEPES-buffered 
intracellular solution (Charles River proprietary) for whole-cell 
recordings was loaded into the intracellular compartment of the 
Population Patch Clamp (PPC) planar electrode. Extracellular buffer 
(HB-PS) was loaded into PPC planar electrode plate wells (11 μL per 
well). The cell suspension was pipetted into the wells of the PPC planar 
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electrode (9 μL per well). After establishment of a whole-cell 
configuration (the perforated patch), membrane currents were 
recorded using a patch clamp amplifier in the IonWorks Barracuda 
system. The current recordings were performed one time before test 
article application to the cells (baseline) and one time after application 
of the test article. Test article concentrations were applied to naive cells 
(n 4, where n replicates per concentration). Each application 
consisted of addition of 20 μL of 2× concentrated test article solution to 
the total 40 μL of the final volume of the extracellular well of the PPC 
plate. The duration of exposure to each compound concentration was 5 
min. The hERG current was measured using a pulse pattern with fixed 
amplitudes (conditioning prepulse: −80 mV for 25 ms; test pulse: +40 
mV for 80 ms) from a holding potential of 0 mV ( zero holding
procedure). The hERG current was measured as a difference between 
the peak current at 1 ms after the test step to +40 mV and the steady-
state current at the end of the step to +40 mV. 
CYP Inhibition Assay. CYP IC50 values were generated by 

Pharmaron (Beijing, China). Multiple concentrations (1 μL) of the 
test compound or positive control compound (CYP1A2, furafylline; 
CYP2B6, ketoconazole; CYP2C8, quercetin; CYP2C9, sulfaphenazole; 
CYP2C19, N-3-benzylnirvanol; CYP2D6, quinidine; and CYP3A4, 
ketoconazole) were transferred to the compound plate . The  
concentrations of test compounds and positive control compounds 
were 0, 0.2, 1, 2, 10, 50, 200, 2000, and 10 000 μM. The master solution 
was prepared with MgCl2 solution (20 μL of 50 mM solution), 
phosphate buffer (100 μL of 200 mM solution), ultrapure water (56 
μL), human liver microsomes [2 μL of 20 mg/mL stock concentration 
(Corning 1328 UltraPool HLM 150, Mixed Gender, cat. no. 452117)], 
and 1 μL of substrate [CYP1A2, phenacetin (8 mM stock 
concentration); CYP2B6, bupropion (10 mM stock concentration); 
CYP2C8, paclitaxel (1 mM stock concentration); CYP2C9, tolbuta-
mide (40 mM stock concentration); CYP2C19, mephenytoin (10 mM 
stock concentration); CYP2D6, dextromethorphan (2 mM stock 
concentration); and CYP3A4, midazolam (1 mM stock concentration), 
and testosterone (10 mM stock concentration)]. The master solution 
was prewarmed in a water bath at 37 C for 5 min. The incubated 
master solution (179 μL) was transferred to the compound plate. In the 
mixed system, the final concentrations of the test compounds and 
positive control compounds were 0, 0.001, 0.005, 0.01, 0.05, 0.25, 1, 10, 
and 50 μM. All experiments were performed in duplicate. The reaction 
was started with the addition of 20 μL of 10 mM NADPH solution at 
the final concentration of 1 mM. The reaction was stopped by the 
addition of 1.5 V of methanol with IS (100 nM alprazolam, 200 nM 
imipramine, 200 nM labetalol, and 2 μM ketoprofen) to the incubation 
plate at the designated time points (20 min for CYP1A2, 2B6, 2C9, 
2C19, and 2D6, 5 min for midazolam-mediated 3A4, and 10 min for 
testosterone-mediated 3A4). The incubation plate was centrifuged at 
3220g for 40 min to precipitate the protein. An aliquot of 100 μL of the 
supernatant was diluted using 100 μL ultrapure water, and the mixture 
was used for LC/MS/MS analysis. The formation of metabolites was 
analyzed using LC/MS/MS. A decrease in the formation of the 
metabolites in the peak area to vehicle control was used to calculate the 
IC50 value (test compound concentration that produces 50% 
inhibition) using Excel Xlfit. 
In Vivo Pharmacokinetic Studies. The pharmacokinetic profiles 

of 6a, 11b, 14g, 14k−l, and 14p were assessed by Pharmaron 
(Louisville, Kentucky), and all animal studies were performed in 
accordance with institutional guidelines as defined by the Institutional 
Animal Care and Use Committee. Test compounds were dissolved first 
in DMSO and then mixed with 47.5% PEG-400 and 47.5% deionized 
water with 10% Tween80. The solutions were thoroughly vortexed after 
each step and stored at room temperature. Solutions were freshly 
prepared on the day of dosing. Female CB17 SCID mice (n = 3)  (6−8 
weeks old, 17−20 g weight) were orally administered a 10 mg/kg dose 
(10 mL/kg dose volume, 1 mg/mL concentration) of the test 
compound. Blood samples were taken via the dorsal metatarsal vein 
at 0.25, 0.5, 1, 2, 4, 8, and 24 h postdosage. Blood samples were 
transferred into plastic microcentrifuge tubes containing the antico-
agulant Heparin-Na and centrifuged at 4000g for 5 min at 4 C to obtain 

plasma. The samples were stored in a freezer at −75 ± 15 C prior to 
analysis. 

To determine brain concentrations, female CB17 SCID mice (n = 3)  
(6−8 weeks old, 17−20 g weight) were orally administered a 100 mg/ 
kg dose (10 mL/kg dose volume, 10 mg/mL concentration) of the test 
compound. At 4 h postdose, the animals were terminally anesthetized 
by an increasing concentration of CO2. Their chest cavities were 
opened to expose the heart, and an incision at the right auricle using 
surgical scissors was done. A syringe full of gentle saline was pushed into 
the heart slowly via the left ventricle (saline volume ∼10 mL). The 
animal was placed head down at a 45 angle to facilitate blood removal. 
Brain samples were collected and kept frozen at −75 ± 15 C. All brain 
samples were weighed and homogenized with phosphate-buffered 
saline by a brain weight (g)-to-buffer volume (mL) ratio of 1:3 before 
analysis. The actual concentrations were the detected value multiplied 
using the dilution factor. 

Concentrations of the test compound in the plasma samples were 
analyzed using an LC/MS/MS method. WinNonlin (Phoenix, version 
8.0) or other similar software was used for pharmacokinetic 
calculations. The following pharmacokinetic parameters were calcu-
lated, whenever possible, from the plasma concentration versus time 
data following PO administration: t1/2, Cmax, Tmax, AUClast, AUCinf, and 
F. 

Cocrystallization of ALK2 with M4K2009. Protein Expression 
and Purification. Constructs were prepared by ligation-independent 
cloning. The kinase domain of ALK2 (residues 201−499; Uniprot ID, 
Q04771) was cloned into pFB-LIC-Bse for the baculoviral expression. 
The construct was verified by sequencing. ALK2 was expressed in Sf9 
insect cells grown at 27 C. Some 72 h postinfection, cells were 
harvested and lysed using ultrasonication. ALK2 was initially purified by 
nickel affinity chromatography before subsequent purification by size 
exclusion chromatography (Superdex 200 16/600). The eluted protein 
was stored in 50 mM HEPES, pH 7.5, 300 mM NaCl, 10 mM DTT. 
The hexahistidine tag of ALK2 was cleaved using tobacco etch virus 
protease after initial nickel purification. 

Crystallization. Crystallization was achieved at 4 C using the 
sitting-drop vapor diffusion method. ALK2 was preincubated with 1 
mM M4K2009 at a protein concentration of 11 mg/mL and crystallized 
using a precipitant containing 0.1 M citrate pH 4.9, 1 M ammonium 
sulfate, and 0.2 M sodium/potassium tartrate. Viable crystals were 
obtained when the protein solution was mixed with the reservoir 
solution at a 2:1 volume ratio. Crystals were cryoprotected with mother 
liquor plus 25% ethylene glycol prior to vitrification in liquid nitrogen. 

Data Collection. Diffraction data were collected at the Diamond 
Light Source, station I03 using monochromatic radiation at a 
wavelength of 0.9686 Å. 

Phasing, Model Building, Refinement, and Validation. Data were 
processed with Xia2 and subsequently scaled using the program 
AIMLESS from the CCP4 suite.64,65 Initial phases were obtained by 
molecular replacement using the program PHASER and the structure of 
ALK2 (Protein Data Bank code 6SZM) as a search model.66 The 
resulting structure solution was refined using Phenix Refine and 
manually rebuilt with COOT.67,68 The complete structure was verified 
for geometric correctness with MolProbity.69 Data collection and 
refinement statistics can be found in the Supporting Information, Table 
S3. Cocrystal images in the article were processed using Molsoft 
MolBrowser 3.8, and the 2D ligand interaction plot was generated using 
Maestro (Schrodinger Release 2019-4, Schrodinger, LLC, New York). 
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Accession Codes 

PBD ID codes: ALK2 M4K2009, 6SZM; ALK2 LDN-213844, 
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